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Summary-Recent trends in the use of chemically modified electrodes (CMEs) in electrochemical detection 
systems used in flow-injection analysis or high-performance liquid chromatography are reviewed, with the 
objective of indicating the most promising approaches for practical CME applications. Four specific 
application areas of CMEs are identified: (1) those using perm-selective coatings to enhance selectivity 
and inhibit surface fouling, (2) those using immobilized electron-transfer mediators to catalyse slow 
electrode reactions, (3) those using enzymes as modifiers to provide biological activity on the electrode 
surface and (4) those using ion-exchange coatings for the electrochemical detection of non-electroactive 
anions and cations. By virtue of these approaches, the judicious use of CMEs has already had a significant 
impact on the performance and scope of electrochemical detection in flow systems. The most important 
improvements have been in CME selectivity, which produces simpler assay procedures with less need for 
sample treatment, and increased usefulness for complex samples, and in CME reactivity, which expands 
the range of analytes amenable to electrochemical monitoring. 

Although the idea of chemically modified elec- 
trodes (or CMEs) was first demonstrated sys- 
tematically only in the early 197Os, this 
approach has assumed a dominant position in 
modern electrochemistry. These electrodes, 
which are made by incorporating specific chemi- 
cal groupings or “microstructures” on other- 
wise conventional electrode surfaces, are of 
interest because their responses have two 
completely separate components: the usual elec- 
trochemical component determined by the 
potential at which the electrode is maintained 
instrumentally and an additional chemical 
component determined by the reactivity of the 
attached group. Consequently, CMEs offer not 
only easily variable redox characteristics but 
also the possibility of adjustable physical and 
chemical properties (such as charge, polarity, 
chirality, permeability). Therefore, to a much 
greater extent than is possible with classical or 
“unmodified” electrodes, CMEs can be targeted 
for a specific application or investigation and 
rationally designed to provide an optimal 
environment for that task. 

Pioneering studies demonstrating the varied 
synthetic approaches by which modifiers can be 
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incorporated and the useful properties and 
applications that can result from modification 
have been the subject of several reviews.‘-5 In 
addition, hundreds of papers per year are 
published on CMEs. Of the disciplines directly 
affected by these developments, analytical 
chemistry is certainly one of the foremost; 
and virtually all the important analytical 
properties of electrodes-sensitivity, selectivity, 
reproducibility and even applicability-have 
been shown to be capable of enhancement 
by the judicious use of chemical modification. 
For example, CMEs capable of extremely 
selective binding and preconcentration of trace 
metals have been developed by utilizing 
well-known chelating agents such as EDTA and 
dimethylglyoxime as modifiers. Alternatively, 
effective rates of electron transfer have been 
improved for numerous compounds by 
attachment of electrocatalytic functional groups 
to the electrode surface. A few specific 
modifications-for example, the deposition of a 
polymer film such as Nafion-have been so 
successful that their use has become nearly 
routine. However, most modifications, 
although often well-conceived, offer advantages 
which have not yet been exploited in practical 
analysis. 
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The applications in which CMEs are prob- 
ably closest to success in solving practical ana- 
lytical problems are as amperometric detectors 
in flow-injection analysis (FIA) and liquid- 
chromatography (LCEC) systems. Over the past 
20 years, the use of conventional electrodes for 
this purpose has become well established as an 
analytical technique offering extremely high 
sensitivity for analytes that are electroactive at 
modest potentials. 6 For example, LCEC with 
glassy-carbon electrodes has become the 
method of choice for the determination of many 
easily oxidized biochemical compounds such as 
catechols, phenols and aromatic amines. As a 
result, LCEC instrumentation has become 
commercially available from several companies 
and is commonly used in analytical and clinical 
laboratories throughout the world. 

Recently a diverse range of CMEs has begun 
to be applied in both flow-injection and liquid- 
chromatography systems to achieve impressive 
enhancements in electrode performance. The 
most important of these studies to date have 
involved the use of perm-selective coatings to 
enhance selectivity or inhibit electrode fouling, 
the use of bound electron-transfer mediators to 
catalyse slow electrode processes, the use of 
protein and enzyme modifiers to provide bio- 
logical activity and the use of ion-exchange 
coatings for the electrochemical detection of 
non-electroactive ions. In this survey we will 
review some of the most interesting recent work 
and attempt to indicate some of the most im- 
portant directions which the field is likely to 
take. We will begin by briefly examining the 
fabrication of CMEs and the most impartant 
CME characteristics for quantitative flow- 
stream applications, and then summarize 
specific applications from the past few years. 
As will be seen, the capabilities of CMEs can be 
imaginatively employed to enhance the analyti- 
cal performance and scope of electrochemical 
detection in flow systems. 

CONSTRUCTION OF THE ELECTRODES 

Over the past 15 years, dozens of individual 
procedures have been reported for the immobil- 
ization of hundreds of different species on vari- 
ous electrode materials.‘s2 However, virtually all 
these procedures are based on only a few ap- 
proaches: 

(1) direct adsorption of the modifier onto 
the bare electrode surface; 

(2) covalent binding of the modifier to a 
specific surface site; 

(3) physical coating of the electrode surface 
with a polymer that contains the 
modifier grouping; 

(4) mixing of a slightly soluble modifier with 
a conductive matrix (such as a carbon 
paste). 

Each of these general approaches has been well 
characterized experimentally and thoroughly 
reviewed and discussed in the literature, so 
detailed description is not necessary here. Suffice 
it to say that several synthetic routes are likely 
to be available for the surface attachment of 
most modifiers and that some flexibility in 
choosing or designing an attachment method 
should usually be possible. This is especially 
important in usage of CMEs in analytical 
applications, because of the stringent demands 
on electrode stability and reproducibility if 
the electrode is to be of use in routine 
determinations. 

The ideal CME for analytical applications 
involving continuous, long-term operation in a 
flow system should possess most of the follow- 
ing characteristics: good mechanical and chemi- 
cal stability of the electrode substrate, the 
modifier and the electrode-modifier linkage; 
good short-term reproducibility and long-term 
stability of the modifier’s activity towards the 
analyte; flexible modifier loading levels; a wide 
dynamic range (ideally linear) of response; low 
and stable background currents over the poten- 
tial range required; compatibility with a wide 
range of aqueous and organic matrices; simple 
and reliable fabrication that results in consist- 
ency of response from one electrode to another. 
These properties are mainly those desired for a 
conventional electrode, plus the requirements 
regarding the attachment and activity of the 
modifier. Obviously, a CME that takes longer to 
prepare than it lasts in use, or has an activity 
which is fleeting or irreproducible, possesses 
very limited appeal for the analyst. 

Of the four methods listed above, the last 
two-mixing with carbon paste and coating 
with a functionalized polymer-seem to ap- 
proach most closely this set of ideal 
characteristics. The carbon-paste approach is 
undoubtedly the easiest method of fabrication 
and provides for rapid and acceptably 
reproducible generation of fresh modified 
surfaces. Relatively large batches of modified 
paste can be prepared in a few minutes by 
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simply hand-mixing appropriate portions of 
modifier, graphite powder and organic binder. 
Moreover, such mixtures can be packed into an 
electrode assembly, used and then provided with 
a new surface by extrusion and repolishing to 
give the same reproducibility (2-5% variation) 
as ordinary carbon paste. In practice, this 
method is limited to use in predominantly 
aqueous solvents (to keep the carbon paste 
intact) and to use of modifiers possessing only 
slight solubility in water. An interesting 
variation, suggested initially as a means of 
overcoming the solubility limitation, involves 
mixing the modifier with solid matrices such as 
graphite epoxy9 and polystyrene containing 
either carbon particles” or carbon fibres.” 
Although this method for the construction of 
solid composite CMEs has not yet become 
widely used, its potential utility for flow 
applications in both aqueous and organic 
solvent systems is readily apparent. 

The polymer-based approach is somewhat 
more difficult to execute, because it requires a 
means of including the modifier group in the 
polymer to be deposited on the electrode. How- 
ever, once this has been accomplished, the 
CMEs can usually be formed from the bare 
electrode and functionalized polymer by simple 
and straightforward procedures such as dip- 
coating and evaporative deposition. In some 
instances, the polymerization and modification 
steps can be conveniently combined in a single 
electro-polymerization operation involving oxi- 
dation or reduction of the monomer at the bare 
electrode. The resulting polymer CMEs often 
have much greater chemical and mechanical 
stability than analogous carbon-paste CMEs 
and are able to operate in a wider range of 
aqueous and organic matrices. Furthermore, it 
is usually possible to control the thickness of the 
modifying polymer film, and thus the loading 
level of the modifier on the electrode surface, by 
relatively straightforward procedures. However, 
the ease and reproducibility of regeneration of 
polymer surfaces are likely to be somewhat less 
than for carbon-paste CMEs. When the 
modifier of interest (e.g., metal particles’2*‘3 or 
enzymes’4~‘5) can be stably trapped inside the 
polymer network, polymer-based CMEs can be 
constructed by simply depositing the polymer 
onto the electrode surface from a solution con- 
taining a dispersion of the modifier. 

We have employed both these approaches 
with considerable success for making CMEs to 
be used for detection in flowing streams. Incor- 

poration of the modifier into carbon paste can 
often be used for evaluation of modifiers; but 
once optimization has been completed, the poly- 
mer method may be preferred for long-term 
applications. 

APPLICATIONS 

The principal improvements resulting from 
application of CMEs in FIA and LCEC have 
generally involved the use of (1) perm-selective 
coatings that restrict access of solute to the 
electrode surface, (2) electrocatalytic redox 
modifiers that activate the electrode toward 
solutes that exhibit substantial overpotentials, 
(3) enzymes and related biomolecules as 
modifiers as a means of incorporating specific 
biological activity and (4) electroactive polymer 
films for the electrochemical detection of non- 
electroactive ionic analytes. Each of these appli- 
cation areas will be considered in turn. While 
striving for a degree of completeness in this 
survey, our primary goal has been to focus on 
very recent CME applications that appear to 
have immediate potential for use in practical 
analysis. With this emphasis in mind, we have 
chosen to omit consideration of several CMEs 
which, despite exhibiting interesting properties, 
seem unlikely to offer useful FIA or LCEC 
applications. 

Perm -selective mass transport 

Two related ideas, both of which derive from 
coating the electrode with a thin semi-permeable 
membrane, form the basis of the applications 
included under this classification. First, this 
kind of modification may improve the selectivity 
of response if the membrane coating preferen- 
tially excludes some electroactive species from 
the electrode surface. Secondly enhanced stab- 
ility and reliability can be obtained if the solutes 
excluded would otherwise be adsorbed on the 
bare surface and foul it; in these cases, electro- 
chemical methods may be applied directly to 
samples which would normally require extensive 
pretreatment for removal of the adsorbable 
material. 

The membranes concerned consist of polymer 
films coated onto electrodes made from conven- 
tional materials. The films themselves must 
be relatively thin (a few pm in thickness) so 
that transport of the analyte to the electrode 
surface is not too restricted. However, as even 
monolayers will decrease transport of the ana- 
lyte to some degree, the optimal thickness 
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always reflects a compromise between the 
efficient exclusion of interfering species and the 
free and rapid diffusion of the analyte that is 
required to avoid peak broadening and tailing 
effects detrimental to practical analysis in flow 
systems. Most important, of course, are the 
particular structural features of the membrane 
that determine its permeability and, therefore, 
the CME selectivity. Most commonly, these 
include the presence of fixed anionic or cationic 
sites in the membrane, the existence of well 
defined hydrophobic or hydrophilic regions and 
the maximum pore size available for internal 
diffusion through the film. As a result, the 
selectivity of transport at the CME can nor- 
mally be related to solute charge, polarity and 
molecular size or shape. Thus, the frequently 
studied Nafion, which is a non-crosslinked per- 
fluorinated polymer containing strongly acidic 
sulphonate groups, is permeable to cationic and 
neutral species and excludes anions rather well. 
This capability, which has most notably been 
taken advantage of to facilitate the in viuo 
determination of catecholamines in the presence 
of high levels of ascorbate,16 has been 
thoroughly studied in terms of the effects of 
buffer cation and concentration, pH, polymer 
film thickness and concentration of organic 
solvent in the medium.” Conversely, the use 
of cationic polymers such as polyvinylpyridine 
(protonated at pH < 6) has been shown to alter 
the CME selectivity to favour negatively 
charged analytes.‘* 

Perhaps the most interesting CMEs in this 
category are those utilizing a coating of cellulose 
acetate. This polymer, initially suggested for use 
in LCEC applications by Sittampalam and 
Wilson’9 and subsequently exploited extensively 
by Wang and co-workers’8*20-22 is uncharged and 
therefore shows no preference for anions or 
cations. However, it undergoes slow hydrolysis 
and pore formation when exposed to alkaline 
media. Thus, by variation of the pH and 
duration of the hydrolysis, the pore size of the 
polymer coating can be controlled so that access 
to the electrode surface is restricted to molecules 
smaller than a limiting size (or with suitable 
shape). For example, only small species such as 
H,O, may be able to pass an unhydrolysed 
cellulose film efficiently,19 whereas substantially 
larger analytes such as phenol, acetaminophen 
and ascorbic and uric acids are able to reach the 
electrode surface and contribute to the current 
through a coating hydrolysed for 30 min in 
dilute potassium hydroxide solution.20 In both 

cases, however, the ability of the cellulose 
polymer to resist fouling by macromolecules is 
sufficiently preserved in a flow-stream for 
repeated exposure of the coated electrode to the 
levels of proteins found in physiological 
matrices to result in little or no decrease in 
sensitivity. In a very recent report23 it was shown 
that a poly(3-methylthiophene) coating formed 
by electro-polymerization of the monomer onto 
glassy carbon largely eliminated the electrode 
fouling problem that occurs upon electro- 
oxidation of phenols. Two explanations for the 
success of this CME were offered. One was that 
the polymeric products formed by oxidation of 
phenols tend to be less adsorbed than on a bare 
metal or carbon electrode. Alternatively, the 
structure of the coating might be such that 
processes leading to dimerization (and eventual 
polymerization) of the initially formed phenoxy 
radicals are substantially hindered. In either 
case, extremely stable responses to relatively 
high concentrations of phenol were obtained at 
this CME in static and flow experiments. 

Selectivity can be enhanced by combining 
charge, size and other CME effects in bi- and 
multilayer electrode systems. For example, the 
size selectivity of a cellulose acetate coating can 
be supplemented by the activity of additional 
catalyst- or enzyme-containing layers similar to 
those discussed below. Examples of these and 
other perm-selective CME applications are 
given in Table 1. 

Electrocatalysis by bound mediators 

The basic principle involved in CME electro- 
catalysis by a surface-confined electron-transfer 
mediator is illustrated in Fig. 1 for a generalized 
oxidation process. In this sequence, the analyte 
diffuses from the bulk solution to the electrode 
surface, where it is oxidized in a purely chemical 
reaction with the oxidized form of the mediator 
(M,,). However, the potential of the electrode is 
maintained at a value sufficiently positive for 
M,, to be the stable state of the mediator and 
its reduced form (Mred) to be rapidly re-oxidized 
to the catalytically active form. Thus the hetero- 
geneous electron transfer takes place between 
the electrode and mediator and not directly 
between the electrode and analyte. In essence, 
then, the mediator can be considered to function 

Fig. 1 
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simply as an electron shuttle between the elec- 
trode and the analyte. Of course, this sequence 
of events represents an idealized picture, that 
may often be more complex in practice. For 
example, if the CME has a thick or multilayered 
modifier coating, electron transport may take 
place either by direct conduction through the 
film or by “hopping” from one modifier group 
to another; in either case, the mediator group 
specifically reacting with the analyte does not 
need to be in the immediate vicinity of the 
electrode surface. Finally, it should be apparent 
that corresponding, but converse, processes 
would be involved in an electrocatalysed 
reduction, 

The need for mediation of this sort arises 
whenever the rate of direct electron transfer is 
slow. When this happens at an ordinary elec- 
trode, a potential in excess of the analyte’s 
thermodynamic potential, i.e., an overpotential, 
must be applied in order for the desired redox 
process to proceed at an appreciable rate. Un- 
fortunately, in flow-injection and liquid-chro- 
matography applications, the use of more 
extreme potentials affects both the selectivity 
and the detection limit, to an extent depending 
on the overpotential required. With an electro- 
catalytic CME, however, the oxidation (or re- 
duction) of the analyte is made to take place at 
the redox potential of the mediator. This must, 
of course, be higher than the analyte’s thermo- 
dynamic potential, but in favourable cases can 
be 500 mV or more lower than that needed when 
the bare electrode is used. Decreases of this 
magnitude in the applied potential can substan- 
tially improve the analytical performance. In 
particular, decreased detection potentials can be 
expected to result in improved detection limits 
and greater selectivity, because of the lower 
noise levels and restricted range of sample 
components electrolysable at the lower 
potentials. More important, however, are the 
instances where the changes in potential made 
possible by electrocatalytic effects permit 
electrode processes that would normally occur 
at potentials near or beyond those for solvent 
breakdown to be shifted to a practically useful 
range of applied potential. In these cases, the 
advantages of LCEC can be extended by 
electrocatalytic CMEs to new groups of 
compounds that give no analytically useful 
response at ordinary electrodes. 

The solution-phase electrocatalysis of many 
important substrates has been studied quite 
extensively, and a great deal of chemical 

information relevant to the selection of electro- 
catalytic mediators as electrode modifiers is 
available. Certainly, CMEs applied to electro- 
catalysis studies in static media have success- 
fully employed mediators of all varieties, both 
organic and inorganic.‘*’ However, studies 
involving FIA or LCEC have been much more 
limited, primarily employing a few well-known 
metal-based catalysts as modifiers. These 
include, most notably, cobalt phthalocyanine in 
carbon paste2G37 and inorganic ruthenium poly- 
mer electro-deposited onto either platinum or 
glassy carbon. 3M2 These particular modifiers 
have been the most frequently used because, in 
addition to their catalytic activity towards a 
wide variety of analytes, both possess very 
limited solubility and therefore can be placed 
very stably onto electrode surfaces for flow 
applications. For the cobalt phthalocyanine 
CME, the response of which is initiated by 
electro-oxidation of the Co(I1) centre to Co(III), 
analytes determined by FIA or LCEC have 
included hydrazine, thiols, oxalic acid, a-keto- 
acids, carbohydrates (mono- and polysaccha- 
rides), ribonucleosides, alditols and aldonic, 
uranic and aldaric acids. At the ruthenium- 
based CME, where the mediator redox process 
is the oxidation of Ru(I1) to Ru(III), analytes 
have included As(III), thiocyanate, hydrazine 
and, most recently, several thiols, including 
cysteine, glutathione and the 50-amino-acid 
hormone insulin. A strength of all the electro- 
catalytic CME systems summarized in Table 2 
is that they typically offer very low detection 
limits, usually in the nanogram range. 

Finally, some mention should be made of a 
group of metal oxide electrodes which, although 
not technically CMEs, bear some similarity to 
them in their very extensive LCEC applications. 
The metals of interest here include Pt,&” 
Au 51-54 Ni s5-58 Cu5g”2 and Ru.~~ With the noble 
meials Pt ‘and Au, the major function of the 
oxide or hydroxide layer is thought to be to 
provide a catalytic surface capable of dehydro- 
genation or oxygenation reactions with the ana- 
lyte species. Invariably, the products of these 
anodic processes are strongly adsorbed on the 
metal and lead to a rapid loss of signal by 
blocking the surface sites necessary for further 
oxidations. Removal of the passivating film and 
re-activation of the electrode is most easily 
accomplished by applying an oxidizing poten- 
tial. Thus, stable long-term operation of Pt and 
Au electrodes nearly always requires the use of 
regularly pulsed potential waveforms that must 
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be supplied by the control instrumentation. 
With Ni, Cu and Ru, the oxide layer apparently 
serves both electrocatalytic and passivating 
functions and allows the operation of the elec- 
trode at potentials where the bare metals would 
undergo rapid oxidation. Fouling by oxidation 
products is generally not a significant problem 
here, and detection can be done at constant 
potential. Thus, in a very broad sense, these 
oxide films, generated in situ by a combination 
of potential and solution conditions, might be 
considered as electrode modifications designed 
to impart catalytic and passivating properties. 
Inclusion of these “CMEs” in this survey is 
justified for this reason and because of the 
impressive success of this approach in produc- 
ing highly sensitive amperometric detection for 
several families of compounds not otherwise 
amenable to electrochemical monitoring. The 
most notable analytes detectable with the metal 
oxide electrode systems are the carbohydrates 
and related chemical families. However, attrac- 
tive detection capabilities for other important 
analytes (e.g., amino-acids) have also been ob- 
served.49,U)*54,56*59 Metal oxide electrodes nearly 
always provide their optimum performance in 
strongly basic solution, often giving detection at 
or below the nanogram level. 

Biological activity 

Recent advances in the study of biological 
molecules and processes have had an enormous 
impact on many areas of chemistry, not the least 
of which is electroanalysis. First, there is an 
immediate need to devise and develop analytical 
methods suitable for the identification and 
quantification of a vast array of biologically 
important molecules. At the same time, there is 
a great opportunity for improving the analysis 
by taking advantage of the unique reactivity and 
recognition properties possessed by these same 
biomolecules. Thus, it is not surprising that 
recent years have witnessed a great deal of 
activity related to the design and application of 
electrochemical sensors, often incorporating 
biologically active molecules or structures, for 
use in a wide variety of bio-assays. The principal 
approaches, including those utilizing CMEs, 
have been reviewed by Frew and Hi11.64 

The focus of virtually all CME utilization 
for bioanalysis has been the development of 
electrodes exhibiting improved electrochemical 
activity towards biomolecules, especially 
enzymes. When coupled with FIA or LCEC, 
this “improved reactivity” has been directed to 

the determination of either the enzymes them- 
selves or their substrates. These studies, listed in 
Table 3, will be considered in this section. 

In the simplest approach, a CME with a 
surface-bound moiety capable of promoting or 
catalysing the oxidation or reduction of the 
protein of interest is used to determine it. 
Modification is necessary because, in spite of the 
fact that many enzymes and proteins contain 
functional groups that can readily be oxidized 
or reduced by purely chemical agents, most such 
molecules do not undergo facile oxidation or 
reduction at conventional electrodes. The 
electroactive centre is often shielded within the 
protein’s extended three-dimensional structure 
and cannot gain access to the electrode surface. 
Alternatively, strong adsorption of the protein 
can occur and cause the electrode surface to 
become passivated. In both cases, the problem 
may often be solved by the use of CMEs. For 
example, in an extension of work on static 
systems by Eddowes and HilP and Taniguchi et 
al 66 Schlager and Baldwin6’ showed that a gold 
e&rode coated with a 4,4’-dipyridyl disulphide 
film can be used at very low potentials for the 
LCEC of cytochrome c. Apparently, the pyridyl 
groups on the CME can promote the protein 
redox reaction by interacting with positively 
charged lysine residues on cytochrome c and 
orienting the protein’s haem group favourably 
for direct electron transfer to the electrode 
surface. The same research group later demon- 
strated that incorporation of traditional organic 
electron-transfer mediators can be used to make 
electrocatalytic CMEs for the haem-containing 
proteins myoglobin and haemoglobirP and for 
the copper protein ceruloplasmin.@ In these 
studies, stable and sensitive detection with limits 
in the l-10 pmole range was generally obtained. 
On the basis of these results, it would appear 
that CMEs tailored for other redox proteins 
might be similarly conceived and constructed 
for flow applications. A straightforward ap- 
proach to protein detection would be to employ 
the dozens of electron-transfer mediators 
already in use for solution-phase oxidation or 
reduction of these biomolecules.” 

Apart from the above-mentioned work, 
which was focused on detection of the proteins 
themselves, several other studies have attempted 
to incorporate the enzymes into CME systems 
for the purpose of detecting the enzyme sub- 
strate. The principal attraction of this approach 
is that it allows the inherently high sensitivity of 
electrochemical detection to be combined with 
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the unparallelled selectivity of enzyme reactions 
in a single relatively simple sensing unit. In the 
simplest of these approaches, the enzyme is 
immobilized in a packed-bed reactor placed in 
the flow-stream ahead of the CME. When the 
enzyme substrate passes through the reactor 
(along with appropriate co-factors), the prod- 
ucts of the enzymatic reaction are carried to the 
sensing electrode for detection. The role of the 
CME is to provide an electrocatalytic response 
to the product or co-factor, that will be related 
to the initial substrate concentration. Most 
commonly, the species detected has been the 
co-enzyme nicotinamide adenine dinucleotide 
(NADH) which exhibits a large overpotential at 
ordinary carbon electrodes. In particular, 
/I-~-glucose has been detected by use of im- 
mobilized glucose dehydrogenase and a CME 
containing the phenoxazine dye Meldola Blue,‘r 
L-lactate by use of immobilized L-lactate 
dehydrogenase and a Meldola Blue CME,‘* 
xylose and xylulose by use of immobilized 
xylose isomerase, mutarotase, and glucose 
dehydrogenase and a CME containing the 
phenoxaine Nile Blue,73 and glucose, xylose and 
several maltose oligomers by use of immobilized 
amyloglucosidase, glucose dehydrogenase and 
mutarotase and a bis(benzophenoxazinyl)- 
containing CME.74 

A similar, but more sophisticated, approach 
has been explored in several studies in which the 
enzyme is bound directly on the CME surface 
instead of separately in a preceding reactor bed. 
This is directly analogous to the numerous 
“enzyme electrodes” that have been developed 
and have become commercially available over 
the past 10-15 years. 75*76 In both cases, a bio- 
active component, initially an enzyme but more 
recently an intact organism or tissue sample, is 
used to transform the analyte with a high degree 
of selectivity into a product that is easily 
measured potentiometrically or amperometri- 
tally. The primary differences in the CME 
approach are that the detection mode is always 
amperometric and that the enzyme or organism 
is always incorporated as an integral part of the 
active electrode surface and not just held in the 
vicinity of the electrode by a membrane or 
polymer sheath. The earliest example of the 
CME method, reported by Yacynych, involved 
the determination of glucose by oxidation of the 
H202 produced at a CME with covalently 
attached glucose oxidase.” Subsequently, 
Tatsuma et al. were able to detect H202 with a 
tin oxide electrode coated with covalently 

attached horseradish peroxidase. Wang and Lin 
described stable, easily fabricated carbon-paste 
CMEs with added banana79 and horseradish 
rooP tissues, which were suitable for the FIA 
detection of dopamine and H202, respectively; 
these electrodes, analogous to the bacteria- and 
tissue-based probes developed by Rechnitz’s 
group76 made use of the enzyme systems present 
naturally in the plant tissues to metabolize the 
target analytes and generate electroactive 
products. Finally, Wang et al.*’ have recently 
reported a glucose-responsive micro-CME 
constructed by co-depositing glucose oxidase 
enzyme and platinum particles onto 7-pm diam- 
eter carbon fibres. 

The ultimate enzyme-based CME would 
combine these two approaches by not only 
immobilizing the enzyme at the sensing elec- 
trode surface but also incorporating an electro- 
catalyst capable of mediating the enzyme’s 
own redox process. This arrangement would 
not only provide a relatively rapid measure- 
ment procedure but, more importantly, would 
eliminate the need for addition of any co- 
enzyme or solution-phase redox agent to the 
mobile phase. Such CME systems, suitable 
for glucose and H202 detection, have been de- 
veloped by Gorton and his group.82*83 These 
electrodes consist of the familiar glucose oxidase 
adsorbed onto graphite along with a ferrocene/ 
anthracene adduct that serves to mediate 
the enzyme’s charge transfer reaction at the 
graphite surface,** and horseradish peroxidase 
also adsorbed onto graphite but with no added 
mediator.83 

Detection of non-electroactive analytes 

In these detection schemes, the analytes are 
ions which are electrochemically inactive but 
can, under properly controlled conditions, influ- 
ence the electrochemical behaviour of redox 
pairs attached to a CME surface. Anions, for 
example, can be detected at polymer films 
containing fixed redox centres which acquire a 
positive charge upon oxidation. For oxidation 
of the polymer to occur to an appreciable 
extent, the associated build-up of positive 
charge in the film must be counterbalanced by 
the migration of anions across the electrode- 
solution interface. This ion-doping process and 
the corresponding undoping that occurs when 
the oxidized sites are reduced are shown in 
Fig. 2 for a polypyrrole film. 

Application of this phenomenon in FIA or 
LCEC is straightforward. If such an electrode is 
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+l-le- -l-A- 
Undoping 

Fig. 2 

placed in a flow-stream and an oxidizing poten- 
tial is applied, oxidation of the film occurs only 
when anions capable of penetrating it are pre- 
sent in the surrounding solution. Thus, a transi- 
ent anodic current, or chromatographic peak, 
results upon passage of a sample containing 
such anions. In the ideal case, the magnitude of 
this current is related directly to the concen- 
tration of the anion concerned. Furthermore, if 
the film exhibits unequal permeability toward 
different anions, its response may provide some 
selectivity; this is often the case, with small 
singly-charged ions generally giving the best 
sensitivity. In order to ensure that oxidation of 
the film does not take place prematurely, the 
mobile-phase electrolyte should not be capable 
of effectively penetrating the film. This is nor- 
mally accomplished by using electrolytes with 
anions that are either zwitter-ions or very bulky. 

For this purpose, CMEs formed with two 
different polymers, polypyrroles4*s5 and polyani- 
line,86 have been utilized for anion detection. 
Both of these CMEs enable the quantification of 
micromolar levels of common anions, including 
halides, acetate, carbonate and phosphate. 
However, the polyaniline-based system appears 
preferable in that it is more stable, operates at 
a considerably lower potential, and allows the 
undoping process to take place spontaneously 
without application of a strongly reducing 
potential. 

The detection of non-electroactive cations can 
be realized by the analogous scheme involving 
the formation of negatively charged sites in a 
reducible polymer film and the subsequent mi- 
gration of cations from solution. In fact, the first 
demonstration of the potential analytical utility 
of the ion doping/undoping process utilized an 
Ag(I)-Mo(CN), film for the determination of 
potassium by cyclic voltammetry.*’ Very re- 
cently, electrodes coated with zeolite-like hexa- 
cyanoferrate deposits have been shown to be 
very effective for the uptake and detection of 
alkali-metal and ammonium ions in both static 
and flow experiments. *s-91 On reduction of the 
hexacyanoferrate, these films act as cation- 
exchangers and preferentially incorporate 
cations with the smallest hydrated radii. This 

coupling between ion-exchange and the redox 
state of the flhn allows sensitive detection of 
passing cations when the electrode is placed in 
a flow-stream. A unique aspect of these systems 
is that the nature of the incorporated cation 
noticeably alters the redox potential of the 
hexacyanoferrate centres, most likely because of 
changes in the microstructure of the film in- 
duced by intercalation of specific ions.= Thus 
the potential required for detection is less nega- 
tive for Cs+ than for K+ and a significant degree 
of selectivity among these ions can be achieved 
in flow systems by control of the potential.90*9’ 

Examples of this approach for both anion 
and cation detection are summarized in Table 4. 
Its most attractive application appears to be in 
ion-chromatography, as a simple alternative to 
conductivity detection. Although not yet able to 
match the highest sensitivities reported for the 
conductivity method, the amperometric CME- 
based approach described here clearly renders 
unnecessary the use of secondary suppressor 
columns ordinarily recommended for optimum 
conductivity detection. Furthermore, any selec- 
tivity in ion uptake demonstrated by the CME 
should clearly have the effect of minimizing 
possible interferences and easing somewhat the 
demands on the chromatographic separation. 

CONCLUSIONS 

It is clear that the development and popular- 
ization of practical CMEs has created a variety 
of new and potentially powerful detection op- 
portunities in FIA and LCEC. As our ability to 
manipulate precisely and imaginatively the 
chemical nature of the electrode/solution inter- 
face continues to grow, it can be expected that 
applications in the areas considered above will 
expand and completely new applications be 
developed. 

The most intriguing possibilities for new 
work are the detection of analytes not readily 
sensed at conventional electrodes and the detec- 
tion of conventional analyte with increased 
selectivity. Many of the CME studies above had 
these objectives as their driving force and the 
continued use of biologically active agents as 
electrode modifiers will undoubtedly have in- 
creased selectivity as a principal focus. In this 
regard, recent work by Wang and Lin79*80 in 
which plant tissues are used intact for electrode 
modification is noteworthy in that it offers a 
simple and successful route for fabricating bio- 
logically-derived CMEs. In addition, complex 
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CMEs incorporating more than one level of 
modification may prove extremely interesting. 
Several examples of such multifunctional CMEs 
have been reported. Most notably, Wang’s 
group has explored bilayer cellulose/Nafion and 
cellulose/poly(vinylpyridine) CMEs which offer 
both size and charge selectivity18*24 and cellulose/ 
cobalt phthalocyanine CMEs which combine 
both perm-selective and electrocatalytic 
properties.” 

As CME systems continue to develop, com- 
pletely new kinds of applications can be ex- 
pected. Perhaps the best illustration of this is 
provided by recent innovations that have 
demonstrated how electrochemical detection 
may be used in gas chromatography (GC) and 
supercritical fluid chromatography (SFC). The 
central idea behind these approaches is the use 
not simply of a single chemically modified or 
controlled electrode, but of an entire chemically 
controlled electrochemical cell. For GC, Pons 
and co-workers92*93 employed a micro-assembly 
consisting of two concentric ring electrodes sep- 
arated by a thin insulating film of epoxy resin. 
When this cell was placed at the outlet of the 
GC column, eluted electroactive species were 
electrolysed at the inner microelectrode (either 
carbon or gold). Because the currents involved 
were only of the order of 10-‘6-10-‘o A, the 
corresponding flow of charge to the auxiliary 
electrode could be sustained by the limited 
number of charge carriers present naturally in 
the epoxy resin. Applied potentials from +3.0 
to -3.0 V (us. the auxiliary electrode) were 
employed and a wide variety of organic analytes 
could be oxidized or reduced. However, the 
linear response range and sensitivity varied 
considerably with sample type. Subsequently, 
Parcher et ~1.~~ reported the use of a micro- 
electrode assembly coated with a solid 
poly(ethylene oxide) film made conductive by 
the addition of lithium trifluoromethane- 
sulphonate and containing a fixed concentration 
of an electroactive probe such as a ferrocene. 
Partition of the analyte (in the GC eluate) into 
the polymer film altered its degree of plasticiza- 
tion and hence the diffusion coefficient of the 
probe and the resulting microelectrode current. 
Note that unlike the Pons technique, which 
requires the analyte to be electroactive, detec- 
tion by this approach was also possible for 
non-electroactive species. Finally, in an attempt 
to adapt amperometric detection to SFC, 
Michael and Wightman95*96 were able to deal 
with the requirement of a non-conductive 

mobile phase in SFC by using a cell consisting 
of a pair of platinum microelectrodes coated 
with a Nafion overlayer. In this system, fer- 
rocenes, catechols and other electroactive sub- 
strates eluted in the supercritical fluid were 
partitioned into the ionically conducting Nafion 
film, where diffusion to the working electrode 
produced the expected redox current. 
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Summary-A novel method for the simple and cheap manufacture of microband and multiple microband 
electrodes is described. The construction technique is based entirely on the screen printing of the surface 
of alumina tiles with conducting and insulating ink materials. The range of potentials over which the 
electrodes may be used has been determined by basic electrochemical studies. These electrode systems have 
been used successfully for the measurement of vitamin C, vitamin B, and paracetamol, which illustrates, 
their potential as useful tools in the field of electroanalysis. 

Microelectrodes have attracted much interest 
.from workers in the field of electroanalysis. Their 
physical size allows both the exploration of 
microscopic domains’-’ and the analysis of very 
small volumes of solution.4-6 In addition, micro- 
electrodes exhibit a number of electrochemical 
properties that offer advantages over their 
macroscopic counterparts, namely, enhanced 
rates of mass transport of electroactive species 
to the electrode surface, reduced double layer 
capacitance (surface area greatly diminished) 
and, because of the small size of the faradaic 
currents that are passed, less susceptibility to 
ohmic losses.’ These characteristics make it 
possible to perform analyses on short time scales 
(~sec),8.~ under time-independent conditions, or 
in highly resistive media.‘O-l3 Also, the increased 
rates of mass transport provide a greater sensi- 
tivity in the electrochemical measurements. 

The only drawback, a slight one, of micro- 
electrodes is that the currents obtained are 
very small. For measurement purposes this 
places high demands on instrumental precision. 
Nowadays, however, circuitry of the required 
sensitivity can be constructed fairly routinely. 
Much larger current responses are observed at 
electrodes that are macroscopic in one direction 
(e.g., microband or microcylinder electrodes) 
and at closely spaced arrays of micro- 

*Author for correspondence. 

electrodes.1e26 With regard to electrochemical 
properties, these electrodes possess many of the 
same advantages over macroscopic electrodes as 
described above, although the currents observed 
at microband and microcylinder electrodes do 
not approach a steady-state value. One advan- 
tage associated with the use of microelectrode 
arrays is the possibility of operating groups of 
electrodes separately, allowing simultaneous 
detection of a number of different species or 
“ring-disc” type electrochemical measure- 
ments****’ to be performed. 

Despite all the advantages that microelec- 
trodes offer in the area of electroanalysis they 
have not yet been used on a large scale, owing 
to the problem of their fabrication, especially the 
sealing around the electrode. Although the 
methods of manufacture have improved con- 
siderably over the last 10 years, these electrodes 
are still, in general, hand-made one at a time by 
researchers who have by necessity become skilled 
in the art. The recent application of lithographic 
t&niquesl6~lW’-*5 to solve the fabrication prob- 
lem shows promise, but there is still a need for 
novel approaches that will allow identical micro- 
electrodes, either singly or in arrays, to be 
manufactured quickly, easily and at low cost. 

Recently, Bond and co-workers23J8 des- 
cribed a method for the production of micro- 
band and microelectrode arrays which was 
based on a screen printing process2g which 
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involves squeezing a specially prepared ink 
through a masked thin metal gauze onto the 
surface of a substrate beneath. This substrate is 
then fired in a furnace at high temperature to 
leave a thin pattern (- 10 pm thick) of an 
insulating or conducting material on its surface. 
The technique used by Thormann and Bond 
involved organically based gold and platinum 
ink materials which were printed and fired on 
the surface of a Pyrex glass plate. Conversion 
into microelectrodes was achieved by gluing a 
glass slide on top of the printed metal pattern. 
In this paper we describe a new method for the 
cheap and simple mass production of micro- 
band and multiple microband electrodes, which, 
unlike the process above, utilizes screen printing 
in all stages of manufacture. 

Screen printing methods and materials have 
been highly developed for the manufacture of 
capacitors, resistors and conductors on alumina 
substrates for use in hybrid electronic circuits. 
Formulations are also available for printing 
onto glass, steel and plastic substrates, for mak- 
ing decorative patterns and electrical com- 
ponents. Their use in the fabrication of electri- 
cal components means that the multilayer pat- 
terns deposited are repeatable in thickness and 
geometry in mass production. In conjunction 
with the fact that screen printing is a simple 
process which does not require expensive 
specialist equipment, it would seem that the idea 
of adapting materials and methods to mass- 
produce electroanalytical tools and particularly 
microelectrodes is very attractive. For example, 
since the analytical response of a microelectrode 
is determined only by its geometry, any method 
of manufacture which gives repeatable geometry 
would lead to devices which did not require 
individual calibration. Of the inks available, 
conductor (Au, Pt, Ag, Pd/Ag, Cu) and resistor 
(C, RuO,) formulations would seem suitable for 
electrodes, and dielectric formulations (typically 
lead-containing glasses filled with barium titan- 
ate) seem suitable for insulation and masking. 
Because these inks have been highly developed, 
problems of mutual compatibility, sealing at the 
interface and adhesion to substrates should 
already have been solved. In this paper the 
electrochemical behaviour of electrodes fabri- 
cated by these methods is discussed, and their 
potential for electroanalysis is demonstrated. 

EXPERIMENTAL 

Electrodes were made by screen-printing 
patterns of conductors and insulators on the 

surface of an alumina tile. For this purpose a 
DEK65 (DEK Ltd, Weymouth, UK) printer 
was used, with the different patterns defined by 
precision screens which were also obtained from 
DEK. The alumina tiles (50 cm*; NGK, Japan) 
used as the substrates for the screen-printing 
processes were cleaned prior to use by boiling in 
demineralized water (Milli Q) for 10 min. The 
inks were purchased from Agmet Ltd (Reading, 
UK) and are described in Table 1. Each ink was 
applied separately, with the appropriate pattern 
of screen. Between each printing step the tiles 
were passed through an infrared drier (DEK 
1209) at about 120” for 10 min, and then fired 
in a belt furnace (DEK 840). The firing time 
(entry into the furnace at 15 mm/min and 
removal at 70 mm/min) and the temperature of 
the furnace varied according to the type of ink 
(see Table 1). In most cases the screens were 
220-mesh made of stainless-steel wire (45 pm 
thickness) with the print mask patterned in a 
layer of emulsion (50 pm) added on the under- 
side. The print thickness is the sum of the mesh 
and emulsion layer thicknesses. The resulting 
patterns had a thickness of about lo-15 pm 
after firing (except for the organogold ink: 
thickness -2 pm). In some of the experiments 
involving platinum ink electrodes the fabri- 
cation process utilized 325-mesh stainless-steel 
screens with a 23-pm thick layer of emulsion 
(resulting electrode thickness < 10 pm). 

Investigations of the electrochemistry of the 
various ink materials were performed on macro- 
scopic electrodes which were produced by first 
printing a line of a conducting ink and then 
defining the active area with one of the dielectric 
materials (Fig. la). To fabricate a microband 
electrode, a line of the conducting ink 2-8 mm 
wide and -10 pm thick was printed on the 
surface of the tile. This was then coated with 
a layer of a dielectric material. An electrode 
2-8 mm long and approximately 10 pm wide 
could then be exposed by cutting the tile perpen- 
dicularly to the direction of the line, with a 
diamond saw. Multiple band arrangements were 

Table 1. Inks and firing conditions 

Ink Catalogue Firing Firing 
material number temperature, “C time, min 

Platinum 5545 1200 15-60 
Gold (fritted) 8836 850 15 
Organogold 8081-A 850 15 
Carbon 1116-S 300-500 10 
Silver 9912 850 15 
Dielectrics 4905 850 15 

4901 850 15 
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(a) 
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lb) 

Fig. 1. Schematic diagram of two types of screen-printed 
electrodes: (a) a macroscopic electrode achieved by succes- 
sive printing of metal and dielectric patterns and (b) a 
triple-band electrode (side view) made by successive printing 
of metal and dielectric layers and then cutting across the tile 

to reveal a cross-section. 

prepared in a similar way: a series of alternating 
layers of conducting ink lines and dielectrics 
was printed prior to cutting the tile. The lines 
of the conductors were arranged so that they 
overlapped as illustrated in Fig. lb. It was 
found that two separate layers of the insulating 
material had to be printed between each of the 
individual electrodes to prevent them from 
shorting together. The electroanalysis exper- 
iments involved the use of band electrodes in 
conjunction with a silver/silver chloride30 refer- 
ence/counter electrode (two-electrode arrange- 
ment). The latter electrodes were prepared by 
first printing a high surface-area silver electrode 
on the opposite side of the alumina tile. Sub- 
sequent conversion of these into silver/silver 
chloride electrodes was achieved by anodization 
in 3.5M potassium chloride. 

Electrochemical measurements were per- 
formed with a potentiostat (PAR, type 173) in 

conjunction with a triangular wave generator or 
by use of a simple 2-terminal arrangement in 
which the counter-electrode was powered 
directly from the output of the waveform gener- 
ator and the working electrode was returned to 
ground through a sensitive current-follower 
(Keithley, type 427). Unless otherwise stated, all 
potentials are quoted with respect to a standard 
calomel electrode (SCE). Aqueous solutions were 
made up with demineralized water (Milli Q). All 
chemicals were obtained commercially and 
used without further purification. To prevent 
excessive oxidation, ascorbic acid solutions were 
prepared immediately prior to use. 

RESULTS AND DISCUSSION 

Electrochemistry of the ink materials 

Electrodes fabricated by screen-printing pro- 
cesses are by their nature less pure than those 
constructed from base metal because the inks 
used contain components that facilitate inter- 
particle binding and attachment to a substrate. 
This point is illustrated in Table 2, which shows 
surface analysis data obtained for Au and Pt 
screen-printed electrodes. In these cases, the 
native metal accounts for less than 80% of the 
bulk composition. It might be expected that the 
presence of these high levels of impurities would 
cause the electrochemistry of these materials 
to be radically altered, but this is not the case 
and within certain potential regions the electro- 
chemical behaviour of the screen-printed and 
“pure” metal electrodes are practically identical. 
Taking first the example of platinum, Fig. 2 
shows typical cyclic voltamperograms (CV) of 
printed ink and wire electrodes in phosphate 
buffer (pH 7.4). Here the only differences 
between the CVs are that for the printed elec- 
trode; a small anodic peak is present at the onset 
of oxide formation (approx. + 350 mV) and the 
resolution of the hydrogen adsorption and de- 
sorption peaks is slightly poorer. This similarity 
in the CVs extends to those for solutions of a 

Electrode 
material 

Table 2. Surface analysis of screen-printed electrodes 

Element (atom %) 

Pt Au Si 0 C Pb Bi Na Al Zn Cu Bh Ag N 

Pt surface* 20.2 - 5.9 45.1 2.8 4.9 1.9 0.3 13.7 0.8 - - - - 
bulk 33.0 - 11.5 35.6 0 2.9 0.7 0.5 14.5 1.0 - - - - 

Au fritted surface* - 48.9 - 34.0 8.3 1.6 - - - 0.1 5.7 - 1.1 - 
bulk - 69.7 - 28.0 0 0 - - - 0 2.1 - 0 - 

Au organ0 surface* - 38.5 - 43.2 7.6 1.9 0.1 2.3 - 3.3 - 2.7 
bulk - 61.2 - 38.7 0 0 0 0 q 0 - 0 - 0 

*Surface refers to values obtained after l-2 nm of the material had been removed by argon ion beam bombardment. 
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Fig. 2. Cyclic voltamperograms obtained with platinum 
screen-printed (a) and platinum wire (b) electrodes in 0. 1M 

phosphate buffer (pH 7.4): sweep rate 200 mV/sec area of 
the printed electrode approximately 0.04 cm*. 

lower pH (e.g., 0.M sulphuric acid). The elec- 
trode impurities do not appear to hinder oxi- 
dation and reduction of electroactive species in 
solution. This is demonstrated by the cyclic 
voltamperogram (Fig. 3) obtained for phos- 
phate buffer containing 5mM potassium ferro- 
cyanide. A reversible peak is obtained at the 

15 
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3 ._ 
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-5 

1 1 , 

0 0.2 0.4 
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Fig. 3. Cyclic voltamperogram obtained with an -0.04 cm* 
Pt printed ink electrode in phosphate buffer (0.1&f, pH 7.4) 
containing 5mM potassium ferrocyanide: sweep rate 10 

mV/sec. 
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Fig. 4. Cyclic voltamperograms obtained with a gold fritted 
ink electrode [(a) initial scan, (c) steady-state voltampero- 
gram obtained after about 10 scans] and a gold wire 
electrode (b) in O.lM phosphate buffer (PH 7.4): sweep rate 
200 mV/sec; area of the printed electrode approximately 

0.04 cm*. 

thermodynamic potential of the redox couple, 
the same as that observed when a “pure” plati- 
num electrode is used. Similarly, in the case 
of the gold f&ted-ink electrodes (Figs. 4a and b) 
in the anodic region (>O mv), the electro- 
chemistry is virtually the same as that obtained 
on gold wire electrodes. In both cases the only 
observable features are an oxidation wave (at 
+700 mV) representing the formation of gold 
oxide and the associated reduction peak for the 
reverse process at between + 300 and +400 mV. 
The kinetics of the ferricyanide/ferrocyanide 
redox couple is also reversible on these gold 
electrodes. The electrochemical behaviour, at 
potentials above 0 mV, of organogold electrodes 
in background electrolyte solutions is much 
the same as that observed for the fritted-ink 
electrodes. 

In contrast to the anodic region, at potentials 
below -500 mV the CVs of the gold wire and 
gold f&ted-ink electrodes are very different 
(Figs. 4a and b). For example, the hydrogen 
evolution wave is suppressed by as much as 500 
mV with the printed electrodes, compared to the 
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gold wire. Moreover, whereas the CV obtained 
with the gold wire is relatively featureless, many 
peaks are observed with the printed electrodes 
between around - 500 and -800 mV. These 
peaks appear to contain contributions from four 
or more different redox processes, which, be- 
cause of their similarity in E”, are difficult to 
resolve. The very sharp oxidation peak at about 
- 550 mV is not observed unless the potential is 
swept beyond the stable solvent limit in the 
cathodic direction. This probably represents 
the desorption of hydrogen from sites on 
the electrode surface. A further peculiarity 
regarding the cathodic electrochemistry of the 
gold f&ted-ink electrodes is that initially the 
CV varies between repeated potential scans. 
Figure 4a represents the final CV obtained after 
several tens of cycles. The first potential scan is 
shown in Fig. 4c and is characterized by the 
presence of two very large reduction peaks at 
- 650 and - 850 mV. On subsequent scans both 
of these peaks are absent. 

The voltamperograms in Fig. 4 were obtained 
for phosphate buffer (pH 7.4). Similar measure- 
ments were also made for solutions containing 
other background electrolytes (KCl, Na, S04, 
CH,COONa) at neutral PH. In all cases the 
electrodes exhibited slow kinetics for hydrogen 
evolution and gave a large number of peaks in 
the cathodic region. It was hoped that changing 
the background electrolyte from one which 
forms insoluble salts of some of the impurity 
metals (e.g., phosphate) to one forming soluble 
salts (e.g., chloride) would result in a reduction 
in the number of peaks. This, however, was not 
the case and thus a more rigorous analysis of 
the electrochemistry of the electrodes is required 
to identify the nature of the electroactive 
impurities. 

Most of the impurities present in the gold 
printed electrodes are electroactive only at 
potentials below about -500 mV. Hence, for 
the conditions of Fig. 2, if electroactive species 
with similar values of E” are present on the 
surface of the printed platinum electrodes their 
electrochemistry will be masked by the current 
associated with hydrogen evolution. 

In terms of analysis, these results suggest that 
screen-printed electrodes can be used effectively 
to determine concentrations of redox-active 
species that can be either reduced or oxidized at 
potentials more anodic than - 500 mV ID. SCE. 
At more cathodic potentials than this, certainly 
in the case of the gold f&ted-ink electrodes, 
any technique involving stepping or sweeping 

of the potential will not be feasible, because of 
the large currents associated with the redox 
properties of the electrode impurities. 

In the case of the screen-printed carbon elec- 
trodes, if the firing temperature is the same as 
that recommended by the manufacturer, the 
electrodes have a high internal resistance and 
hence the electrochemistry is dominated by iR 
effects. At firing temperatures above 300” the 
resistance of the electrode is greatly reduced and 
normal electrochemical behaviour is observed. 
Electrodes of this type give practically feature- 
less CVs in solutions of background electrolytes 
when the potential is scanned beween the sol- 
vent limits. These CVs are characterized by high 
capacitive currents, which suggests that the elec- 
trodes are porous in nature, with a correspond- 
ingly large surface area. The dramatic increase 
in electrode conductivity at higher firing tem- 
peratures is most likely due to the decompo- 
sition of the epoxy-based polymer which is 
present as a binder for the carbon particles. A 
natural consequence of this decomposition is 
that the electrodes show poor adhesive proper- 
ties and are mechanically weak. If these two 
problems could be overcome, the carbon ink 
would provide the added bonus of allowing 
electroanalysis to be performed at reducing 
potentials. 

Microband electrodes 

Single-band electrodes. Microband electrodes 
have been constructed with both gold and plati- 
num printing inks. In the absence of electro- 
active species in the surrounding environment 
these electrodes exhibit electrochemical be- 
haviour identical to that of their macroscopic 
counterparts described above. They also exhibit 
the general characteristics of microelectrodes 
(having low capacitive currents, which allows 
use at high sweep rates and in media of high 
electrical resistance). The gold microbands 
showed no sign of leakage around the seal with 
the insulator, but the platinum microbands 
did, evidenced in solution by a gradual increase 
in the observed capacitive currents with time 
(faradaic currents over the same period re- 
mained constant) and indicating a need for 
further attention to detail in the choice of 
materials and preparation conditions. 

Figure 5 shows cyclic voltamperograms 
obtained with fritted gold and organogold 
electrodes (band length 6.5 mm in each case) 
in a solution containing ferrocyanide ions. 
The thicknesses of the bands (estimated by 
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Fig. 5. Cyclic voltamperograms obtained with (a) an 
organogold-based microband electrode and (b) a fritted ink 
microband electrode in 0.1 M KNO, containing K, Fe(CN), 

(concentrations indicated). Sweep rate 20 mV/sec. 

inspection under a high-power optical micro- 
scope) were approximately 12 and 2 pm for the 
fiitted and organogold electrodes respectively. 
The shape of the voltammetric curve, shown 
in Fig. 5, is characteristic of that obtained at 
microband electrodes, i.e., at sufficiently low 
sweep rates the oxidation wave levels off to a 
quasi-steady-state limiting current and the 
corresponding reduction peak is greatly 
reduced. For both of these band electrodes the 
magnitudes of the limiting current are pro- 
portional to the concentration of the electroac- 
tive species. 

The quasi-steady-state current (A) is given 
b y2’ 

1 (1) 
where n is the number of electrons, F the 
Faraday constant, D the diffusion coefficient 
(cm*/sec), C the bulk concentration (mole]cm3) 

of the electroactive species and 1 the length of 
the band (cm), and 0 is 4Dt/W*, t being time 
(set) and W the width of the band (cm). 

By use of this equation, theoretical values for 
the steady-state currents of 0.43C (fritted gold) 
and 0.29C (organogold) can be calculated for 
the experimental conditions described in Fig. 5 
(D = 6.3 x 1O-6 cm*/sec, t - 1.25 set (- RT/Fv, 
where v is the scan rate). From Fig. 5, a 
value of 0.4C is obtained for the fritted gold 
electrode, which is in good agreement with 
theory. For the organogold ink electrode a value 
of O.lC is obtained, which is much less than 
would be expected from purely theoretical 
considerations. However, examination of this 
band electrode under an optical microscope 
indicated that it was not continuous and hence 
this low value is not unexpected. The reason 
for the discontinuous nature of these electrodes 
is not known, but is likely to be due to smearing 
of the dielectric layer over the surface of the 
electrode during the cutting process (see 
Experimental). 

One advantage of using screen printing 
methods with commercial inks is that the prints 
should be repeatable in thickness. The inter- 
electrode repeatability for a set of ten different 
microbands prepared with the fritted gold ink 
was checked by cyclic voltammetry of ferrocene 
in ethanol (containing 0.M LiBF.,). The vari- 
ation in the limiting current values obtained 
with the set of electrodes was less than f 5% 
around the mean. 

Ascorbic acid sensors. Determination of vita- 
mins in foodstuffs and biological fluids is gener- 
ally time-consuming and expensive.3’ Vitamin C 
can be measured electrochemically since it can 
be oxidized relatively easily to dehydroascorbic 
acid; the redox potential of this process is 
pH-dependent. 

The system we have used for ascorbic acid 
determination consists of a fritted gold micro- 
band electrode with an associated printed silver/ 
silver chloride auxiliary electrode (see exper- 
imental). A series of cyclic voltamperograms 
taken with one of these sensors in a solution 
containing ascorbic acid in phosphate-buffered 
saline at pH 7 (O.lM phosphate buffer, 0.15M 
sodium chloride) is shown in Fig. 6a. The 
quasi-steady-state current was found to vary 
linearly with acid concentration. From the slope 
of this line a value of 5.7 x lob6 cm*/sec (in 
good agreement with the literature value3*) can 
be calculated for the diffusion coefficient of 
ascorbic acid by equation (1). 
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Fig. 6. Cyclic voltamperograms obtained with a fritted gold 
microband electrode in phosphate-buffered saline (0. IM pH 
7,O.lW NaCl) for various concentrations of ascorbic acid. 

Sweep rate 20 mV/sec. 

This electrode system was also placed in a 
proprietary orange drink. Figure 7 shows the 
linear sweep voltamperograms obtained with 
and without addition of ascorbic acid. Since the 
position of the oxidation wave is the same for 
both CVs, we conclude that the current for the 
orange drink alone is due to the presence of 
ascorbic acid. Analysis of the steady-state cur- 
rent gave a concentration of 1.6mA4, which is 
within the limits quoted by the manufacturer. 

The electrode has also been used to measure 
the concentration of ascorbate in apples 
(Granny Smith’s). Figure 8 shows voltampero- 
grams obtained at two separate locations: one at 
the surface, the other near the centre. The 
results indicate a decrease in concentration of 
ascorbate with depth, as reported previously.33 
The concentration at the surface was estimated 
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Fig. 7. Cyclic voltamperograms obtained with a fritted gold Fig. 9. Cyclic voltamperograms obtained with a fiitted gold 
microband electrode in a proprietary fruit drink with and microband electrode in 0.1 M NaClO, with various concen- 

without added ascorbic acid. Sweep rate 20 mV/sec. trations of paracetamol. Sweep rate 100 mV/sec. 
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Fig. 8. Cyclic voltamperograms obtained with a fritted gold 
microband electrode in a Granny Smith’s apple. Sweep rate 

20 mV/sec. 

to be approximately 3 mg/lOO g of fruit, which 
is in line with results obtained by other tech- 
niques. 33 We have also used the method success- 
fully for potatoes, oranges, strawberries and 
kiwi fruit.% 

Paracetamol sensor. Paracetamol can also be 
oxidized electrochemically. Figure 9 shows once 
again that a quasi-steady-state is observed, the 
magnitude of which is linearly dependent on the 
concentration of the electroactive species. In- 
creasing the pH of the background electrolyte 
from 6.2 to 10.5 resulted in oxidation at a more 
cathodic potential. Linear calibration plots were 
also obtained at this higher pH. 

Multiple band electrodes 

In general it was found that multiple micro- 
band electrodes became less uniform as the 
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Fig. 10. Current-time transient measured on a dual micro- 
band system. Ferricyanide electrogenerated on an organo- 
gold microband electrode is measured on an adjacent fritted 
gold microband electrode. Electrolyte used was O.lM KNO, 
containing 12mM K,[Fe(CN),]. The potential of the fritted 
gold microband electrode was maintained at -0.1 V (vs. 
SCE). The generating current on the organogold microband 

electrode was supplied from a dry-cell battery. 

number of printed bands was increased. This 
is presumably due to problems associated with 
the repeated firing and cooling processes used in 
their manufacture. 

Multiple band electrodes have been operated 
in ring-disc mode, where the product of the 
electrochemical reaction at one of the electrodes 
is measured on the others. Taking first the 
example of a dual-band system, Fig. 10 shows 
the results of experiments where one of the 
electrodes was made with the fritted gold ink 
and the other with the organogold material. 
Here the transient response is shown for the 
case where ferricyanide produced by the oxi- 
dation of ferrocyanide at the organogold 
electrode is measured on the fritted gold elec- 
trode. As can be seen, the current becomes 
constant after slightly less than 1 min. Increas- 
ing the generator current results in a corre- 
sponding increase in the current obtained at the 
fritted ink electrode. The proportion of current 
measured, defined by Cp = collector current/ 
generator current, is called the collection 
efficiency. 

Figure 11 shows a plot of the collector current 
us. the generator current for the same system as 
in Fig. 10. The collection efficiency was 42%. 
Figure 11 also shows data obtained with a 
dual-band electrode where both of the bands 
were made with the fritted ink. Here a reduced 
collection efficiency of 29% was observed. This 
is in line with the findings of Shea and Bard2’, 

ip, /nA 

Fig. 11. Relationship between the generating current and the 
detected current for dual (1, 2) and triple (3) microband 
electrodes. Conditions as for Fig. 10. For the dual-band 
electrode systems a fritted gold collector microband elec- 
trode was used with both organogold (1) and fritted gold (2) 

generator microband electrodes. 

who suggested that to maximize the collection 
efficiency the collector band should be much 
wider than the generator band. 

Shea and Bard” used a computer simulation 
to calculate the collection efficiencies of this type 
of system. With 6,, defined by 

0, = 4DtI(W,,,)2 (2) 

where W,,, is the width between bands (cm), the 
quasi-steady-state collection efficiency, Gss, can 
be calculated from 

@ ss = 0.033 + 0.21 log e,, 

- 0.016 (log 0,,)’ (3) 

With an average gap of 30 pm (estimated by 
inspection under an optical microscope), the 
collection efficiency for ferro/ferricyanide, for 
the case where the generator band was con- 
structed from the organogold ink, was calcu- 
lated to be 42%. This is in excellent agreement 
with the experimental value (42%). 

Electrodes of triple-band configuration have 
been constructed with the gold fritted material 
(i.e., all electrodes 12 pm thick). It was found 
that if adjacent electrodes were used in dual- 
band generator/collector mode then the collec- 
tion efficiencies obtained were similar to those 
described above (29%). When both outer 
electrodes were used to measure the product 
electrogenerated at the inner electrode, the 
combined collection efficiency rose to 50% 
(Fig. 11). This is less than the sum of the 
individual collection efficiencies, which is again 
in agreement with the results obtained by Bard 
et a1.22 
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Thiamine sensor. For the purpose of analysis 
it is possible to measure non-electroactive 
species by monitoring their reaction with an 
electrogenerated reagent.35 A convenient way of 
doing this is to use a multiple-band system 
where the reagent is generated at one electrode 
and measured at the others. In transit between 
the generator and collector electrodes this re- 
agent can react with the substance of interest, 
which is present in the bulk solution. The 
reaction means that a smaller current than 
expected will be measured at the collector 
electrodes. This technique, which measures a 
reduction in the collection efficiency, can be 
operated as a type of amperometric titration. 

Thiamine, vitamin B,) when in its pyrophos- 
phate form (cocarboxylase) is a cofactor which 
is utilized in a number of enzyme systems.36 It 
is possible to oxidize this species in the presence 
of alkaline ferricyanide to thiochrome. The 
amperometric titration of thiamine, in a sol- 
ution of ferrocyanide, has been performed by 
using triple-band electrodes. Here the central 
generator band is used to oxidize ferrocyanide 
to ferricyanide, which is subsequently measured 
at the two outer band electrodes. It was found 
that for a given current the collector current 
decreases with increasing thiamine concen- 
tration (an alternative method would have 
been to measure the collection efficiency as a 
function of generator current36). Figure 12 
shows a calibration curve which relates the 
collection efficiency to the concentration of 
thiamine. 
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Fig. 12. Calibration graph for thiamine; i,” is the col- 
lection current for electrogenerated ferricyanide reduction 
measured on the outer f&ted gold microband electrodes 
(generator current 320 nA) and isou, ,, is the collector current 
in the absence of thiamine. Experimental conditions as for 

Fig. 10. 

CONCLUSIONS 

A new simple and cheap method for the 
manufacture of microband and multiple-band 
electrodes has been described. Despite the pres- 
ence of high levels of impurities, these electrodes 
demonstrate good electrochemical behaviour 
and are therefore suitable for use- in electro- 
analytical applications. We believe that elec- 
trodes made in this way can be inserted into 
complex environments (both solid and liquid) 
to provide information on concentrations of 
chemical species. The potential in this area has 
already been demonstrated by the measurement 
of ascorbic acid levels in fruit and vegetables 
and an orange drink. Further investigations in 
this area are in progress. We are also extending 
our studies to look at new measurement tech- 
niques and to ascertain the different species that 
can be analysed by use of these electrode sys- 
tems. 
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Summmy-A review is given of past and potential analytical and other applications of electrodes 
overlayered with zeolites. 

The altinosilicate zeolites, when incorporated 
into an electrochemical interphase, offer a num- 
ber of chemical, physical, and structural charac- 
teristics of interest in the design of electro- 
analytical schemes. Several recent reviews cover 
the general interest in zeolites as materials useful 
in electrochemical environments.‘-3 The electro- 
analytically relevant characteristics of such 
zeolites will be described briefly below; the 
implications for electroanalysis inherent in these 
zeolite properties will be illustrated with 
examples from the literature and the work of 
our group. Potential zeolite-based electro- 
analyses will also be described. 

The aluvninosilicate zeolites 

Many (but not all”) zeolites are formed from 
tetrahedrally oxygen-linked silicon and alumi- 
num atoms in varying Al to Si ratios. The 
resulting crystalline aluminosilicate lattice has 
three predominant characteristics,5 each with 
electroanalytical and other implications. These 
characteristics are: 

(i) molecular sieve selectivity based on the 
size and shape of the molecules interacting 
with the zeolite; 

(ii) cation-exchange capacity; 
(iii) inherent catalytic properties due to the 

strong-acid nature of the zeolite as well as 
the ability to modify catalytic properties 
by cation-exchange with or without sub- 
sequent redox reactions. 

Figure 1 summarizes the chemical/structural 
nature of the aluminosilicate zeolites. The two- 

*Author for correspondence. 
tchemistry Division, Code 1113ES; Oflice of Naval 

Research, Arlington, VA 22217, U.S.A. 

dimensional representation of the oxygen-linked 
tetrahedra (Fig. 1) illustrates characteristics (ii) 
and (iii). Every Al atom in the lattice results in 
a fixed negative charge; electroneutrality is 
achieved with mobile cations, frequently alkali- 
metal ions. These cations can be exchanged for 
others, depending on their specific site in the 
zeolite lattice and the size of the exchanging 
cation.’ The strong-acid nature of the alumino- 
silicate zeolites, responsible for their wide use in 
acid-catalyzed reactions of technological signifi- 
cance6 arises from the terminal hydroxyl groups 
at the crystal faces. The aluminum-rich alumino 
silicate zeolites can decompose in the presence 
of strong acid, through removal of aluminum 
atoms from the lattice,’ so the pH of the 
medium needs to be considered when using 
these materials for electro-analysis. 

The three-dimensional zeolite lattice, which 
arises from the linking of the various ring 
structures that can be formed from conjoining 
the oxygen-linked tetrahedra, offers a cage-and- 
channel architecture of molecular size; the mol- 
ecular sieve character of zeolites is derived from 
the pore, void space, and cage aspects of this 
architecture. Figure lb shows a framework rep- 
resentation for zeolite A, a synthetic zeolite with 
the ideal formula (M0)),,(A102),2(Si0,),,, and 
the zeolite of choice for our work. 

Zeolite A belongs to the faujasite structure 
class, as do types X and Y, the channels and 
cages of these zeolites intersect in three dimen- 
sions, so that diffusion of sorbed species in such 
zeolites is three-dimensional. Figure 1 b shows 
the super-cages for the faujasitic zeolites A, X, 
and Y, with their pore openings in three dimen- 
sions, and as is evident from this figure, the size 
of the pore openings and the size of the super- 
cages can differ as a function of the structure. 
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Fig. 1. The chemical and structural nature of aluminosilicate zeolites. (a) A two-dimensional represen- 
tation of the Al-CSi linkages that create the framework of aluminosilicate xeolites, illustrating the Rxed 
anionic sites (one per Al atom), charge-compensating cations, and terminating hydroxyl groups (adapted 
from RolLsot?); (b) three-dimensional representation of the faujasitic geometry for xeolites A 

(Al:Si = 0.7-1.2) and X (Al:Si = 1.0-1.5)/Y (Al:Si = 1.5-3). 

Zeolites X and Y have pore openings of about 
0.74 nm, whereas zeolite A has pore openings of 
about 0.4 nm. Zeolites in which diffusion is one- 
or two-dimensional along the channels also 
exist.3*5*7 

Zeolites and their electroanalytical possibilities 

Combining a zeolite-containing overlayer on 
(or as part of) an electrode surface allows both 
electrochemical stimulus of the zeolite (e.g., by 
electrogeneration of a reactant capable of inter- 
acting with the zeolite) and electrochemical 
detection (or reaction) of a zeolite-entrained 
reactant or a zeolite-reacted product. Electro- 
analytical consequences accrue from all of the 
zeolitic characteristics described above, in that 
any electroanalytical scheme which relies on 
ion-exchange, or analyte preconcentration, or 
size/shape/charge selectivity, or catalyst-assisted 
reactivity, or any combination of these features, 

can be designed for use of a zeolite-modified 
electrode. 

EXPERIMENTAL 

All electrochemical experiments reported are 
for zeolite A, either in pure powder form (NaA, 
Linde; sized as less than 10 pm) or from ground 
and sieved 4A (NaA) or 3A (KA) molecular 
sieves (Linde, containing a clay extruder to form 
pellets or beads). The supporting electrolyte 
was O.lM EtdNC104 (Southwestern Chemicals, 
vacuum dried at SO’) in CHSCN (Burdick & 
Jackson, high purity, used as received). Ferro- 
cene, 1 ,Cdinitrobenzene and 1 ,Cbenzoquinone 
were sublimed before use. Pyrrole (Aldrich) was 
purified before use, by passage through acti- 
vated alumina. 

Voltammetric experiments were performed 
with an EG8zG PAR Model 173 potentiostat/ 
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galvanostat. Pine Instruments Rotators, Models 
PIR and MSR, were used to electrodeposit 
zeolite overlayers on Pt and glassy-carbon disk 
electrodes (Pine Instruments) generally by a 
previously described procedure.8 Potentials are 
referred to an NaCl-saturated calomel electrode 
(SSCE), unless otherwise noted; platinum wire 
was used as the auxiliary electrode. 

ELECFROANALYSIS WITH ZEOL~TJ?PMODIT~IED 
ELECTRODES 

Preconcentration of electroactive solutes- 
amperometric detection 

The molecular size and shape selectivity (and 
the high internal surface area’) of zeolites can be 
used for preferentially adsorbing appropriately 
sized neutral species or cations in the zeolite on 
the basis of the size of its pore openings. When 
a zeolite is coupled to an electrode (e.g., by 
mixing with carbon paste or casting from a 
polymer suspension-see Rolison’ for a sum- 
mary of preparatory methods for zeolite- 
modified electrodes), species preconcentrated in 
it can be subsequently detected at their charac- 
teristic potentials or made available for coupled 
chemical and electron-transfer reactions. 

An electroanalytical approach based on ad- 
sorption of cationic analytes by the zeolite in a 
zeolite-modified electrode, followed by electro- 
chemical detection, has been applied in a num- 
ber of instances; a few will be described here as 
examples. Zeolite-modified carbon pastes have 
been used to sorb cations such as Hg2+,9 or 

Ag +,I0 at j~g/ml levels from aqueous solution at 
open circuit and then, at a suitable applied 
potential, give a signal corresponding to the 
amounts adsorbed and hence (by calibration) to 
those present in the initial solutions. 

Though zeolites can provide size and shape 
selectivity at an electrode interphase, they do 
not provide specificity; competing adsorbates in 
the analyte solution can affect the amperometric 
response, and this must be considered when 
performing electroanalysis with zeolite-modified 
electrodes. Wang and Martinez” showed that 
the magnitude of the reduction current for Ag+ 
adsorbed by zeolite-modified carbon-paste elec- 
trodes from 1 pg/ml Ag+ solutions, was un- 
affected by the presence in the initial solution of 
10 pg/ml amounts of Co(II), Mn(II), Ca(II), 
Pb(II), Cu(II), and Ti(IV), but completely sup- 
pressed by 10 pg/ml Fe(II1); reduction currents 
were enhanced when the cationic interferents in 
solution were Bi(III), U(IV), Ni(II), Zn(II), and 

n(I). 

Shaw et al.*’ have explored competitive cation 
adsorption by zeolite Y of methylviologen 
(MVz+) and Ru(NH&+ and by Cu(II)-Y for 
electrolyte cations of various hydrated sizes. 
Their work also highlights the importance of 
understanding the nature of the mass transport 
of electron-transfer species in the zeolite 
interphase in order to explain the observed 
voltammetry. Zeolite Y was shown to adsorb 

RuW-4 );+ preferentially, but the current 
response was greater with MV’+-exchanged 
Y, indicating that the mobility into and out of 
Y was greater for MV2+ than for Ru(NH&+. 
The current observed for the reduction of 
zeolite-adsorbed Cu*+ increased when Cu(II)-Y 
was exposed to solutions of cations with small 
hydrated radius, showing that the smaller 
cations displaced the zeolite-adsorbed Cu*+ 
more readily. 

The mechanism first proposed by Shaw et al.” 
to explain the amperometric response of a 
zeolite-modified electrode containing adsorbed 
electroactive solutes involves ion-exchange of 
the adsorbed electroactive cations with different 
cations in the electrolyte solution and the sub- 
sequent reduction of the liberated electroactive 
cations at the electrode, e.g., 

E;,+ + mC@E&+ + mC& (1) 

E$T + ne-eEGj-” (2) 

where Em+ is the electroactive cation, C+ is the 
electrolyte cation, and the subscripts (z) and (s) 
refer to the zeolite and solution phases, respect- 
ively. The amperometric response observed for 
E$ thus depends on the mobility of Em+ within 
and out of the zeolite (the latter in turn being 
influenced by the mobility of the displacing 
cation) and the nature of mass transport of the 
species in the zeolite-electrode interphase. Zeo- 
lite overlayers at electrode surfaces provide edge 
effects and high interfacial concentrations of 
electroactive species, conditions which a&t 
mass transport and have been shown to affect 
the voltammetric response of MV*+-modified 
zeolite Y.“*12 

The ability of a zeolite-modified electrode to 
discriminate on the basis of the size of the 
sorbed analyte and the size of competing adsor- 
bates can be a subtle effect, as we have shown 
for adsorption of oxygen by zeolite A electro- 
deposited as a compact coating on platinum or 
glassy-carbon rotating disk electrodes.* In this 
system, both the sodium form of zeolite A 
(NaA, with pore openings of 0.4 nm) and the 
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potassium form (KA, with pore openings of 
0.3 nm) sorb oxygen when the zeolite-coated 
electrode is exposed to air or an oxygenated 
solution. When these oxygen-loaded zeolite- 
modified electrodes were placed in deoxygen- 
ated acetonitrile/tetra-alkylammonium electro- 
lyte, the reductive voltammetry was dominated 
by oxygen reduction. Attempting to purge 
oxygen from the coatings by bubbling nitrogen 
through the electrolyte solution worked only for 
the NaA coatings, as the nitrogen molecules 
were too large to enter into the pores of KA. 
The use of argon (with a diameter ~0.3 nm) 
instead of nitrogen could purge oxygen from 
both coatings.* 

Zeolites sandwiched between an anode and 
cathode have also been used to determine 
sorbed oxygen amperometrically, but in the dry 
state and at elevated temperatures ( > 200”).‘3*‘4 
The voltammetric responses of adsorbed’4s15 and 
occluded inorganic species’3*16 in dry zeolite 
films have also been studied. Although it is not 
an example of amperometric detection, the 
work of Bein et al.” is interesting: they used a 
mixed zeolite-silica thin film coated on a surface 
acoustic wave device to discriminate vapor- 
phase organic molecules that were small enough 
to be sorbed in the zeolite from those too large 
to penetrate it. The large surface area of the 
zeolite in the thin film resulted in a large change 
in the frequency of the device when adsorption 
occurred. 

Preconcentration of electron-transfer interactive 
species-amperometric detection 

Direct analytical application of zeolite- 
modified electrodes relies on adsorption of the 
electroactive analyte of interest by the zeolite 
but the zeolite can also act as a repository for 
reactants that can be used to affect the electro- 
chemical response of a desired analyte. The 
loading of zeolite with a chemical reagent 
needed in an electroanalytical scheme is quite 
feasible and provides the reagent where it is 
most effective, i.e., at the electrode interface 
during electron transfer. This aspect of electro- 
analysis with zeolites has yet to be exploited. 

It should be remembered that a zeolite, by its 
inherent nature, provides an interactive elec- 
tron-transfer species. The word zeolite derives 
from the Greek for “boiling stone” owing to the 
great uptake of water by a zeolite and its 
(reversible) release upon heating. Fully dehy- 
drated zeolites will start to become hydrated 
upon exposure to ambient air, so the presence of 

water in the zeolite-electrode interphase is en- 
sured unless precautions are taken. For analyses 
in aqueous solutions, this would not be a pri- 
mary concern, whereas in analyses for water- 
sensitive electroactive solutes in non-aqueous 
media, it could either cause difficulty or be an 
exploitable variable in the system. Also, as 
observed with regard to oxygen, the ability of 
zeolites to sorb appropriately sized gases can 
also influence the observed voltammetric re- 
sponse of zeolite-modified electrodes. 

Another overlooked, but inherent reactive 
species in the zeolite is the mobile counter-ion, 
often Na+ . Besides being replaceable by cationic 
reactants or analytes, such alkali-metal ions, 
when present in the zeolite+electrode interphase 
for a zeolite used in an aprotic electrochemical 
solvent of low donicity, will affect the electro- 
reductive response to oxidants (designated as 
R), through ion-association reactions, e.g., 

R + e- + Na,t,,,,,=[R----Na+],,, (3) 

The mobile counter-ions will be present in high 
concentrations in the zeolite-electrode inter- 
phase since zeolites are solid solutions of about 
1 molal concentration and the cation-exchange 
reactions with electrolyte cations release these 
counter-ions into solution. The magnitude of 
their effect on organic reductions is related to 
the equilibrium constant for the ion-association 
reaction. This is the interaction which led to 
our discovery of the co-electrodeposition of 
organic oxidants and zeolite A as compact 
coatings on rotated Pt or glassy-carbon disk 
electrodes.*~‘* 

Zeolite overlayers on electrodes, however de- 
posited, retain this ability to influence electro- 
reductions of organic oxidants in low-donicity 
solvents by providing a high activity of strongly 
associating alkali-metal ions in the electro- 
chemical interphase; this can be seen in Fig. 2 
for the two one-electron reductions of 1,4- 
benzoquinone in 0.1 M Et,NClO, / CH, CN elec- 
trolyte. At an uncoated platinum electrode (Fig. 
2a) the two reversible reductions are seen; scan- 
ning the potential at a platinum electrode with 
a compactly coated NaA/l ,Cdinitrobenzene 
overlayer in the same solution shifts the second 
reduction (R- + e- = R2-) to more positive 
voltages (see Fig. 2c), consistent with ion- 
pairing of the anion radical with a strongly 
associating cation, such as Naf.‘gV20 A similarly 
coated platinum electrode, but with visible 
regions of exposed metal, also shows a shift 
to more positive potentials for the second 
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Fig. 2. The two one-electron reductions for l&benzo- 
quinone in O.lM Et,NClO,/CH,CN at (a) Pt, (b) Pt 
partially coated with a co-electrodeposited overlayer of 
NaA/l,4dinitrobenzene; (c) Pt compactly coated with a 
co-electrodeposited overlayer of NaA/ 1,4_dinitrobenzene. 
The standard potential for the reduction of the anion radical 
is marked with a solid line to show the shift to more positive 
potentials when the reduction occurs through a zeolite 

overlayer. 

reduction (Fig. 2b), but less than that occurring 
with a compactly coated electrode (Fig. 2~). 

If ion-association reactions during electro- 
analysis in low-donicity electrolytes are undesir- 
able, prior ion-exchange of the zeolite with a less 
strongly associating cation is necessary. Lithium 
and sodium type zeolites should certainly be 
avoided in such a situation. 

One design involving zeolite-modified elec- 
trodes containing preconcentrated electron- 
transfer interactive species that could be applied 
to electroanalysis, but so far has not, is based on 
the manipulation of vectorial electron-transport 
chains. In this design concept, as pioneered by 
Mallouk and co-workers,21v22 the zeolite is used 

as a size- and charge-discriminating support 
for spatial array of donor and acceptor pairs 
which can respond to light or electrochemical 
potential. This provides a rectifying interface 
with charge-trapping and untrapping character- 
istics. 

For instance, MV2+-exchanged zeolite Y was 
partially capped by ion-exchange of the bulky 
porphyrin derivative, cobalt(I1) tetrakis(l\r- 
methyl-4-pyridyl)porphyrin chloride, for Na+ 
ions on the external surface of zeolite Y; this 
modified zeolite was cast onto SnO, from a 
zeolite-polystyrene suspension. The porphyrin 
blocked direct reduction of the entrained violo- 
gen, but could itself be directly reduced at the 
electrode; in turn the reduced porphyrin ring 
could reduce the entrained viologen.23 The 
proper choice of the sizes and standard poten- 
tials of redox species arranged on a zeolite for 
vectorial transport, could provide a detection 
system based on the electron-flow (charge un- 
trapping) produced by exposure of such a zeo- 
lite-electrode interphase to an analyte of 
appropriate standard potential. 

Conductive composites-amperometric detection 

Zeolite-modified electrodes can be readily 
prepared by casting from polymer solutions or 
by mixing well with carbon paste, but one of the 
more robust and rapidly responsive (and hence 
analytically useful) preparations was developed 
by Shaw and Greasy.” A mixture of carbon and 
zeolite powders is bound by a radical-initiated 
copolymerization of styrene and divinylben- 
zene; the result is a “hard” composite with a 
surface which can be polished. Comparing the 
voltammetric responses for MV2+ and 
Ru(NH,)r at the “hard” composites with those 
previously obtained with zeolite/carbon-paste 
composites” showed that the “hard” com- 
posites were more sensitive to these cations in 
solution, gave more reproducible currents and 
shorter response times, and were more con- 
venient to use. 

A different approach to a conductive zeolite- 
containing composite employs encapsulation 
within a conducting polymer. The possible ad- 
vantage of this approach is to extend the electro- 
chemically reactive zone beyond the boundary 
defined by the electrode surface and the first 
layer of zeolite particles, so that all the zeolite 
particles are available for electronic communi- 
cation. In a modification of our co-electro- 
deposition procedure,**‘* a zeolite-polypyrrole 
composite was formed on rotated platinum or 
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glassy-carbon disk surfaces by oxidizing pyrrole 
in a slurry containing zeolite powder. Surpris- 
ingly, more uniform zeolite-polypyrrole coat- 
ings could be formed in an “upside-down” 
configuration which maximized incorporation 
of zeolite in the forming polymer. In this latter 
procedure, a drop of the pyrrole/zeolite/ 
electrolyte slurry is placed on the face of a disk 
electrode mounted face-up, and two platinum 
wires (as auxiliary and reference electrodes) are 
positioned at the edge of the drop; as the 
assembled “cell” is not protected against vi- 
bration, enough vibration is transmitted 
through the electrode mount to prevent settling 
of the particles. The zeolite is gravitationally 
encapsulated as the pyrrole is oxidized and 
polypyrrole is electrodeposited. This procedure 
also works for other particulates; good com- 
posite coatings could be formed with ion-ex- 
change resin beads encapsulated in polypyrrole. 

The voltammetric behavior of such com- 
posites (in our work) in electrolyte solutions in 
acetonitrile has the broad capacitive back- 
ground usually observed for electrodeposited 
polypyrrole films. Polypyrrole encapsulation of 
NaA provides yet another example of the tena- 
cious adsorption of oxygen by zeolite A and its 
dominance of the amperometric response of 
overlayers containing zeolite. This is demon- 
strated in Fig. 3 for the response (in aqueous 
solution) of a polypyrrole/NaA composite 
coated on platinum (Fig. 3b) in comparison 
with that of a polypyrrole coating prepared 
similarly on glassy carbon (Fig. 3a). For both 
aqueous and acetonitrile electrolyte solutions, 
the qualitative character of the voltammetric 
response of polypyrrole and polypyrrole/NaA 
composite coatings in a blank solution becomes 
similar after sut5cient deoxygenation of the 
zeolite-containing coating [compare Fig. 3a 
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Fig. 3. Voltammetric response at 100 mV/sec in 1OmM NaOH/O.IM Na,SO, electrolyte for (a) 
polypyrrole electrodeposited (from CH,CN) onto glassy carbon; (b) and (c) polypyrrole-NaA composite 

electrodeposited (from CHJCN) onto Pt [(b) second scan; (c) sixth scan]. 
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with the voltamperogram obtained with the 
polypyrrole/NaA composite after exhaustion of 
the zeolite-entrained oxygen (Fig. 3c)]. 

The obverse approach to making zeolite- 
conducting polymer composites, i.e., encapsu- 
lating the conducting polymer within the zeolite, 
has also been explored. Synthesizing conducting 
polymer chains inside a zeolite offers two unique 
materials-science opportunities: (i) if growth is 
constrained so that bulk conducting polymer 
cannot form, the properties of oriented small- 
dimension conducting polymers can be studied; 
(ii) wiring the interior of a zeolite with an 
electronic conductor allows molecular electronic 
designs and constrained electron-transfer chem- 
istry to be explored. The ability of zeolites 
modified with transition metals to polymerize 
adsorbed acetylene25*26 and pyrrole2’ has demon- 
strated the feasibility of this approach; recent 
work by Bein and Enzel (on polyaniline,28~29 
polythiophene30 and polypyrrole3’) has ex- 
panded the chemistry and the characterization 
of such systems to bring the possibilities 
above closer to realization. Successful prep- 
aration of such molecular wiring inside zeolites 
will certainly create electroanalytical possibili- 
ties. 

Cation-selective electrodes-potentiometric de- 
tection 

The most obvious analytical application of 
the aluminosilicate zeolites is as ion-selective 
membranes for the potentiometric determi- 
nation of cations. This is such a natural appli- 
cation that the use of zeolites in ion-selective 
electrodes dates back to 1939.32 In subsequent 
work Barrer and James demonstrated the im- 
portance of the size of the cations in competitive 
adsorption by zeolites, by their observation of 
complete selectivity of NaA membranes for 
Na+ relative to Et4N+;33 these membranes were 
formed by pressing zeolite microcrystals with 
polymer powders (such as polystyrene, the poly- 
mer of choice for casting zeolite-polymer sus- 
pensions on electrode surfacesZ3) or casting with 
thermosetting resins.33v” 

Johansson et al. studied mordenite-type zeo- 
lite embedded in low-viscosity resin as a Cs+- 
selective membrane35 and found near-Nernstian 
responses for Cs+ and selectivity relative to the 
other alkali-metal ions and Ba2+, Ca2+ and 
Cu2+. Work by Demertzis and Evmiridis with 
Fe(III)- and Cu(II)-exchanged zeolites A and X, 
also in epoxy-embedded membranes, empha- 
sized the necessity of good zeolite/epoxy ad- 

hesion to achieve ideal Nernstian behavior from 
zeolite membranes. 36 Likewise, Barrer and 
James also found their zeolite membranes had 
improved selectivities after impregnation with 
silicone oil to seal cracks in the membrane and 
minimize alternative solution paths for ion 
transport.33+34 

Our study of the potentiometric response of 
NaA-polymer films to Cd2+ also highlighted the 
nature of the binder on the stability of the 
measurement. Near-Nernstian response to Cd2+ 
(33 mV/decade) was achieved for NaA-polysul- 
fone films cast on glassy carbon, in contrast to 
the flat background response of polysulfone- 
coated glassy carbon to 10-5-10-2M Cd2+. 
Erratic results were obtained for both polymer 
and NaA-polymer coatings in Cd2+ solutions 
when the polymer was polystyrene or poly- 
caprolactone. Sub-Nernstian (11 mV/decade), 
but linear, response was obtained for an NaA- 
polysulfone coating exposed to 10-5-10-‘MA13+. 

Kinetic possibilities and electroanalysis with 
zeolite overlayers 

Because the size of the zeolite particles placed 
in overlayers on electrodes can be varied, the 
compactness or porosity of the coating can be 
varied. When the residence time of an analyte in 
the zeolite layer needs to be considered, possibly 
to increase its interactive or reaction time with 
the zeolite, prior to its detection at an imposed 
potential at the electrode, the porosity of the 
coating can be exploited as one of the variables 
of the method. 

We observed this for our co-electrodeposited 
coatings of NaA and l,Cdinitrobenzene, in 
which the zeolite particle size could be varied 
from that of the pure powder, ~10 pm (as 
determined by scanning electron microscopyis), 
to larger size ranges obtained by sieving ground 
Linde 4A pellets. As would be expected, coat- 
ings formed from larger particles, though visibly 
compact, were more open to electroactive solute 
in solution than those formed with the pure 
NaA powder. This can be seen in Fig. 4, where 
the limiting current obtained at a zeolite-coated 
platinum electrode for an electroactive species in 
solution is contrasted with that at an uncoated 
platinum electrode of equivalent area. Compact 
coatings formed from pure NaA powder typi- 
cally blocked 7080% of the electrode surface 
(compare Fig. 4d with Fig. 4c), while compact 
coatings formed from 4A sieve ground to 
88-125 pm typically blocked only 3040% of 
the surface (compare Figs. 4a and 4b). 
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Fig. 4. Limiting current density as a function of potential for 
rotated Pt disk electrodes [(a), (c)] and Pt disk electrodes 
compactly coated with a co-electrodeposited layer of 
NaA/l,4-dinitrobenzene [(b), (d), (e)], for (a) and (b) ImM 
ferrocene in O.lMEt,NClO,/CH,CN, w = 1600 rpm, sweep 
rate = 50 mV/sec; (c-e) 0.2mM 1,4-benzoquinone in O.lM 
Et,NClO,/CH,CN, w = 900 rpm; (c) and (e) sweep 
rate = 50 mV/sec; (d) sweep rate = 5 mVJsec; (b) 4A sieve 
ground to 88-125 pm; (d) and (e) NaA powder, < 10 pm 

particle size. 

The pure NaA powder coatings were so com- 
pact that loss of hydrodynamic control of mass 
transport occurred if the electrode potential was 
swept too rapidly-as seen in Fig. 4e, a voltam- 
perogram indicative of surface-confined mass 
transport results. Though ferrocene and 1,4- 
benzoquinone (the electroactive solutes used in 
obtaining Fig. 4) are not analytes that would 
necessarily benefit from manipulation of the 
duration of their interaction with the zeolite, 
they demonstrated that the porosity of the 
zeolite overlayer can be readily changed without 

altering the nature of the chemical and physical 
characteristics of the zeolite. 

CONCLUSION 

Our characterization of zeolite A coatings 
electrodeposited on rotated disk electrodes (and 
understanding of the variables controlling the 
electrodeposition’*) has given us an appreci- 
ation of the subtle and overwhelming influences 
zeolites can have on an electrochemical inter- 
phase. As described in this paper, especially 
through the results of other workers, the ana- 
lytical implications of these zeolitic influences 
can be discerned. The electroanalytical promise 
of the size/shape selectivity and cation-exchange 
capacity of the aluminosilicate zeolites as de- 
scribed here is great, but also two-edged in that 
unexpected consequences (e.g., entrainment of 
apparently “spectator” species, such as oxygen 
or water; potential ion-association reactions be- 
tween charge-compensating zeolite cations and 
the analyte, the mobility of cations in and out 
of the zeolite) can affect what seemed to be a 
straightforward analysis. As with analytical 
chemistry in general, the characteristics of the 
analyte, the medium, other components of the 
solution, and the sensor, must be known before 
successful analyses can be obtained. 
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Summuy-A new method for development of an electrochemical sensor based on lactate oxidase is 
described. Platinized spectroscopic-grade graphite electrodes were mod&d by chemically cross-linking 
L-lactate oxidase from Pediocvccus species into a poly(viny1 alcohol) network through reaction with a 
tri-isocyanate. The immobilized enzyme exhibits high activity and long-term stability. The sensor provides 
a linear response to L-lactate over a concentration range of 2 x 10M5-4 x 10-‘&f and a sensitivity of 
1.71 pA.l.mmole-‘. The response time of the sensor is 10-45 set and the detection limit is lo@. Stable 
response to the substrate was obtained over a period of 3 months. The new sensor was also used for the 
analysis of some dairy products without any special pretreatment. 

The last decade has seen unprecedented interest 
in the development of probes for the qualitative 
and quantitative monitoring of biological 
samples of analytical interest.lJ Many of these 
are based on enzymes and a number of different 
procedures are available for enzyme immobiliz- 
ation. Whereas much enzyme-sensor develop- 
ment is devoted to glucose oxidase, because of 
its recognized importance in glucose assay as 
a diagnostic monitor for diabetes,- there is 
also a growing interest in the development and 
application of other sensors. 

One of the enzymes that has attracted a 
considerable degree of attention is lactate oxi- 
dase (LOD). Blood lactate concentration is indi- 
cative of certain pathological states such as 
shock, respiratory insufIlciencies and heart dis- 
ease.’ The lactate concentration in blood rises 
rapidly as a result of anaerobic glucose metab- 
olism when pelivery of oxygen to body tissues is 
insufficient (Fig. 1). The fact that the hydrogen 
ions produced from dissociation of lactic acid 
are effectively buffered by bicarbonate makes 
pH measurements less useful than direct lactate 
determination. Also, though transcutaneous 
oxygen measurements and the arterial-venous 
p0, difference (measured with oxygen sensors) 
may have some utility as indicators of blood 
flow, lactate measurement is more convenient 
and useful.8 This becomes especially important 

*Author for correspondence. 

when the tissue oxygen is adequate but aerobic 
metabolism is inhibited. 

In sports medicine, the lactate concentration 
is a very useful indicator for assessing the 
general physical condition of an athlete or 
racing animal.’ Highly trained individuals pro- 
duce less lactate than unconditioned ones for a 
given exercise. 

The involvement of lactate in the metabolism 
of glucose poses more demand on the use of a 
lactate sensor in conjunction with a glucose 
sensor for diabetic patients;9 the applicability of 
such a combination has been demonstrated 
in the evaluation of an endocrine artificial 
pancreas. 

In the food industry, measurement of lactate 
in dairy products and for the control of addi- 
tives (in wines etc.) is also of considerable 
importance. The lactic acid content of food 
products influences their flavor, stability and 
keeping quality. lo 

Several different methods are available for the 
electrochemical determination of lactic acid by 
use of immobilized lactate oxidase, but the three 
below have been most widely used. 

Lactate oxidase from Mycobacterium 
mwgatis, which acquires flavin adenine mono- 
nucleotide as a co-factor in the consumption of 
oxygen, converts lactate into acetate and carbon 
dioxide. The measurement of oxygen depletion 
is used as an indirect means of estimating the 
lactate level.11~‘2 

37 
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glucose -> pyruvaw~~ acetyl CoA 

L N& 
lactate 

Fig. 1. Anaerobic glucose metabolism. 

Lactate oxidase from Pediococcus species, an 
enzyme dependent on flavin adenine dinucleo- 
tide (FAD), catalyses the conversion of lactate 
into pyruvate and hydrogen peroxide by con- 
sumption of oxygen. ‘*Jo In this case, the pro- 

duction of hydrogen peroxide can be measured 
as an indicator of the lactate concentration.‘4Js 

In the third approach, the catalytic activities 
of LOD and lactate dehydrogenase (LDH) are 
coupied, the LOD being enzymatically re- 
generated by the LDH. This enzymatic cycling 
reaction greatly amplifies the response.‘“‘* 
Although this system is conceptually attractive 
and yields low detection limits, it suffers from 
slow response time (4-9 mm). Also, the prep- 
aration of the enzyme support involves some 
complicated steps and takes several days. 

Isocyanates have been used extensively as 
cross-linking agentsI in polyurethane tech- 
nology. Their reactions generally involve chain 
extension and network formation through inter- 
action of nucleophilic groups (e.g., hydroxyl, 
amino) with the isocyanate electrophilic carbon 
atoms. Some isocyanates have also been used as 
cross-linking agents for enzymes such as ribonu- 
clease and chymotrypsin.*’ 

The ability to prepare well-defined model 
networks of the polyurethane type by end- 
linking hydroxyl-terminated chains by means of 
aromatic tri-isocyanates (TIC)” has made their 
use attractive in the preparation of enqrne- 
based biosensors.22 Poly(viny1 alcohol) is a neu- 
tral partially water-soluble23 and biocompatible 
polymep and is, therefore, an appropriate 
matrix for consideration in sensor preparation. 

O=C=N-Q- CH_qN-c-0 

CH2 

N==C=O 

Fig. 2. Chemical structure of TIC. 

In the present work we report incorporation 
of FAD-dependent LOD into a poly(viny1 
alcohol) (PVAL) network prepared by cross- 
linking the available reactive nucleophilic 
groups (hydroxyl, amino etc.) with TIC (Fig. 2). 
Hydrogen peroxide, a product of the enzymatic 
reaction, was detected amperometrically at 
an electro-platinized spectrographic graphite 
electrode, which has been shown to lower the 
oxidation overpotential of hydrogen peroxide 
considerably.s*25 

EXPERIMENTAL 

Reagents 

PVAL [hydrolysed from poly(viny1 acetate.)] 
of average molecular weight 8.6 x lo4, and 
Nafion solution (5% solution in a mixture of 
aliphatic alcohols and 10% water) were ob- 
tained from the Aldrich Chemical Company, 
Inc. 

Lactate oxidase (L-lactate: oxygen oxido- 
reductase E.C. No. 1.1.3.2), from Pediococcus 
species, was purchased from Boehringer 
Mannheim Biochemicals. 

~(+)Lactic acid (lithium salt) was obtained 
from the Sigma Chemical Company. The high- 
reject polymer was provided by Yellow Springs 
Instruments (YSI). 

TIC (triphenyhnethane isocyanate) was gen- 
erously provided by Dr. D. H. Chadwick of 
Mobay Chemical Company, New Martinsville, 
WV. 

Dimethylsulfoxide (DMSO; Fisher Scientific) 
and other chemicals were of reagent grade and 
used without further purification unless other- 
wise stated. 

Demineralized organic-free water was used 
for the preparation of all solutions. 

Apparatus 

Amperometric experiments were performed 
with a Bioanalytical Systems CV-27 voltam- 
mograph and recorded with a Houston Instru- 
ments series 5000 x&t recorder. 

A thermostatically controlled circulating- 
water bath (Lauda Model S-1) was used for 
controlled-temperature experiments. 

Scanning electron micrographs (SEMs) were 
obtained with a Cambridge Stereo Scan 600 
scanner at the Materials Science Department, 
University of Cincinnati. 

Sensor preparation 

The cylindrical surfaces of the rod-shaped 
spectrographic graphite electrodes (Poco 
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Graphite, Inc., grade AXF-SQBL-1, lot 430, units of activity) were added and dried similarly. 
Cat. No. 366-BD) were sprayed with “Krylon” The electrode was finally covered with 10 ~1 of 
as a protective coating and the flat ends were PVAL solution, dried by spinning, and left in a 
fine-polished on 600~grit emery paper. After dust-free atmosphere for 3 hr. Finally, the dried 
sonication in an ultrasonic bath (Branson Ultra- film was treated with 1.1 ~1 of TIC solution for 
sonics Corp.) in “nano-pure” water to remove 45-60 sec. During this period the color of the 
any loosely attached material, they were dried at electrode surface changed to white, indicative 
room temperature in a dust-free atmosphere. that the cross-linking process had taken place. 
Chronocoulometric measurements in 1mM The electrode tip was then immersed in DMSO 
potassium ferricyanide/OSM potassium chlor- for 5-10 set and agitated to ensure removal of 
ide/O.O2M phosphate at pH 7 were used to the unreacted ingredients. Finally, it was rinsed 
calculate the surface area of the electrode before in stirred, demineralized organic-free water for 
coating.26 The average electrode area was 5 min and kept in phosphate buffer at pH 7 until 
0.17 cm2. use. 

Electra-deposition of platinum onto the pol- 
ished surface of the graphite electrodes was 
done from a 1OmM hexachloroplatinic acid 
solution by holding the potential at -200 mV 
vs. Ag/AgCl for 10 min. 

PVAL-LOD-ISO-3. This electrode was pre- 
pared identically to PVAL-LOD-ISO- except 
that a total of 25 ~1 of PVAL solution was used. 

Different approaches were used for enzyme 
immobilization on the platinized area of the 
electrode. 

PVAL-LOD-HO-A In this procedure, 
cross-linking was performed with all the react- 
ing components mixed together in solution on 
the electrode surface. 

PVAL-LOD. This electrode was made in 
layered form, with 5 ~1 of PVAL solution (3.0% 
in water), 11 activity units of LOD, and 10 ~1 
of the PVAL solution added successively, with 
drying between additions. The electrode was 
used without any cross-linking treatment. 

LOD-ISO. This electrode was simply made 
by covering the platinized graphite electrode 
with 11 activity units of LOD, letting it dry, and 
then treating it with 1 .l ~1 of the isocyanate 
solution (0.045 g in 0.25 ml of DMSO). 

PVAL-LOD-ISO-I. This approach is based 
on that developed for alkaline phosphatase.22 
First, the equivalent of 11 activity units of LOD 
(in 5 ~1 of solution) was placed at the middle of 
the active surface of the electrode and spin- 
dried, and 2.5 ~1 of PVAL solution (3.0% w/w 
in DMSO) were placed on this layer. Finally, 1.1 
~1 of TIC solution (0.045 g in 0.25 ml of DMSO) 
was applied and mixed in by spinning the 
electrode. A gel was formed in a few seconds, 
indicating cross-linking of the PVAL-LOD sys- 
tem. The electrode was then immersed in stirred 
water for 5 min to remove unreacted material. 
The cross-linked polymer and/or polymer- 
enzyme shrinks to the middle part of the 
electrode surface, looking like a small disk 
(~0.2 mm in diameter). 

The electrodes’ responses were determined by 
hydrodynamic amperometry. This was done by 
immersing the sensors in stirred phosphate 
buffer and applying the required oxidative po- 
tential. When the background current had 
stabilized, an appropriate amount of concen- 
trated lactate solution was introduced to give a 
preselected concentration. The faradaic current 
increased as a function of time and eventually 
reached a limiting value. The difference between 
the limiting and the background current was 
taken as the sensor response to any particular 
lactate concentration. 

In accordance with previous reports,5J5 elec- 
trochemical deposition of platinum on the 
graphite lowered the oxidation potential of 
H202 to +0.300 V W. Ag/AgCl, compared with 
1.2 V on an unplatinized graphite electrode, 
which is advantageous in that the sensor re- 
sponse is then less susceptible to electrochemical 
interferences. The platinized graphite surface 
retained its catalytic properties for over five 
months when stored in phosphate buffer at 
room temperature or 4” or in the dry state at 
room temperature. 

RESULTS AND DISCUSSION 

Assessment of the cross-linking procedure 

PVAL-LOD-ISO-2. In this approach the 
cross-linking was performed with the polymer 
and enzyme both in the dry state; 5 ~1 of the 
PVAL solution were applied on the electrode 
and spin-dried, then 5 ~1 of LOD solution (11 

An important aspect of sensor development 
is finding reaction conditions that effectively 
immobilize a sufficient concentration of the 
enzyme in an active, accessible and stable form 
to provide adequate sensor performance. For 
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this purpose five different procedures for the 
immobilization of LOD were evaluated with 
respect to lactate response. Sensor performance 
for each of these electrode types is summarized 
in Table 1 and the important features of each 
are discussed below. Performance was evaluated 
with respect to the amperometric response to an 
aliquot of lactate injected into a stirred solution. 
A representative response is shown in Fig. 3. 

PVAL-LOD. Electrodes coated with succes- 
sive layers of PVAL, LOD and PVAL exhibited 
a high initial sensitivity to lactate. The active 
enzyme is immobilized for a short time in the 
slightly soluble polymer film. However, slow 
dissolution of PVAL over the course of several 
hours of immersion in aqueous samples releases 
LOD and the sensitivity decreases dramatically. 
Similar behavior has been observed for glucose 
oxidase in PVAL.” Whereas this arrangement 
gave the highest response to lactate, the short 
lifetime renders it impractical for preparation of 
a stable sensor. However, the strong initial 
response was used as a standard (100% in Table 
1) against which the performance of electrodes 
prepared by other procedures was compared. 
The loss of enzyme activity in this case can also 
be attributed to the generally accepted fact that 
non-cross-linked proteins are less stable than 
their corresponding cross-linked forms.zo~27 

LOD-ZSO. Enzyme cross-linked with TIC 
directly on the electrode surface without PVAL 
gave a response to lactate. A thin, white and 
somewhat swollen film with a lustrous appear- 
ance was formed. Microscopic examination re- 
vealed a web-like network of cross-linked 
enzyme. This electrode lost most of its activity 
within several hours and the response remained 
at only 3% of that of the standard electrode. 
Addition of TIC solution to a solution of LOD 

l 

. 
,L 0 0.6 

TIME ( min ) 

Fig. 3. Typical hydrodynamic amperogram of a chemically 
cross-linked PVAL.-LOD-ISO- electrode in 2mM lactate 
solution in phosphate buffer (PH 7.0). Applied potential 

300 mV us. Ag/AgCl. 

Table 1. Properties of lactate sensors made by diierent 
methods 

Relative 
respolise,* 

Response 
time, R&D.,? 

Electrode % set % 

PVAL-LOD 100 >45 6.4 
LOD-IS0 28 -30 - 
PVAL-LOD-ISO-I 14 6 5.2 
PVAL-LOD-IS&2 72 10-45 1.3 
PVAL-LOBISO-3 79 60 3.2 
PVALLOD-IS04 56 >20 6.0 

*Relative to the LOD-PVAL electrode in 2mM lactate at 
pH 7 (0.M phosphate buffer). 

tFive measurements. 

in DMSO results in the formation of an in- 
soluble clump which is believed to be inactivated 
cross-linked enzyme. 

PVAL-LOD-ZSO-1. This electrode gave the 
poorest sensitivity to lactate. The cross-linked 
film was condensed as a clump on the middle of 
the electrode surface. The faster response of this 
sensor can be attributed to the fact that the area 
surrounding the clump, although appearing to 
be bare, is actually covered by a very thin layer 
of enzyme, which will make the electrode sur- 
face more readily accessible to the products of 
enzymatic reaction. 

The considerable loss of enzyme activity in 
PVAL-LOD-ISO- 1 is presumably due to exten- 
sive intra- and inter-molecular cross-linking of 
LOD molecules. The results are consistent with 
the work of other investigators on other enzyme 
systems with various cross-linking procedures, 
including isocyanate reactions.B*28.2g 

PI/AL-LOD-ZSO-2. The procedure in 
which the enzyme and polymer were in the 
dry state on the electrode surface before cross- 
linking with TIC gave a sensor with good 
sensitivity, reasonably fast response and the best 
precision for lactate. This sensor was very 
smooth and homogeneous in appearance. 

The lower response of PVAL-LOD-ISO- 
compared to the PVAL-LOD standard sensor is 
believed to be a result of the cross-linking 
process rather than of denaturation caused by 
the presence of DMSO. As a test, TIC-free 
DMSO was applied to the active surface of a 
PVAL-LOD electrode. After 14 min of contact 
with DMSO, which is longer than the cross- 
linking period of less than 1 min, no loss of 
enzyme activity was observed. 

PVAL-LOD-ZSO-3. This electrode differs 
from the previous one only in the amount of 
PVAL used, which was almost doubled. The 
resulting increase in polymer-tilm thickness 



caused an increase in response time, which is 
most likely due to the greater distance through 
which the substrate/product must diffuse in the 
polymer film. 

PI/AL-LOD-ISO-4. Although this elec- 
trode provided a relatively good sensitivity to 
lactate, it had an irregular clumpy appearance 
with some loose particles, which led to a rela- 
tively poor precision compared with the 
PVAL-LODISO-2 electrode. 

The PVAL-LOD-ISO- electrode was 
adopted for the rest of this work, because of its 
better properties and performance overall. 

Microscopic observations 

The scanning electron micrograph (SEM) of 
the end of a spectroscopic graphite rod (Fig. 4A) 
reveals a very porous surface. The SEM of an 
electro-platinized graphite electrode (Fig. 4B) 
shows that the surface retained the roughness 
and porosity, but was essentially coated with 
platinum. Energy-dispersive X-ray analysis 
spectra obtained during the SEM study of the 
platinized surface clearly showed the presence of 
platinum. 

The porosity of the electrode material is 
advantageous in that some polymer soaks in 
and anchors the film.30 The adhesion and mech- 
anical strength of the cross-linked film on the 
electrode were found to be excellent. 

Although the platinized graphite electrode 
that was coated with polymer and lactate oxi- 
dase (PVAL-LOD-IS&2) had a smooth and 
continuous visual appearance, SEM showed a 
web-like network with aggregates in the middle 
part of the electrode where the enzyme was 
originally placed (Fig. 4C). The film thickness 
was about 50-80 pm in the dry state. This was 
estimated from an SEM of the side of an 
electrode coated with PVAL film. 

The aggregates were fairly uniform in size 
and roughly spherical, with an average diameter 
of about 0.5 pm. These aggregates were not 
observed in a chemically cross-linked PVAL 
film in the absence of LOD (Fig. 4D). The 
surface of the latter coating appears to be 
smooth. Since we have already observed some 
indications of enzyme cross-linking and do not 
see a similar network in the absence of the 
lactate oxidase, we can ascribe these aggregates 
to cross-linked LOD and/or cross-linked 

Fig. 4. Scanning electron micrographs of A, polished graphite electrode (2000 x), B, platinized graphite 
electrode (2000 x), C, platinized graphite PVAL-LOINS&2 electrode (10000 x) and D, platinized 

PVAL graphite electrode cross-linked with TIC (1000 x). 
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PVAGLOD. Similar observations have been 
made when gamma-irradiation was used for 
enzyme immobilization.5~3’ 

Effect of DMSO on enzyme activity 

Since DMSO is one of the constituents used 
in the cross-linking process, its effect on enzyme 
activity was evaluated. Hydrodynamic amper- 
ometry was used for direct measurement of the 
hydrogen peroxide produced by the free enzyme 
in solution. The initial rate of hydrogen per- 
oxide formation was taken as a good estimate of 
the enzyme activity. 

The response for free LOD in aqueous 
solution or 50% v/v water-DMSO was 1.6 
PA/mm, whereas that of the enzyme incubated 
in 100% DMSO was zero. 

These results are consistent with our previous 
results showing the need for the presence of 
water to maintain greater enzyme activity for 
glucose oxidase.** This effect becomes important 
when the enzyme is immobilized by cross- 
linking in the presence of DMSO. 

E$ect of pH and solution matrix 

The effect of pH on the activity of the lactate 
sensor was also studied. Table 2 shows the 
sensor response to lactate solution in phosphate 
buffer in the pH range 6.0-l 1.1. Phosphate 
buffer of pH 7.0 was chosen as optimal for the 
rest of this work. The reported optimum pH 
range for the free enzyme is 6-7,32 which is 
comparable to that found for the immobilized 
LOD. The free enzyme is known to be stable in 
the pH range 6-9, but the cross-linked LOD was 
found to be stable from pH 6 to 11.1. The 
background current increased significantly at 
pH values above 8. When the lactate sensor was 
then returned to pH 7 it gave 95% of its original 
response under the same conditions. The orig- 

Table 2. Effect of pH on tbc 
activity of the PVAL-LOD- 
No-2 electrode in 1mM lactate 
solution plus 0.1 M phosphate 

buffer 

PH 

6.0 
6.5 
6.7 

% 
8:58 
9.36 

10.12 
11.2 

Rcwnsc, 
llA 

2.6 

:-;t 
4:1 
4.1 
3.9 
3.5 
3.2 
2.2 

7- 
a 0 -0 
2s 
I- 

6 6 E / 
3 
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Pig. 5. Effect of the amount of immobilized LOD, on the 
sensor response. 

inal loss of response at high pH values can be 
attributed, in part, to partial unfolding of the 
enzyme, which refolds when it is brought into 
contact with the solution of pH 7. Thus the 
sensor is reversibly inactivated by high PH. The 
optimum pH value reported for lactate oxidase 
immobilized by a different method is 7-7.5.i3 

The presence of 4.6miU azide in 0.1 M phos- 
phate bulfer (pH 7), used initially as a bacterio- 
stat, attenuated the electrode response by about 
60%. Azide was therefore omitted from the 
buffer solution for lactate measurements. In 
contrast to an earlier report,13 the presence of 
potassium chloride, magnesium chloride and 
FAD had no significant effect on the sensitivity 
of the sensor, except for a higher background 
current and increased stabilization time. 

E$ect of the amount of immobilized LOD 

LOD (from 2.2 to 11 activity units) was 
immobilized by the cross-linking process on five 
electrodes. As the amount of LOD increased, a 
larger response to the addition of substrate was 
obtained (Fig. 5); a loading of 5.5 activity units 
(260 pug) of LOD was chosen for economy. 

Response to lactate 

To construct a calibration curve, various 
amounts of L-lactate solution were added 
while the sensor was immersed in the stirred 
buffer, and hydrodynamic amperograms were 
recorded. 

Figure 6 represents the calibration curve for 
lactate, obtained from the average responses of 
five electrodes. The sensors’ responses increased 
with the concentration of lactate up to 14mM. 
The linear range was O.O2dmM, the equation 
being Y @A) = 1.71X (mM)+O.O97, with a 
correlation coefficient of 0.9994. The average 
relative standard deviation over the linear range 
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Fig. 6. Calibration curve for different concentrations of 
L-lactate on chemically cross-linked PVALLOD-ISO- 

sensors. 

was 3.6%. The average detection limit of the 
sensors was 1OpM. 

The loss of linearity at higher concentrations 
is attributed to oxygen limitation. Oxygen is 
a co-substrate in enzymatic degradation by 
oxidases and its limiting effect on the rate 
of reaction has already received considerable 
theoretical treatment.33*34 It has been shown that 
regeneration of oxygen at the electrode where 
the oxidase is located significantly increases the 
sensitivity of the electrode to the substrate. We 
have also observed that passing oxygen into a 
5mM lactate solution in the presence of the 
LOD electrode leads to a sharp rise of N 15% 
in the stabilized current, which falls to a stable 
increase of N 7% after the oxygen flow is turned 
off. We have shown3’ that a lactate sensor 
prepared by gamma-irradiation immobilization 
of LOD in PVAL has an upper linear response 
limit of 8mM lactate when used under continu- 
ous oxygen flow. 

The upper limits for these sensors are com- 
parable to or better than those for many other 
amperometric lactate sensors: 3mM for LOD 
entrapped in a cellulose-based dialysis mem- 
brane in the presence of polyurethane on a 

- _ 0 
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Fig. 7. Effect of temperature on the activity of the LOD 
electrode. 

Pd/Au-sputtered carbon electrode,36 0.2mM for 
LOD from Mycobacterium smegofis cross- 
linked on chemically treated nylon nets by 
glutaraldehyde, and OSpM by enzymatic 
cycling procedures designed for the detection of 
very low lactate concentrations.‘5 

By incorporation of a membrane of low per- 
meability on top of a high-reject lactate mem- 
brane (Yellow Springs Instrument Co.) the 
diffusion of the analyte to the underlying en- 
zyme layer was restricted and, as a result, the 
upper limit of the linear range extended to 
10mM.37 

The Michaelis-Menten constant, &, (appar- 
ent), for the immobilized LOD was 9.75mM, as 
measured by Cornish-Bowden plots.38 The K,,, 
value for the free enzyme was 0.7mM.32 This 
change in lk;, is likely to be due to a combination 
of the effect of diffusion of the substrate(s) to the 
active sites being modified by the microenviron- 
ment of the enzyme,39-41 and of the effect of 
structural changes in the enzyme as a result of 
the chemistry of cross-linking. It has been 
demonstrated that, for a two-substrate enzyme 
reaction in which the relative afhnities of 
the substrates are significantly different, the 
Michaelis-Menten constant increases as the 
diffusion is more efficiently restricted.3g 

Temperature eflects 

The temperature dependence of the sensor 
response was measured between 10 and 75” in 
1mM lactate solution (Fig. 7). The sensor was 
held at each temperature for 15 min, including 
the rise-time. The probe response gradually 
increased to a maximum at 60” and then fell 
more sharply. The background current and the 
noise increased with increasing temperature. On 
cooling to 35”, the electrode gave the same 
response as before heating. Since the optimum 
temperature for the free enzyme is 35”, with 
activity retained up to 45”,3’ it appears that the 
enzyme has been stabilized by the cross-linking. 

Electrochemical interferences 

Since hydrogen peroxide can be detected very 
efficiently at 0.3 V vs. Ag/AgCl on a platinized 
graphite electrode, the number of potential elec- 
trochemical interferences will be minimal. Uric 
acid and acetaminophen, two commonly en- 
countered interferents in biological samples, do 
not interfere significantly with the detection of 
hydrogen peroxide at a platinized electrode.” 
Ascorbic acid, however, may interfere because 
it can be oxidized at potentials lower than 
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300 mV. To minimize the effect of ascorbate, an 
additional layer of Nafion or YSI high-reject 
polymer was incorporated in the sensor prep- 
aration. The electrodes were prepared identi- 
cally. First Nafion or the high-reject polymer 
was coated onto the bare electrode and then the 
PVAL enzyme and PVAL layers were applied in 
turn, following the method of preparation used 
for the PVAL-LOD-ISO- sensor. After each 
layer had been applied, the response of the 
electrode to ascorbic acid was recorded. Figure 
8 shows the normalized responses of the modi- 
fied sensors to ascorbic acid compared with that 
of the bare platinized graphite electrode. An 
electrode (B) covered with only a layer of 
chemically cross-linked PVAL gives an ascor- 
bate signal 87% lower than that of the bare 
platinized electrode (A). Incorporation of LOD 
into the cross-linked PVAL (by sandwiching 
it between two PVAL layers and then cross- 
linking) attenuates the relative ascorbate re- 
sponse even more, by 90.5% (C). Therefore, the 
normal preparation of cross-linked PVAL- 
LOD-ISO- in the absence of a Nafion or 
high-reject polymer layer attenuates the ascor- 
bate response considerably. The addition of 
a Nafion layer (D) reduces the interfering 
response by 98.4%, and the high-reject polymer 
(E) provides 96.2% attenuation, Although this 
seems to be only a small change relative to the 
attenuation by the cross-linked PVAL-LOD- 
ISO- electrode (90%), because in both cases 
the response is compared with that of the bare 
platinized electrode, the actual current pro- 
duced by ascorbate at the high-reject polymer or 
Nafion PVAL-LOD-ISO-2 electrode is less 
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Fig. 8. Attenuation of ascorbate interference by inwrpor- 
ation of Nafion or high-reject polymer films. Electrodes: A, 
platinized graphite, B, platinized graphite/cross-linked 
PVAL, C, platinized graphite/cross-linked PVAL-LOD- 
ISO-2, D, platinized graphite/Nafion/cross-linked PVAL- 
LOD-ISO- and E, platinized graphite/high-reject poly- 
mer/cross-linked PVAL-LOD-IS&2. Ascorbic acid wn- 

centration 2OO@f. 

E 
100 

$ B 80 

K 
a 60 

3 s 40 

P 20 

0 
A B C 

Fig. 9. Relative responses of PVAL-LOWISG2 electrodes 
in 2mM lactate. A, Uncoated, B, coated with 500 pg of 

Nafion, C, coated with high-reject polymer. 

than half of that produced at the PVAL- 
LOD-ISO- electrode. 

Although Nafion or high-reject polymer 
reduces the ascorbate response, it also lowers 
the response to lactate (Fig. 9). The electrodes 
with Nafion or high-reject polymer coated with 
cross-linked PVAL-LOD had a sensitivity to 
lactate that was only -45% of that of the 
cross-linked PVAL-LOD electrode, probably 
because of the restricted diffusion of hydrogen 
peroxide in the thicker films. 

To investigate this effect in more detail, a 
series of systematic studies was conducted. The 
amperometric responses of three sets of pla- 
tinized graphite electrodes to 4.6mM hydrogen 
peroxide were recorded before (A) and after 
coating with Nafion (B) high-reject polymer (C) 
and cross-linked PVAL (D). The results are 
summarized in Fig. 10. 

Electrodes B and C gave relative signals of 
only 4.3 and 5.7%, respectively. The response of 
these two modified electrodes was instan- 
taneous. Electrode D, on the other hand, pro- 
duced a response of 8.6%, with a response time 
of 9.6 sec. This clearly shows that the Nafion 
and high-reject layers restrict the diffusion of 

-F- 
Fig. 10. Hydrogen peroxide response on platinizcd graphite 
electrodes coated with A, no film; B, NatIon; C, high-reject 
polymer; D, cross-linked PVAL. H202 concentration 

4.6mM. 
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Table 3. Hydrogen peroxide response on platinized 
graphite electrodes coated with Naflon 

Relative response,* % 

[H202], mM Nal’lon 167 pg Nation 83 fig 

2.2 7.0 44.3 
4.4 6.0 31.2 
8.8 5.1 36.4 

*Relative to the response of the same electrode 
before being coated with Nation. 

hydrogen peroxide to a great extent, and the 
sensitivity of the sensor can be substantially 
impaired. 

If the Nafion film thickness could be opti- 
mized so that ascorbate is excluded but the 
hydrogen peroxide flux through the film is in- 
creased, the sensitivity of the Nafion cross- 
linked PVAL-LOD-GO-2 electrode could be 
enhanced. 

Table 3 shows the response to hydrogen 
peroxide of two sets of platinized graphite elec- 
trodes before and after coverage with (A) 167 
and (B) 83 pg of Nafion. For electrode A, the 
response to different hydrogen peroxide concen- 
trations varies from 5.1 to 7.0% relative to that 
of the uncovered electrode. On the other hand, 
sensor B, which is covered with half as much 
Nafion, provides a 3144% relative response 
for the same range of hydrogen peroxide 
concentration. 

Table 4 gives the responses of electrodes A 
and B to different ascorbate concentrations. As 
expected, electrode A has a lower response than 
electrode B to ascorbate, but this is outweighed 
by the greater sensitivity of the electrode B to 
hydrogen peroxide. 

This result could be used to advantage in the 
preparation of an LOD-based sensor, featuring 
both the desired sensitivity to peroxide and the 
lower interference by ascorbic acid. On this 
basis, an LOD-based electrode was prepared 
with 83 pg of Nafion coating. This sensor shows 
essentially no loss of sensitivity to lactate, com- 
pared with the LOD sensor without Nafion, but 

Table 4. Ascorbic acid response on platinized graphite 
electrodes coated with Nafion 

Relative response,* % 
[Ascorbic acid], 

PM Nafion 167 pg Nafion 83 pg 

132 2.3 7.0 
260 2.3 7.5 
385 2.0 8.5 
506 1.7 8.9 

*Relative to the response on the bare platinized graphite 

Table 5. Ascorbic acid response on a platinized 
graphite electrode coated with 83 gg of Na6on 

and cross-linked PVAL-LOD-IS&2 

Relative 
[Ascorbic acid], PM response,* % 

132 5.0 
260 
385 2; 
506 4:9 

*Relative to the response on the bare electrode 
before it was coated. 

the response to ascorbic acid (Table 5) is only 
5% of that of the bare electrode. The response 
time of this Nafion PVAL-LOWISO- elec- 
trode was 40-60 sec. 

Lifetime 

Figure 11 shows the effect of storage of the 
electrodes under various conditions. The buffer 
was renewed before each measurement. The 
electrodes show good stability over a period of 
two months. The PVAL-LOD-ISO- electrode 
stored dry in phosphate salt continued to give a 
stable response to lactate for another 100 days, 
with 2.3% R.S.D. and a total lifetime in excess 
of 5 months. 

Analysis of dairy products 

The concentrations of L-lactate in different 
kinds of dairy products (sour cream, plain 
yoghurt and milk) were determined. Table 6 
summarizes the results and the pooled relative 
standard deviation obtained for six readings on 
each of four LOD-based electrodes. The dairy 
products were diluted by a factor of 150-500 
for amperometric analysis, with no other pre- 
treatment. The lactate concentration in plain 

C 
A-A 

0.0 ’ 1 
0 10 20 30 40 50 60 70 80 

DAYS 

Fig. 11. Lifetime of the LOD electrodes stored under 
different conditions. A, PVALLODISC&2; B, PVAL- 
LOD-ISO-3; C, PVAL-LOD-ISO-2; D, PVAL-LOD 
ISO-2: A and B in phosphate buffer @H 7.0) at 5”, C dry 
in phosphate salt at room temperature, D dry in phos- 

phate-sodium azide salt mixture at room temperature, electrodes before they were coated with Nafion. 
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Table 6. Determination of lactate in dairy products 

Plain yoghurt 
Sour 

A B cream Milk 

Lactate found, mM 61 81.5 81.8 2.8 
R.S.D., *% 4.0 0.1 0.12 - 

*Average of six readings on four PVAL-LOD-ISO- 
sensors. 

yoghurt B, which was a commercially available 
product, matches very well with the values 
reported in the literature (83.7 and 80.6mM) 
and obtained by using a different immobiliz- 
ation method for preparing the electrode.13 To 
assess the accuracy of the results obtained by 
these sensors, a standard-addition method was 
used with two lactate sensors. For yoghurt of 
two different dilutions (195 and 390), and six 
readings, the recovery was 95.6 &- 2.7% and for 
sour cream 93.1 f 3.6%. These results show 
good accuracy and the reliable measurement of 
lactate in more complex matrices. 

CONCLUSIONS 

Chemical cross-linking based on isocyanate 
chemistry is a feasible method for the immobil- 
ization of lactate oxidase and has several im- 
portant and advantageous characteristics. The 
immobilization method is very simple, making it 
especially useful for the manufacture of an 
LOD-based sensor. The sensors can be fabri- 
cated in 1-3 hr if all the reagents are prepared 
beforehand. 

The present results compare very well with 
those reported by others. The response of the 
chemically cross-linked sensors to lactate is 
fast (less than 1 min), whereas for the tedious 
enzyme-cycling methods, which usually need 
several days for preparation of the sensor,14 it 
ranges from 4 to 9 min. The electrodes prepared 
here have longer lifetimes than those made by 
other workers. The modified films are relatively 
rugged; no cracks were observed when the elec- 
trodes were stored in the dry state. The linear 
range of the sensors includes the physiological 
concentrations (1-2.7mM),36 which may be use- 
ful for diagnostic purposes. Extension of the 
upper limit of the linear range to even higher 
values is currently under investigation. Owing to 
the relatively high sensitivity of the sensor, 
samples may be diluted by several orders of 
magnitude and it is possible to use very small 
sample volumes (100-250 fil). 
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Smmnary-Electrodes for amperometric measurement of ~-glutamate were prepared by immobilixation 
of L-glutamate oxidase on an Immobilon-AV Affinity membrane and attachment to an oxygen/hydrogen 
peroxide sensor. The response of the hydrogen peroxide sensor was linear over the concentration range 
5.0 x lo-*-5.0 x lo-‘M L-glutamate, with a limit of detection of 35nM. Attachment of a size-exclusion 
membrane (cut-off for molecular weight > 100) or of a hydrophobic oxygen membrane eliminated 
electro-oxidizable interferences, but the response was attenuated by a factor of 2-3. The response may 
be amplified IO-fold by co-immobilizing L-glutamate dehydrogenase with the r.-glutamate oxidase. The 
electrode initially lost 25% of its activity but was then stable for more than 320 days and at least 200 
assays. The electrode was successfully used to assay glutamate in a protein tablet and in several food 
products, A flow-injection system was assembled for the continuous assay of L-glutamate. 

There is considerable interest in the rapid deter- 
mination of glutamate, which is found in many 
kinds of foods and biological materials. Gluta- 
mate is a potent neuroexcitatory amino-acid’ 
associated with the neurological pathways in- 
volved in a variety of behavior patterns. For 
example, the modulation of pupil diameter,2*3 
morphine-induced muscular rigidity,4 retro- 
grade amnesia’ and visual-task learning6 have 
all been shown to be glutamate-dependent. 
Monosodium glutamate (MSG) is a popular 
flavor enhancer linked to the Chinese-restaurant 
syndrome.’ In addition, the determination of 
L-glutamic acid is important in monitoring the 
transamination reaction, assay of protein 
hydrolysate, and detection of disease states 
associated with abnormalities of L-glutamic acid 
levels.* 

Glutamate has been determined by chromato- 
graphic methods,SL12 potentiometric titrationsi3pi4 
and other indirect methods.” However these 
methods are time-consuming and tedious. En- 
zyme-based methods are more selective, and 
several electrodes for potentiometric glutamate 
assay have been prepared from glutamate decar- 
boxylase and glutamate dehydrogenase,1@3 but 
these systems proved to be unstable. 

*Abbott Laboratories, Department 93N, Building AP9A, 
Abbott Park, IL 60064, U.S.A. 

TAuthor for correspondence. 

L-Glutamate oxidase, from Streptomyces sp. 
Xl 19-6 has been found to react exclusively with 
L-glutamate, with few inhibitors.” The enzyme 
reacts with glutamate according to the equation 

L-glutamate + 0, + H,O 

c # -ketoglutarate + NH: + H20, 

An electrode for amperometric determination 
of glutamate was prepared by immobilizing L- 

glutamate oxidase on a cellophane membrane 
sandwiched between Teflon and dialysis mem- 
branes.25 The electrode response was linear 
over the concentration range O.Ol-l.OmM 
and suffered from interference by L-glutamine, 
L-aspartate, and L-asparagine. 

In this paper, we report amperometric 
enzyme electrodes based on the immobiliz- 
ation of L-glutamate oxidase on pre-activated 
Immobilon-AV Affinity membranes. Oxygen or 
hydrogen peroxide may be monitored ampero- 
metrically, and the resulting change in steady- 
state current or its derivative with respect to 
time is directly proportional to the glutamate 
concentration. The base membrane material 
is a hydrophilized fluorocarbon polymer with 
the entire surface chemically treated for 
covalent immobilization of protein through 
the c-amino groups of lysine.26 The mem- 
branes are easy to handle, require very small 
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quantities of the expensive enzymes and allow 
fast and simple enzyme immobilization. To 
eliminate interferences from electro-oxidizable 
substances, a hydrophobic oxygen membrane or 
a size-exclusion membrane (cut-off for molecu- 
lar weight > 100; “100 m.w. cut-off membrane”) 
was inserted between the electrode and the 
enzyme membrane. The response was further 
amplified by co-immobilizing L-glutamate dehy- 
drogenase [EC 1.4.1.41 with the L-glutamate 
oxidase. The reaction catalysed by glutamate 
dehydrogenase is 

L-glutamate + NADP+ + Hz0 

glutamate 
dehydrogeaew 

’ cl-ketoglutarate 

+ NH; + NADPH 

The two-enzyme system causes cycling of 
L-glutamate, a-ketoglutarate, and NH: be- 
tween the two enzymatic reactions, in the 
presence of NADPH, resulting in an increase in 
the rate of oxygen consumption. The electrode 
thus prepared was included in a flow-injection 
system for the continuous assay of glutamate. 

The electrode is more selective, sensitive and 
stable than any previously reported. 

EXPERIMENTAL 

Instrumentation and materials 

Steady-state currents were measured with a 
Bioanalytical Systems (BAS) LC4B Ampero- 
metric Detector (BioAnalytical Systems, Inc., 
W. Lafayette, IN). Rate measurements were 
made with a Gould Differentiator Amplifier 
Model 13-4615-71 and Gould Medium Gain 
Preamplifier Model 13-4615-10 (Gould Inc., 
Cleveland, OH). All measurements were 
recorded by a Houston Microscribe Strip Chart 
Recorder, Model 4521 (The Recorder Co., San 
Marcos, TX). 

Immobilon-AV Affinity Membranes, 0.65 pm 
pore size, (Millipore Corporation, Bedford, 
MA), Pall Immunodyne ImmunoAffinity Mem- 
branes (Pall Biosupport Division, East Hills, 
NY), Nuclepore Polycarbonate Membranes, 
0.03 pm pore size, (Nuclepore Corporation, 
Pleasanton, CA) and UltraBind Affinity Mem- 
branes, 0.45 pm pore size, (Gelman Sciences, 
Inc., Ann Arbor, MI) were purchased. The 
100-m.w. cut-off membrane was cast from a 
solution of cellulose acetate in cyclohexanone, 
and propan-2-01 according to the procedure of 
Taylor et al., *’ The hydrophobic polyethylene 

oxygen membrane, amperometric oxygen elec- 
trode and internal-filling solution were from 
Universal Sensors, Inc., Metairie, LA. 

Figure 1 shows a schematic diagram of the 
flow-injection system utilized for the continuous 
assay of L-glutamate. The flow-injection system 
included a Rainin Rabbit Peristaltic Pump and 
a Rheodyne 4-way sample injection valve. The 
flow-through cell was constructed in our labora- 
tory from a plastic cuvette machined to fit the 
electrode tip exactly. 

Reagents 

L-Glutamate oxidase from Streptomyces sp. 
X119-6 was a gift from Yamasa Shoyu Co., 
Japan. L-Glutamic dehydrogenase [EC 1.4.1.41 
from Proteus sp. was purchased from Toyobo 
Co., Ltd., Japan. L-Glutamic acid (monosodium 
salt, Sigma No. G-1626, 99-lOO%), bovine 
serum albumin (9899%) and glutaraldehyde 
(Grade II, 25% aqueous solution) were from 
Sigma Chemical Co., St. Louis, MO. All re- 
agents not listed were of analytical grade. 

Regular and spicy “Season All”, seasoned 
and unseasoned meat-tenderizer, (McCormick 
and Co., Inc., Baltimore, MD), “Your Life” 
multi amino-acid tablets (P. Leiner Nutritional 
Products, Inc., Torrance, CA), “Mrs. Dash” 
extra-spicy seasoning (Alberto-Culver Co., 
Melrose Park, IL), and “Accent” (Pet Inc., 
St. Louis, MO) were purchased from a local 
grocery store. 

Measurements were made on samples in 
Dulbecco’s buffer, which was prepared with 
demineralized water and stored at 5”. Dul- 
becco’s buffer, pH 7.4, contains the following 
salt concentrations: 137mM NaCl, 2.7mM KCl, 
8.OmM Na, HP04, and 1.5mM KH2 PO,. 

Solutions of L-glutamate were prepared in 
Dulbecco’s buffer, pH 7.4, containing 5mM 
sodium azide. 

D 
I 

E F 

Fig. 1. Block diagram of flow system: (A) carrier solution 
reservoir [carrier solution: Dulbecco’s buffer], (B) peristaltic 

pump, (C) sample injector, (D) qUamate oxida~e 
electrode, (E) amperometric detector, (F) recorder, (G) 

amplifier, (H) differentiator. 
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Electrode preparation 

The pre-activated membrane was attached to 
an inverted electrode jacket, (0.78 cm2 tip area) 
with a rubber O-ring. 10 ~1 of 72 units/ml 
L-glutamate oxidase solution were pipetted onto 
the membrane for the single-enzyme system and 
5 ~1 of 72 units/ml glutamate oxidase and 5 ~1 
of 400 units/ml glutamate dehydrogenase for 
the two-enzyme membrane. The membranes 
were allowed to dry at room temperature for 
l-2 hr and were kept immersed in Dulbecco’s 
buffer at 4” when not in use. 

Procedure 

The electrode jacket was filled with an in- 
ternal filling solution, after which the electrode 
body was carefully inserted. A constant poten- 
tial of + 650 mV us. Ag/AgCl was applied to the 
Pt working electrode. Electrode responses were 
then measured after addition of various 
amounts of standard L-glutamate solution to 
10.00 ml of stirred Dulbecco’s buffer. For the 
oxygen-based sensor, a hydrophobic oxygen 
membrane was inserted between the electrode 
tip and enzyme membrane. A constant potential 
of -650 mV vs. AglAgCl was applied to the Pt 
working electrode. The steady-state current 
change was read directly from the detector. The 
maximum rate of response was determined 
either from the peak height of the first derivative 
of current change with respect to time, or 
calculated from the slope of the line drawn 
through the maximum rate of current change 
with time, on the chart recording. 

The electrode was included in a flow-injection 
system for the continuous assay of L-glutamate. 
Dulbecco’s buffer, which served as the carrier 
solution, was pumped at a flow-rate of 0.80 
ml/min. Injections of 100 ~1 of standard sol- 
utions of L-glutamate were made after the elec- 
trode had attained a constant baseline potential. 

To measure the glutamate content of a solid, 
the sample was weighed and then ground and 
homogenized by use of mortar and pestle. The 
samples were all dissolved and diluted with 
Dulbecco’s buffer and the solutions were 
aerated for 5 min before testing. 

The extent of enzyme retention on the mem- 
branes was determined by calorimetric assay of 
the storage buffer solutions for glutamate oxi- 
dase.28 Two ml of 0.0025M dye solution, 0.50 ml 
of 16 units/ml peroxidase, 0.50 ml of 15% 
L-glutamate solution and 0.30 ml of dilute r_-glu- 
tamate oxidase solution were pipetted into a 

cuvette and mixed for a few seconds by use of 
a vortex mixer. The increase in absorbance at 
510 nm was monitored for 3-4 min and the rate 
of absorbance change was calculated from the 
linear portion of the plot. 

RESULTS AND DISCUSSION 

Electrode response 

The steady-state current of the electrodes was 
determined by the reduction of oxygen or oxi- 
dation of hydrogen peroxide at the Pt working 
electrode. Before the addition of glutamate, the 
electrodes exhibited steady-state currents of 
160-220 and 0.1-0.3 nA when polarized at 
- 650 and +650 mV respectively. The back- 
ground noise at +650 mV was about 7 pA. 
Figure 2 shows the calibration of the hydrogen 
peroxide sensor, as a logarithmic plot. The 
response is linear from 5 x lo-*M up to about 
5 x 10e4M L-glutamate. The response of the 
electrodes levelled off at glutamate concen- 
trations above lmM, owing to the nearly com- 
plete consumption of oxygen at the electrode 
tip. With substrate recycling, the response 
levelled off at a much lower concentration, 
1.0 x 10e4M. The detection limit of the hy- 
drogen peroxide sensor is 3OnM for steady- 
state measurements and 90nM for rate 
measurements (Fig. 3). The detection limit is 
defined as the substrate concentration which 
gives a signal Y,, = Yblanlt + 3s, where s is the 
standard deviation of yblanL .29 Generally, steady- 
state measurements are more sensitive than rate 
measurements. However, rate measurements 
have a larger linear range and the maximum 
rate occurs at about 14 set after sample injec- 
tion, in comparison to 2 min for steady-state 
measurements. 

-2 I 
8 6 4 

-log CONC. (M) 

Fig. 2. Calibration of hydrogen peroxide sensor (logarithmic 
plot). Response is shown as the log of steady-state current 

change us. -log (L-glutamate concentration). 
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CONC. (/.M) 

Fig. 3. Calibration plots for 0 initial rate and A 
steady-state measurements for low concentrations of L- 

glutamate. Left-hand scale is change in steady-state current. 
Right-hand scale is the time derivative of current. X, = DL 
for steady-state measurements. X, = DL for initial rate 

measurements. 

Figure 4 shows the correlation of rate of 
current change, peak current and assay time 
with flow-rate. A relative response of 100 corre- 
sponds to 350 nA/min and 150 nA for maxi- 
mum rate and peak height, respectively. The 
rate response is optimum at 0.80 ml/min, and 
the peak current and assay time decrease non- 
linearly with flow-rate. Thus, 0.80 ml/min was 
chosen as giving the best compromise with 
regard to response and assay time and was used 
for subsequent studies. Between 50 and 60 lOO- 
~1 samples may be assayed per hour under these 
conditions. 

Figure 5 shows a comparison of the responses 
of the hydrogen peroxide sensors with and 
without the lOO-m.w. cut-off membrane and of 
the oxygen sensors with and without substrate 
recycling. Without a second membrane, the 

i 

IT 

0.003 1 .o 3.0 5.0 

C0NC.x lo4 (M) 

Fig. 4. Comparison of steady-state current response of 
L-glutamate electrodes. 0 H,O,-based sensor which consists 
of the enzyme membrane only. 0 H,O,-based sensor with 
MO-m.w. cut-off membrane. 0 O,-based sensor which 
consists of the enzyme membrane and hydrophobic oxygen 

membrane. A O,-based sensor with substrate recycling. 

6 

0 i 4 6 ‘” 8 
FLOW-RATE (ml/min) 

Fig. 5. Correlation of 0 initial rate, A peak current, 
and 0 assay time, with flow rate at 25”. Right-hand scale 
is the relative response for initial rate and peak current. 
A relative response of 100 corresponds to 350 nA/min and 
150 nA for initial rate and peak current respectively. 
Left-hand scale is the assay time for one measurement, 
which includes response time and time for baseline recovery. 
Carrier solution-Dulbecco’s buffer, substrate--0.439mM 

L-glutamate; base sensor--oxygen electrode. 

steady-state current slope is 0.36 nA/pM (corre- 
lation coefficient 0.995). Addition of the lOO- 
m.w. cut-off membrane reduced the sensitivity 
by about 50%, owing to the slower diffusion of 
hydrogen peroxide through the less porous 
membrane. With the addition of a hydrophobic 
oxygen membrane, and with the electrode polar- 
ized at -650 mV, the current slope is reduced 
by about 60%, with a detection limit of approxi- 
mately 4 x 10e6M. The linearity range of the 
oxygen sensor is regulated by the solubility of 
oxygen in the sample matrix and by the diffu- 
sion of oxygen across the membranes. A much 
higher detection limit is expected since the signal 
is measured against a high background current. 

Amplification of response current was at- 
tained by substrate recycling. In the absence of 
NADPH and excess of ammonium ions, the 
responses of the single-enzyme and two-enzyme 
electrodes to L-glutamate are similar, indicating 
that the co-immobilization of the two enzymes 
does not cause any major drawbacks. In the 
presence of 5mM ammonium chloride and 
ImM NADPH, the response of the two-enzyme 
system was amplified IO-fold (Fig. 4). Since 
oxygen is not produced in the reaction, 
substrate recycling leads to a shift of the 
linear range of the sensor to lower glutamate 
concentrations. 

Optimization of parameters 

The performance was evaluated for the 
electrodes made with Immobilon-AV Affinity 
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membranes, Pall Immunodyne ImmunoAthnity 
membranes, UltraBind Affinity membranes, and 
Nuclepore membranes. The immobilization on 
Pall and UltraBind membranes was similar to 
that on Immobilon, as described earlier. The 
best electrode constructed with the two other 
pre-activated membranes was only half as sensi- 
tive as the electrode prepared with Immobilon, 
and the membrane lost 50% of its activity after 
20 days when stored in buffer at 4”. The enzyme 
was also immobilized on a Nuclepore polycar- 
bonate membrane with the inert protein bovine 
serum albumin (BSA) and cross-linked with 
glutaraldehyde in aqueous medium. The much 
larger amount of 3.6 units of glutamate oxidase, 
with an immobilization matrix of 1 ~1 of 2.5% 
glutaraldehyde solution and 10 ~1 of 10% BSA, 
solution, was needed to construct an electrode 
with the same performance as that of an elec- 
trode with 0.36 units of enzyme immobilized on 
Immobilon. When stored in Dulbecco’s buffer 
at room temperature, the electrode was totally 
inactive after 100 days. The loss of activity is 
probably due to microbial degradation of the 
protein in the matrix. 

The effects of varying the amount of enzyme 
load and the immobilization time, on the per- 
formance of the electrode constructed from 
Immobilon, were evaluated. The response in- 
creased with enzyme load up to 0.30 units of 
L-glutamate oxidase per 0.78 cm2 of membrane 
and up to 60 min immobilization time, then 
started to level off. It was also found that the 
response varies linearly with the square of per- 
centage of immobilization between 36 and 72%, 
with a correlation coefficient of 0.990. 

Analytical characteristics of the electrode 

The effect of pH on the electrode response 
was studied for four buffer systems with pH 
ranging from 3.70 to 11 .O. The results are shown 
in Fig. 6. The response does not vary much with 
the type of buffer used. The response of the 
immobilized enzyme is optimum at pH 6-8, 
which is similar to the optimum for the free 
enzyme, reported to be pH 7-8 at 5’.19 

D-Glutamic acid, various L-amino-acids 
(aspartic acid, tyrosine, alanine, arginine, gly- 
tine, isoleucine, valine, serine, tryptophan, his- 
tidine, leucine, proline, methionine, glutamine, 
cysteine, lysine, asparagine, threonine, and 
phenylalanine), various compounds containing 
glutamate (gly-glu, glu-glu and glutamic acid 
diethyl ester), and several species found in the 
brain extra-cellular fluid (ascorbic acid, gluta- 

6 9 1 12 

PH 
Fig. 6. Effect of pH on the L-glutamate electrode at 25”. 
Response was measured with 0.439mM L-glutamate as 
substrate in the following buffers: 0 acetate, l phosphate, 

A tris and A carbonate. 

thione, dopamine, norepinephrine, 3&dihy- 
droxyphenylacetic acid, homovanillic acid and 
5-hydroxyindoleacetic acid) were tested as poss- 
ible interferents. At - 650 mV, with the hydro- 
phobic oxygen membrane, no interference from 
1OmM solutions of these compounds was 
observed. The oxygen-based sensor is totally 
specific for L-glutamate, except for samples 
which contain volatile electroactive compounds 
(e.g., volatile amines from hydrolysed protein). 
These compounds diffuse across the hydro- 
phobic membrane to give a positive interfer- 
ence. At +650 mV, a number of amino-acids 
such as cysteine, tyrosine, dihydroxyphenylala- 
nine, and tryptophan and the neurotransmitters 
and their metabolites are electro-oxidizable. The 
incorporation of the lOO-m.w. cut-off mem- 
brane effectively removes or at least reduces the 
interference from these compounds to at most 
2% when they are present in amounts equal to 
the glutamate concentration. In addition, the 
second, less porous, membrane is needed to 
protect the electrode from fouling by deposition 
of macromolecules from the sample matrix. In 
certain applications such as in vivo determi- 
nations, the monitoring of hydrogen peroxide 
has advantages. The initial oxygen content of 
tissues can vary, and this would make electrode 
calibration difficult and the net current change 
low. The sensitivities of the oxygen sensor or of 
the hydrogen peroxide sensor with a lOO-m.w. 
cut-off membrane are enough for most of 
the intended applications of the device. For 
example, the calculated in vivo concentrations 
of glutamate in rat brain, determined by 
microdialysis and voltammetry, range from 
1.9 to 22~M.~ Substrate recycling increases the 
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Table 1. Stability of membrane in various con- 
ditions at room temperature 

Relative response 
after SO days, 

solutea % 

None 90 
L-Glutamate’ 72 
Benxoate 90 
EDTAb 100 
Amino-acid mixture* 100 
Sodium axide 100 
Thimerosal’ 36 
Peroxide S 
Acetated 86 

gSmM solute in Dulbecco’s buffer, pH 7.4. 
bEthylenediaminetetra-acetic acid (disodium salt). 
cSodium ethylmercurithiosalicylate. 
dAcetate buffer, pH 4. 
*Also contains SmM axide and 20 free-form 

amino acids. 

sensitivity of the sensor but a-ketoglutarate and 
NADPH must be added to the sample matrix. 
This procedure is not strongly recommended, 
because NADPH is a cofactor for many 
enzymatic reactions, and might introduce 
unpredictable interferences. 

The stability of the enzyme membrane in 
different solutions at room temperature is 
shown in Table 1. The electrode response was 
considerably inhibited by 5mM hydrogen per- 
oxide and 5mM thimerosal. When stored in 
Dulbecco’s buffer at 4”, the membrane lost 25% 
of its activity after 7 days, but was then stable 
at that level for 320 days and at least 200 assays. 
The stability of the electrode under operat- 
ing conditions depends on the sample matrix. 

Matrices which contain reducing agents or 
heavy metals such as mercury will rapidly deao 
tivate the enzyme membrane. In buffered sol- 
utions of glutamate and other amino-acids, the 
enzyme membrane remains usable for a long 
time, depending on the operating temperature, 
required sensitivity and exposure time of the 
membrane to the test solution. 

Table 2 shows the experimentally determined 
L-glutamate content of a protein tablet and 
some food seasonings. The values obtained are 
in close agreement with the manufacturer’s spe- 
cification within an acceptable range of error. 

The immobilization of enzymes on pre-acti- 
vated membranes has many advantages over the 
conventional methods of polymerization of the 
protein by use of a cross-linking agent, and 
attachment onto a porous membrane. The for- 
mer procedure is a one-step process and should 
be more reproducible. Ready-to-use probes uti- 
lizing very small amounts of enzymes could be 
prepared routinely in 1 hr. This is especially 
important for industrial applications. In the 
L-glutamate electrode prepared, immobilization 
of the enzyme on an Immobilon-AV Affinity 
membrane gave an electrode with better sensi- 
tivity and stability than those prepared in the 
conventional way. 
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Table 2. Determination of monosodium glutamate content of protein tablet 
and food nroducts 

Exuerimental Manufacturer’s Relative 
*values, specification, error, 

Product % % % 

“Accent” 9s*3 100 -5 
McCormick “Regular s.s*o.1 5.8 -5.2 

Season All” 
McCormick “Spicy 5.5 f 0.1 5.8 -5.2 

Season All” 
McCormick “Seasoned 10.0 + 0.2 10.0 0 

Meat Tenderizer” 
McCormick “Unseasoned 0 0 0 

Meat Tenderizer” 
Adolph’s “Seasoned 0 0 0 

Meat Tenderizer” 
Morton “Nature’s Season” 0 0 0 
Mrs. Dash “Extra-spicy 0 0 0 

Seasoning” 
“Your Life” protein 8.9 f 0.2 8.2 +8.S 

tabletb 

PAssay values represent the average of S determinations with 95% confidence 
level. 

bMeasured as L-glutamic acid. 
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Summary~lucose oxidase modified by the covalent attachment of ferrocenecarboxylic acid or ferrocene- 
acetic acid groups undergoes direct oxidation at metal electrodes. Studies of the comparative stability of 
the two modified enzymes on storage and on electrochemical cycling show that the material modified with 
ferroceneacetic acid is the more stable. Amperometric studies of enxyme electrodes based on these modified 
forms of glucose oxidase show that their application in practical biosensors is severely limited by the poor 
stability of the oxidized form of the covalently attached ferrocene mediator. A comparison of the results 
obtained with the native enzyme and with that modified with ferroceneacetic acid, for the oxidation of 
glucose, D-mannose, Zdeoxy-u-glucose, D-xylose and ~galactose, suggests that the modification pro- 
cedure has little effect on the selectivity of the enzyme. 

The amperometric use of enzyme electrodes has 
been extensively studied over the past decade. 
The combination of the selectivity offered by 
enzyme catalysis with the simplicity and low 
cost of an amperometric detector is an attractive 
approach to the production of chemical sensors 
for a range of biomedical and biotechnological 
applications. 

The coupling of the electron-transfer reac- 
tions of the biological component with electron 
transfer at the electrode poses a major problem. 
For example, glucose oxidase (GOD) catalyses 
the oxidation of glucose by molecular oxygen in 
a two-step process: 

GOD(FAD) + glucose+GOD(FADH,) 

+ gluconolactone (1) 

GOD(FADH,) + O2 

-GOD(FAD) + H,02 (2) 

In the first step the flavin group (FAD) in the 
enzyme is reduced by reaction with glucose to 
give the reduced form of the enzyme, GOD- 
(FADH*). In the second step molecular oxygen 
reoxidizes the flavin to regenerate the oxidized 
form of the enzyme, GOD(FAD). To make use 
of this in an enzyme electrode for glucose we 
must detect either hydrogen peroxide pro- 
duction or oxygen consumption, or we must 

*Author for correspondence. 
TPresent address: EMS Ltd., Odd Fellows House, 2 Queen 

Victoria Road, Coventry, U.K. 

replace the reoxidation with oxygen by anodic 
reoxidation of the enzyme. 

GOD(FADH2) 

+GOD(FAD) + 2H+ + 2e- (3) 

Very similar considerations apply to the 
development of biosensors based on other 
flavoproteins, including D-amino-acid oxidase, 
L-amino acid oxidase, xanthine oxidase and 
choline oxidase. 

A number of approaches to this general prob- 
lem have been investigated.ld Monitoring the 
production of hydrogen peroxide or consump 
tion of oxygen, 9,‘o although quite successful, can 
suffer from oxygen limitation, particularly when 
used in vivo. An alternative is to replace the 
reaction with oxygen in the second step, by 
reaction with an artificial mediator: 

GOD(FADH,) + 2M+ 

+GOD(FAD) + 2M + 2H+ (4) 

The reduced form of the mediator, h4, can then 
be reoxidized at the electrode. This approach 
has been used very successfully, with a ferrocene 
derivative as the mediator, in a range of appli- 
cations1’-‘5 and is the basis of a commercial 
glucose monitor. I6 Another approach is to use a 
conducting organic salt, such as TTF .TCNQ, 
as the working electrode in the amperometric 
sensor,” the reduced form of the enzyme being 
oxidized at the conducting salt electrode. The 
mechanism of this reaction is not well under- 
stood.iaz Conducting polymers have also been 
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used to entrap glucose oxidase at electrode 
surfaces2’“3 and it has recently been suggested 
that direct oxidation of glucose oxidase is poss- 
ible in polypyrrole films24 or in films of N-alkyl- 
ferrocene derivatives of pyrrole.25 

Studies by Hi11t6 Degani and Heller27*28 and 
ourselves29 have shown that direct oxidation 
of the flavin centre of glucose oxidase at 
unmodified electrodes can be achieved if the 
enzyme is first modified by the covalent 
attachment of ferrocene groups to amino-acid 
residues within the protein. This observation 
has been rationalized27 by the suggestion that 
the covalently bound ferrocenes act as “stepping 
stones” allowing electrons to tunnel between the 
electrode and the active site in a number of 
consecutive steps. 

Hi1126 describes the coupling of an average of 
8 ferrocenecarboxylic acid groups to glucose 
oxidase by use of isobutyl chloroformate. In 
their initial work Degani and Heller2’ also 
describe the modification of glucose oxidase 
with ferrocenecarboxylic acid, although they 
employed a different coupling procedure. In a 
subsequent paper the same authorsZo extended 
this work to include the modification of 
D-amino-acid oxidase and the use of ferrocene- 
acetic acid and ruthenium pentamine complexes 
as alternative mediators. In preliminary studies 
they found that the stability of the modified 
enzymes varied, depending on the oxidation 
state of the ruthenium, with the Ru(II1) form 
being more stable than the Ru(I1) of the bound 
mediator. For enzymes modified with ferrocene- 
carboxylic acid and ferroceneacetic acid they 
reported a 10% loss of current, determined by 
cyclic voltammetry, after incubation of the 
enzyme for 2 hr with 0.03M glucose. In our 
previous work29 we studied glucose oxidase 
modified with ferrocenecarboxylic, ferrocene- 
acetic, and ferrocenebutanoic acids. We found 
differences in the stability of the different 
modified enzymes on storage (at 4” and pH 7.0, 
in 0.085M phosphate buffer); the enzyme 
modified with ferroceneacetic acid was the most 
stable and that modified with ferrocenebutanoic 
acid the least. 

The covalent attachment of mediators to 
redox enzymes is interesting for a number of 
reasons. First, it offers the prospect of reagent- 
less biosensors. Secondly, such modified 
enzymes might be well suited to in uiuo appli- 
cations (because the mediator is covalently 
bound, the enzymes should not be dependent on 
oxygen). Thirdly, modified enzymes of this type 

may prove useful in the development of bio- 
electronic devices based on the localization of 
enzymes on microelectronic substrates. Finally 
they are of interest in the study of the inter- 
actions between enzymes and electrodes and in 
the study of electron transfer to biomolecules. 

In this paper a study of glucose oxidase 
modified with ferrocenecarboxylic acid (FCA) 
and ferroceneacetic acid (FAA) is presented. 
Their behaviour is compared with that of the 
native enzyme and results for membrane elec- 
trode studies with glucose and several other 
substrates are also given. 

EXPERIMENTAL 

Ferrocenecarboxylic acid and ferroceneacetic 
acid were obtained from Aldrich. All other 
chemicals were AnalaR grade from B.D.H. 
Glucose oxidase (E.C. 1.1.3.4) from Aspergilhs 
niger was purchased from Sigma (type VII, 
activity 1.769 x 10’ U/g). The enzyme was 
modified by the method of Degani and 
Heller27*28 and the products were purified by gel 
filtration chromatography on Sephadex G-l 5. 
The concentration of modified enzyme in each 
fraction was estimated from the absorbance at 
450 nm and a molar absorptivity3’ of 14.1 x lo3 
1 .molee’ .cm-‘. The enzyme activity was esti- 
mated by a dye-linked spectrophotometric assay 
based on an earlier procedure.3’*32 The iron con- 
tents of the modified enzymes were determined 

by atomic-absorption spectrophotometry. 
Measurements were made in duplicate at two or 
more concentrations, the buffers used were 
found to be essentially iron-free. The number of 
iron atoms per enzyme molecule was found to 
be 2 for the native enzyme, 13 for the enzyme 
modified with ferrocenecarboxylic acid and 22 
for the one modified with ferroceneacetic acid. 

All electrochemical experiments were carried 
out in 0.15M phosphate buffer (pH 7.0), con- 
taining 0.20M sodium chloride. Buffer solutions 
were freshly prepared with water from a What- 
man WR50 water-purification system. Sugar 
solutions were allowed to equilibrate at room 
temperature for 24 hr before use. An Oxford 
Electrodes potentiostat and a Gould Bryans 
60,000 series XY/t recorder were used. All 
potentials are reported with respect to the 
saturated calomel electrode (SCE). 

Membrane electrodes were constructed from 
glassy-carbon rod (David Feckenham, diameter 
0.4 cm) press-fitted into a Teflon mantle and 
then polished to a mirror finish with alumina 
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slurry. Solutions of the native or modified en- 
zyme were applied to the glassy-carbon elec- 
trode with a micropipette (typical volumes 
10-30 ~1). The droplets of solution were allowed 
to evaporate at room temperature (cu. 2 hr) 
before the membrane was applied. The mem- 
branes were made from Medicell dialysis tubing 
pretreated according to the manufacturer’s in- 
structions and held in place by silicone rubber 
‘0’~rings. The assembled electrodes were kept in 
buffer solution for at least 30 min and then 
transferred to the electrochemical cell (kept at 
25 f 0.1”) and held at a potential of 0.50 V DS. 
SCE (this is in the limiting-current region for the 
oxidation of the ferrocenecarboxylic and fer- 
roceneacetic acids). The background current 
was allowed to become stable (typically in 20 
min) before portions of stock glucose solution 
were added. On addition of glucose, and after 
mixing, the enzyme membrane electrode re- 
sponses became steady in less than 20 sec. All 
solutions were deoxygenated by passage of 
oxygen-free nitrogen through them for at least 
15 min. 

RESULTS 

Native enzyme 

The intial membrane electrode studies were 
done with the native enzyme, with 1mM 
ferrocenecarboxylic acid in the bulk solution. 
Figure 1 shows typical results for the variation 
of the current at a membrane electrode of this 
type with increasing glucose concentration. 

These results can be analysed in terms of our 
model for amperometric membrane enzyme 
electrodes, and assuming no product inhi- 
bition.20*33,34 In this model the electrode response 
is characterized by two parameters, the effective 
electrochemical rate constant for the enzyme 
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Fig. 1. Plot of the current, corrected for the background, as 
a function of glucose concentration for a membrane enxyme 
electrode baaed on native GOD (0.15 mg, 27.4 U) entrapped 
behind the membrane with 1mM ferrocenecarboxylic acid in 

the bulk solution. 
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Fig. 2. Plot of the current, corrected for background, as a 
function of the concentration of ferrocenecarboxylic acid 
added to the bulk solution for a membrane enzyme electrode 
based on native GOD (0.15 mg, 27.4 U) placed in 0.108M 

ghtcose. 

electrode, k& (cm/set), and the equivalent of 
the Michaelis constant for the enzyme electrode, 
KME (M), where 

l/k$, = &l(e&,,) + l/G (5) 

In these equations KM and kat are the normal 
MichaelieMenten terms describing the reaction 
of glucose with GOD, e, is the concentration of 
enzyme behind the membrane, L is the thickness 
of the enzyme layer, k; is the mass-transport 
rate constant for the diffusion of glucose 
through the membrane, and k’ is the hetero- 
geneous rate constant (cm/set) describing the 
rate of electrochemical reoxidation of the en- 
zyme. When free mediator is present in solution, 
k’ is given by Lk,m, where k4 is the rate constant 
for the reaction between the mediator and the 
enzyme and m is the mediator concentration. A 
full discussion of the model can be found in the 
review by Albery and Craston.M 

In Fig. 1, the solid line represents the best fit 
of the data to this model. From this analysis we 
find that, at low glucose concentrations, the 
response is determined by diffusion of glucose 
through the dialysis membrane. From this and 
similar data we obtain a mean value for kk, the 
mass-transport rate constant for diffusion of 
glucose through the membrane, of 4.75 x lo-’ 
cm/set, in excellent agreement with values in the 
literature.20 At high glucose concentrations the 
response reaches a plateau limited either by the 
rate of the reaction between enzyme and me- 
diator or by the enzyme kinetics. Figure 2 shows 
the effect of increasing the concentration of 
ferrocenecarboxylic acid in the bulk solution at a 



60 P. N. BARTLETT et al. 

constant (and enzyme-saturating) glucose 
concentration. At low ferrocenecarboxylic acid 
concentrations ( < OSmM) the current depends 
upon the mediator concentration and hence 
reaction of the mediator with the enzyme is the 
limiting factor. At high ferrocenecarboxylic acid 
concentrations the current is limited by the 
saturated-enzyme kinetics. 

Stability of ferrocene -mod@ed enzymes 

The stability of glucose oxidase modified with 
ferrocenecarboxylic acid or ferroceneacetic acid 
on storage in deoxygenated aqueous buffer at 4” 
was monitored by a spectrophotometric assay of 
the activity in glucose oxidation by molecular 
oxygen. Figure 3 shows results for the two types 
of modification. The enzyme modified with fer- 
roceneacetic acid is the more stable, retaining 
88% of its activity after storage for 6 days. 

To find the cause of the loss of activity, the 
possibility of loss of FAD from the modified 
enzyme during storage was first investigated. 
Gel permeation chromatography of “aged” 
samples of the enzymes gave no evidence of free 
FAD in solution and also the absorption spectra 
of freshly prepared and “aged” modified en- 
zymes were identical. Finally, the addition of 
free FAD at 1pM concentration was found to 
have no effect on the glucose oxidation activity. 
We therefore concluded that the loss of activity 
did not arise from loss of FAD from the active 
site. 

The effect of storage on the number of fer- 
rocene units attached to the enzyme was also 
investigated. “Aged” samples were purified by 
gel permeation chromatography after cold stor- 
age for 13 days and then assayed for iron 
content by atomic-absorption spectrometry. 
The results showed that for the enzyme modified 
with ferroceneacetic acid the iron content had 
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Fig. 3. Comparison of the storage stability at 4” in oxygen- 
free phosphate buffer (pH 7.0) of GOD modified with 
(a) ferroceneacetic acid and (b) ferrocenecarboxylic acid. 
The activity of the enzyme for glucose oxidation by molecu- 

lar oxygen was assayed spectrophotometrically. 
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Fig. 4. Comparison of the stability of GOD modified with 
(a) ferroceneacetic acid and (b) ferrocenecarboxylic acid, 
determined electrochemically by continuous potential 
cycling at a glassy-carbon electrode at 20” in a 2-ml cell. 

fallen from an initial value of 22 f 2 to a 
final value of 6.5 + 1 iron atoms per enzyme 
molecule. 

In use, the ferrocene groups attached to the 
enzyme will cycle between the ferrocene and 
ferricinium oxidation states. To investigate the 
effect of this, the stability of the enzymes 
towards continuous potential cycling at a 
glassy-carbon electrode was also monitored in a 
small-volume (2 ml) electrochemical cell con- 
taining 80mM glucose. The electrode was pol- 
ished before each current measurement, to 
eliminate any problems caused by fouling of the 
electrode. The results are shown in Fig. 4. In this 
experiment there is little difference in the stab- 
ility of the two modified enzymes. 

Thus there appear to be two aspects to the 
problem of stability: (i) cold storage produces a 
loss of enzyme activity for glucose oxidation, 
accompanied by some loss of iron from the 
modified enzyme and (ii) there is a much more 
rapid loss of activity during cycling in the 
electrochemical assay. We believe that the latter 
is associated with the loss of iron from the 
ferrocene groups attached to the modified en- 
zyme, and that this process occurs much more 
rapidly for the ferricinium form of the mediator, 
which is generated during the electrochemical 
measurement. 

Membrane electrode studies of mod$ed GOD 

To assess the suitability of the modified 
enzymes for use in sensors we investigated their 
use in membrane enzyme electrodes. The repro- 
ducibility of response of electrodes made with 
glucose oxidase modified with the ferrocenecar- 
boxylic acid was poor. Curves (a) and (b) in 
Fig. 5 show results for two membrane electrodes 
prepared from different batches of the modified 
enzyme at nominally identical loadings. In both 
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Fig. 5. Plots of the corrected current US. glucose concen- 
tration for two membrane enzyme electrodes based on GOD 
modified with ferrocenecarboxylic acid (a) 0.04 mg (7.08 U) 
of enzyme, (b) 0.041 mg of enzyme and (c) response in fresh 

solution, recorded directly after (a). 

cases the steady-state responses reached satu- 
ration at very low glucose concentrations. We 
have analysed the results of a number of mem- 
brane electrode experiments, using our mode1,33 
and the results for three different batches of 
modified enzyme are presented in Table 1. For 
these electrodes k& is smaller than the diffu- 
sion-limited value for glucose through the mem- 
brane, ki , as already determined with the native 
enzyme. Hence, the response at low glucose 
concentrations is determined by the enzyme 
kinetics. From equation (5), by using the values 
of khE and KME in Table 1, the enzyme loading 
and the value of ki, we can estimate k,, for 
the modified enzyme to be in the range 
10-3-10-2 set-‘. These values are unrealistically 
small when compared with the values of 5 set-’ 
measured in homogeneous solutions.*’ We be- 

Table 1. Analysis of glucose results for GOD 
membrane enzyme electrodes modified with 

ferrocenecarboxylic acid 

Enzyme loading, k$s, K ME? 
m87 cmlsec mM 

Batch I 
0.079 
0.119 
0.158 

9.9 x lo-’ 4.65 
3.8 x 1O-6 1.75 
8.5 x IO-’ 4.76 

Batch II 
0.055 1.1 x 1o-6 1.28 

1.25 
1.03 
2.56 

0.083 5.7 x 1o-6 
0.111 1.0 x 10-G 
0.138 1.2 x 10-e 

Batch III 
0.041 2.8 x 1O-6 
0.061 2.8 x 1O-6 
0.082 4.3 x 1o-6 
0.102 4.1 x 10-e 

Batch III with ImM FCA added to 
0.041 3.7 x 10-S 
0.061 2.5 x IO-’ 
0.082 4.3 x lo-’ 
0.102 2.3 x 1O-5 
0.123 4.9 x 1o-5 

1.12 
0.32 
0.52 
0.18 

the bulk 
87.0 
14.3 
83.3 
52.1 

105.0 

lieve that this is because we have grossly over- 
estimated the active enzyme loading and that 
much of the modified enzyme becomes inactive 
during preparation of the electrode for use. The 
poor reproducibility observed can then be at- 
tributed to the poor stability of the modified 
enzyme once it is placed behind the membrane 
(whether the enzyme is from the same batch or 
different batches). 

If the electrode is removed from the glucose 
solution and placed in fresh buffer and the 
calibration is then repeated, we find an almost 
total loss ( > 90%) of response [Fig. 5, curve 
(c)l. This was the case for all the ferrocenecar- 
boxylic-acid type modified membrane electrodes 
used, and is not due to a loss of enzyme activity 
towards glucose oxidation, because when free 
mediator (1mM ferrocenecarboxylic acid) is 
added to the bulk solution, a large response to 
glucose is obtained, consistent with our results 
for the native enzyme (Table 1). Thus the loss of 
response from the glucose oxidase modified with 
ferrocenecarboxylic acid is due to the decompo- 
sition of covalently bound mediator rather than 
loss of enzyme activity for glucose oxidation. 

The response of the modified glucose oxidase 
membrane electrode during continuous oper- 
ation in O.lOM glucose (Fig. 6) declines almost 
exponentially over a period of approximately 
1 hr. 

The electrodes made with the enzyme 
modified with ferroceneacetic acid give much 
larger responses and appear to be better be- 
haved and more reproducible. Figure 7 shows 
results for three different enzyme loadings. The 
results of the analysis of data from these and 
related experiments are presented in Table 2. In 
this case the khE values are much closer to the 
value for ki and consequently the response is 
determined both by diffusion of glucose through 
the membrane and by the enzyme kinetics. The 

0.06 
a 

i 
2 0.04 
I 
‘- 

0 
Time /min 

Fig. 6. Decrease in the current as a function of time for a 
membrane enzyme electrode based on GOD modified with 
ferrocenecarboxylic acid and held at 0.5 V in 0.091M 

glucose solution. 
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Fig. 7. Plots of the corrected current us. glucose concen- 
tration for three different membrane enzyme electrodes 
based on GOD modified with ferroceneacetic acid. Enzyme 
loadings: El 0.138 mg (24.5 U), E2 0.208 mg (36.8 U), E3 

0.277 mg (49.0 U). 

stability of these electrodes is also much better 
than that of those made with ferrocenecar- 
boxylic acid as the enzyme modifier. After 20 hr 
at room temperature in glucose-free buffer the 
electrode still showed some response towards 
glucose (the response decreased by approxi- 
mately 90% over this period). The analysis of 
these results is also given in Table 2. After 20 hr 
the k& values were smaller by a factor of 
approximately 10, so the enzyme kinetics 
became rate-limiting. This was presumably the 
result of a loss in electrochemical activity of the 
enzyme over this period. 

Selectivity 

To investigate the effects of redox modifi- 
cation of the enzyme on selectivity, four other 
substrates (2-deoxy-D-glucose, D-mannose, D- 

Table 2. Analysis of glucose results for GOD 
enzyme membrane electrodes modified with 

ferroceneacetic acid 

Enzyme loading, k&s, KME, 

w cm /set i?iM 

Batch I, identical loadings 
0.208 1.4 x 10-5 3.57 
0.208 2.8 x lO-5 1.19 
0.208 1.4 x 10-S 1.67 
0.208 2.1 x 10-S 1.85 

Batch II, freshly prepared 
0.138 2.6 x IO-’ 1.03 
0.208 1.1 x 1OV 1.20 
0.277 2.6 x IO-’ 2.17 
0.415 6.9 x 1O-6 1.64 

Batch II, after 20 hr at room temperature 
0.138 4.2 x lo+ 3.57 
0.208 1.0 x 1o-6 1.19 
0.277 4.1 x IO-6 1.67 
0.415 1.1 x 10-e 1.09 
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Fig. 8. Plots of the corrected current us. substrate concen- 
tration for the homogeneous reaction with native GOD 
(0.976 mg/ml) mediated by ImM ferrocenecarboxylic acid, 

for five different substrates. 

galactose and D-xylose) were studied. The selec- 
tivity of the native enzyme was investigated in 
homogeneous solution, with ferrocenecar- 
boxylic acid as the mediator. Figure 8 shows 
that the responses for the five sugars are consist- 
ent with rate data given in the literature? 
glucose > 2-deoxy-D-glucose > D-mannose > D- 
xylose = D-galactose. 

Figure 9 shows a set of results for the corre- 
sponding ferroceneacetic-acid type modified 
enzyme electrode and the same sugars. The 
results are similar to those for the native 
enzyme. 

CONCLUSIONS 

Our studies show that, although glucose 
oxidases modified with ferrocenecarboxylic acid 
and ferroceneacetic acid undergo direct unmedi- 
ated oxidation at metal electrodes, they are not 
suitable for sensor applications because of their 
poor stability, which is due to the loss of the 
covalently bound ferrocene mediator from the 

1.0 

. D-glucore = _ 

,2-dewy-D-glucose 

twbstratr~ /mht 

Fig. 9. Plots of the corrected current vs. substrate concen- 
tration for membrane enzyme electrodes based on GOD 
modified with ferroceneacetic acid (0.208 mg, 36.8 II), for 

five different substrates. 
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enzyme. This occurs more rapidly for the 
oxidized form and is a more severe problem for 
the enzyme modified with ferrocenecarboxylic 
acid. Szentrimay et ~1.~~ studied the stability of 
ferricinium ions in buffered aqueous solution 
(pH 7.0, phosphate) and found half-lives of 0.50 
and 4.3 hr for the ferricinium forms of the 
carboxylic acid and acetic acid derivatives 
respectively. They suggested that the oxidized 
ferrocenes undergo a hydrolysis reaction 
involving disproportionation to give hydrous 
ferric oxide. 

The results of Szentrimay et al. are consistent 
with our own observations. In the case of the 
membrane enzyme electrodes, where there is a 
small quantity of modified enzyme held at the 
electrode surface, with the ferrocenes in the 
oxidized form, the stability is very poor. This is 
especially true of the enzyme modified with 
ferrocenecarboxylic acid, where much of the 
bound mediator is presumably lost during the 
stabilization period, before the measurements of 
glucose response start. Similar problems may 
be expected if these modified enzymes are im- 
mobilized within a membrane at, or covalently 
attached to, an electrode surface. To overcome 
this problem it is necessary to replace the ferro- 
cenecarboxylic acid or acetic acid derivatives 
used in this study, by more stable mediators. 
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DETERMINATION OF TOCOPHEROLS BY 
REVERSE-PHASE LIQUID CHROMATOGRAPHY AND 

ELECTROCHEMICAL DETECTION AT A SURFACE-OXIDE 
MODIFIED PLATINUM MICROELECTRODE, WITHOUT 
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Summary-The reverse-phase separation and electrochemical detection of a-, y-, and Mocopherol at a 
potential of f0.90 V VS. a gold pseudo-reference electrode is possible down to IO-‘M concentrations, 
with surface-modified platinum microdisc electrodes in a methanol/water (95 : 5) solvent mixture. The use 
of microelectrodes with radii of 10-70 pm, rather than electrodes of conventional sire, minimizes problems 
associated with iR drop and obviates the need for deliberately added electrolyte. These features simplify 
the analytical procedure. The background response of an untreated platinum microelectrode in the 
methanol/water (95: 5) system at positive potentials is characterized by processes arising from adsorption/ 
oxidation of methanol and formation of surface oxides. Amperometric detection is of little use under these 
conditions. However, preoxidation of the electrode surface in 2M nitric acid inhibits the methanol 
adsorption/oxidation reaction but not the tocopherol response and therefore allows highly sensitive 
amperometric detection. 

When electrochemical detection (ECD) is em- 
ployed in conjunction with separation by liquid 
chromatography, it is generally considered 
necessary to have a sufficiently high concen- 
tration of an inert supporting electrolyte in the 
mobile phase, to ensure that this is electrically 
conducting and to reduce the cell/solution re- 
sistance, i.e., reduce the so-called iR (voltage) 
drop across the cell. It is also considered necess- 
ary, although less importantly for flow systems, 
to add electrolyte to overcome the effects of 
the migration current of charged electroactive 
species in the solution. A useful rule is that 
to eliminate the effects of migration, the concen- 
tration of the supporting electrolyte should be 
100 times that of the analyte,’ e.g. with 10m6M 
analyte being present, a 10V4M electrolyte con- 
centration is required. However, such a concen- 
tration of supporting electrolyte would not 
usually be regarded as high enough to reduce 
the cell resistance to a functional level in 
conventional ECD, and much higher concen- 
trations of the electrolyte are usually added. 

The need to add electrolyte is a distinct 
disadvantage, adding to the risk of contami- 
nation and increasing the cost of experiments. 
Methods for eliminating this need are therefore 

*Author for correspondence. 

desirable. It has been demonstrated that when 
microelectrodes are used instead of conven- 
tional electrodes, addition of a supporting elec- 
trolyte may not be necessary.3 Dissociation 
of the solvent (or impurities) will provide 
the necessary background conductivity in such 
experiments. The ability to combine liquid 
chromatography or flow-injection analysis with 
electrochemical detection at microelectrodes, 
without addition of large quantities of support- 
ing electrolyte, makes electrochemical detectors 
more economical.’ If a buffer is added to the 
solvent system to aid either the chromatography 
or the electrochemical detection of a particular 
species, it also serves as the background electro- 
lyte. 

Electrochemical detection at positive poten- 
tials is usually done with solid electrodes con- 
structed from platinum, gold, or various forms 
of carbon.4 The background response of noble 
metal electrodes, particularly of platinum in 
aqueous media, is characterized by surface 
oxide formation and hydrogen sorption/ 
desorption.5 The nature of the surface oxide 
layer on platinum electrodes has been a subject 
of considerable debate over the last thirty years. 
Particular interest has centred on both the cata- 
lytic properties of the oxide layer with respect to 
electrochemical oxidation of the compounds of 
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interest, and conversely, the ability of the oxide 
layer to inhibit the oxidation of organic com- 
pounds.- It is now generally agreed that 
the surface oxide layer initially consists of a 
reversibly chemisorbed hydroxo species, prob- 
ably in the form of PtOH. This species may be 
stabilized by exchange reactions with the plati- 
num surface, and converted into the irreversibly 
bound Pt0.9 Though the exact nature of the 
surface oxide phases is not yet settled, it should 
be noted that the PtOH phase has been impli- 
cated in the catalytic oxidation of a number of 
species [e.g., As(III), carbohydrates, alcohols, 
amino-acids],” whereas the PtO phase appears 
to inhibit many oxidation reactions.6 Thus while 
some of the surface properties induced at posi- 
tive potentials by oxide film formation restrict 
the analytical usefulness of platinum electrodes, 
others can advantageously passivate the surface 
towards interfering species.” 

In the present work the analytical utility of 
the selectivity produced by a surface oxide phase 
at a platinum microelectrode is demonstrated 
by the electrochemical detection of tocopherols 
in a reverse-phase HPLC separation with a 
methanol/water mobile phase containing no 
electrolyte. Preoxidizing the electrode surface 
to form a PtO surface layer inhibits the 
methanol adsorption/oxidation process which 
overlaps the tocopherol electrode process. If this 
modified platinum electrode is used as a micro- 
electrode, tl-, y- and 6-tocopherol (Fig. 1) can 
be oxidatively detected in a methanol/water 
(95: 5 v/v) mobile phase without deliberate 
addition of a supporting electrolyte. 

Ikenoya et al.,” using a conventional glassy- 
carbon electrode for electrochemical detection 
in the chromatographic separation of toco- 
pherols with methanol as eluent, were obliged to 
add a supporting electrolyte and chose sodium 
perchlorate for the purpose. They found that the 
detector signal initially rose very rapidly with 
increase in sodium perchlorate concentration, 
reached a maximum at about 0.05M perchlorate 

H;;cH, 
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a-tocopharol 5.7.8 mfl 
B-tocopasrot (1.8 -1 
Y-tocopherol 7.8 dtrwthyl 
S-tOCOp- 8 m 

Fig. 1. Structures of a-, B-, y-, and S-tocopherol. 

and then decreased at higher concentrations of 
the supporting electrolyte. It was found that 
the retention time and capacity factor were 
constant for use of eluents containing up to 
0.05M perchlorate, but band-broadening and 
increased retention times were observed when 
higher concentrations were used. Thus it is 
desirable to minimize the perchlorate concen- 
tration, which is readily done by the use of 
microelectrodes. 

EXPERIMENTAL. 

Reagents 

The three tocopherol isomers (01, y, 6) were 
obtained from Kodak, and used as received. 
Methanol and water were both of chromato- 
graphic solvent grade, and supplied by Waters 
Associates. Tetraethylammonium perchlorate 
(Southwestern Chemicals) was recrystallized 
from ethanol/water, then dried in a vacuum 
desiccator over phosphorus pentoxide. 

Chromatographic system 

The chromatographic system was assembled 
from the following components: an ICI LCl500 
HPLC pump (ICI Scientific Instruments, Aus- 
tralia), a Rheodyne 7125 sample injector fitted 
with a 20 ~1 loop (Rheodyne Corp.), a 
Spherisorb ODS2 15 cm x 4.6 mm column, an 
ICI TC1900 temperature controller, a Metrohm 
656 electrochemical detector (Metrohm, 
Herisau, Switzerland), a Keithley 614 digital 
electrometer (Keithley Instruments), an ICI 
SD2100 photometric detector, and an ICI 
DP600 dual-pen chart-recorder. 

Electrochemical detection measurements 
were made with a two-electrode system, with a 
platinum disc microelectrode as the working 
electrode and either an Ag/AgCl (3M KCl) 
reference electrode, or a gold disc (radius 1.5 
mm) acting as pseudo-reference electrode. 
Ultraviolet detection was performed at 296 nm, 
and all chromatographic determinations were 
done at 30 + 0.5”. 

Microelectrodes 

The microelectrodes were fabricated accord- 
ing to previously published methods,13 and their 
radii were calculated from the steady-state (slow 
scan-rate) voltamperograms obtained with a 
conventional cell, for oxidation of ferrocene 
(1.05 x 10e3M) in acetonitrile (containing 
O.lOM Et,NClO& and use of the relationship.14 

id = 4nFDCr (1) 
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where id = diffusion-controlled limiting current, 
n = number of electrons transferred (1 for 
ferrocene), F = the Faraday constant, C = bulk 
concentration, D = diffusion coefficient 
(2.3 x 10m5 cn~~/sec),‘~ and r = radius of the 
microelectrode. 

Electrode pretreatment 

The platinum disc microelectrodes were given 
the following oxidative pretreatment before use 

in the detector cell. Each electrode was placed 
in a beaker containing 2M nitric acid, and a 
potential of + 1.80 V US. Ag/AgCl was applied 
for the requisite time. Oxygen was evolved at the 
electrode surface during the pretreatment. After 
the oxidation, the electrode was rinsed several 
times in distilled water, then several times in 
methanol/water (95 : 5) solution before being 
placed in the electrochemical detector cell. No 
attempt was made to polish or dry the electrode. 

(a) 

(b) 

I 700 pA 

I I I I 1 1 I 
0 0.2 0.4 0.6 0.6 1.0 1.2 

Potrntiol ( V 1 

Fig. 2. Cyclic voltamperograms obt+ined at positive potentials (V vs. Ag/AgCl) applied in methanol/water 
(95 : 5) containing no added electrolyte, with a 12.5 pm radius platinum microdisc electrode: (a) initial scan, 
(b) response observed with repeated cycling of the potential, (c) equilibrium response obtained after 

approximately 30 scans. Scan rate 100 mV/sec, temperature 22”. 
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RESULTS AND DISCUSSION son et al.,” the following assignments can 
made: 

Stationary cell voltammetry 

The ability of voltammetric microelectrodes 
to provide useful information with a minimum 
of distortion when used in high-resistance sol- 
vents has been demonstrated.* This feature has 
been used to study the mechanism of adsorption 
processes, in the -absence of deliberately added 
electrolyte.‘6 

(a) 0.0 < E < 0.2 v 
(b) E > 0.2 V 

(c) E > 0.75 V 

Cyclic voltamperograms obtained with a 
platinum microelectrode (radius 12.5 pm) in 
methanol/water (95 : 5) without added support- 
ing electrolyte are shown in Fig. 2. On repeated 
scanning there is growth of the wave at 0.75 V 

(d) E > 0.90 V 

vs. Ag/AgCl on the forward (increasingly posi- 
tive potential) scan, and of a wave at 0.45 V VS. 
Ag/AgCl on the reverse scan. Both waves have 
the same current sign despite the different scan 
direction. This anomalous behaviour has been It should be noted 

be 

double-layer region, 
region where oxygen 
and methanol are ad- 
sorbed at the electrode 
surface, and an oxi- 
dation wave is observed, 
region where a peak is 
formed owing to dis- 
placement of methanol 
by the more strongly 
bound oxide film, 
region where the cur- 
rent increases because 
of oxide formation and 
possible methanol oxi- 
dation on the oxide film. 

that the initial scan 
reported for the oxidation of methanol in acidic [Fig. 2(a)], when PtOH is absent from the 
solution at conventional-size electrodes, “*‘* but electrode surface, shows almost no oxidation 
not for reactions at microelectrodes, or without taking place. The oxidation response grows 
electrolyte being present. as the surface coverage of oxide increases 

The forward scan can be divided into a [Fig. 2(b)] up to an equilibrium value [Fig. 2(c)]. 
number of distinct potential regions (E vs. The behaviour displayed in the reverse scan 
Ag/AgCl). On the basis of the work by Hamp- has also been described for conventional-size 

(al 

(b) 

Potrntial t V ) 

Fig. 3. Cyclic voltamperogram obtained at positive potentials (V vs. Ag/AgCl) applied in methanol/water 
(95: 5) containing no added electrolyte, with a 12.5 pm radius platinum microdisc electrode preoxidized 
for 60 set in 2M nitric acid at a potential of 1.80 V LX Ag/AgClz (a) blank, (b) 1.33 x 10T3M a-tocopherol. 

Scan rate 100 mV/sec, temperature 22”. 
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electrodes in acidic methanol solutions, the 
most fully substantiated explanation being that 
presented by Giner. I7 In the reverse scan some 
of the oxide film formed at positive potentials is 
reduced, which leads to an increasing number of 
sites free from inhibiting oxide and adsorbed 
methanol. This in turn leads to an increased 
rate of oxidation of methanol, shown by the 
increased oxidative current observed in the 
reverse scan. 

It therefore appears that at a platinum micro- 
electrode, even in the absence of electrolyte, the 
oxide layer inhibits the oxidation of methanol at 
potentials >0.75 V vs. Ag/AgCl. However, 
since no oxidation of methanol is observed at a 
clean electrode [Fig. 2(a)], the formation of an 
oxide layer can also be said to catalyse the 
response over a limited potential range. At a 

potential c 1.2 V vs. Ag/AgCl the most likely 
oxidized phase giving rise to the catalysis is 
PtOH.’ Scanning to very positive potentials, 
which is likely to lead to the formation of PtO, 
also appears to inhibit the response for oxi- 
dation of methanol. 

Since the application of very positive poten- 
tials appeared to inhibit the potentially inter- 
fering background process, the response of 
an electrode which had previously been oxidized 
at 1.80 V vs. Ag/AgCl in 2M nitric acid was 
examined. The results obtained in methanol/ 
water (95 : 5) after the electrode had been held 
at this potential in 2M nitric acid for 60 set 
and then transferred to the methanol/water 
solvent mixture are shown in Fig. 3(a). Re- 
peated cycling over the potential-range of inter- 
est had little effect on the response, indicating 

I 700 pA 
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Fig. 4. Cyclic voltamperograms obtained with a 12.5 pm radius platinum microdisc electrode, for the 
oxidation of 2.66 x lo-‘.44 a-tocopherol in methanol/water (95: 5) containing (a) lo-‘A4 tetraethylammo- 

nium perchlorate, (b) no added electrolyte. Other conditions as for Fig. 3. 
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that the coating is strongly bound to the sur- 
face, and effectively inhibits the response for 
methanol adsorption/oxidation. The most likely 
composition of the surface film formed at very 
positive potentials would be PtO,9 which, unlike 
the PtOH film, is deposited irreversibly. 

Although the background response is reduced 
to an acceptable level by the preoxidation at 
1.8 V us. Ag/AgCl, this is of little use if the 
response of the species to be detected at the plati- 
num microelectrode is also inhibited. A cyclic 
voltamperogram for 1.33 x 10-3M a-tocopherol 
in methanol/water (95 : 5) at a surface-modified 
platinum microelectrode is shown in Fig. 3(b). 
The sigmoidal response expected for a faradaic 
process at a microelectrode is observed, showing 
that the tocopherol oxidation process is not 
inhibited. However, the response for tocopherol 
at the mM concentration level is slightly dis- 
torted by iR-drop effects in the absence of 
electrolyte. Hysteresis effects commonly occur 
with this type of coated electrode.*’ The extent 
to which iR-drop was the cause of this hysteresis 
in the absence of electrolyte was determined 
by experiments in 10m3i14 tetraethylammonium 
perchlorate methanol/water (95 : 5). Figure 4 
shows that with electrolyte present there is no 
hysteresis in the response of the tocopherol 
oxidation, which shows that iR-drop is the most 
likely cause of the hysteresis. 

These results demonstrate that the pretreat- 
ment of the platinum surface effectively favours 
the tocopherol response over the methanol 
adsorption/oxidation reaction. The utility of 
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Fig. 5. Hydrodynamic voltamperograms for the oxidation 
of approximately lo-‘M a-, y-, and S-tocopherol solutions 
in methanol/water (95: 5) (no added electrolyte), at a pre- 
oxidized 65.7 pm radius platinum microdisc electrode, in a 
wall-jet flow-cell with data recorded under HPLC con- 
ditions. Flow-rate 2 ml/min, temperature 30.0”, sample 
volume 20 pl. Electrode stabilized for 30 min prior to 

determination, a preoxidized electrode. Other conditions as for Fig. 5. 

Fig. 6. Amperometric detection of a-, y-, and &tocopherol 
at an applied potential of 0.9 V W. Au following chromato- 
graphic separation in methanol/water (95 : 5) at (a) a pol- 
ished 65.7 pm radius platinum microdisc electrode, and (b) 

this preoxidized microelectrode was then exam- 
ined in a high-performance liquid chromato- 
graphic separation of a number of tocopherols 
with a methanol/water mobile phase without 
added electrolyte. 

High -performance liquid chromatography 

Normalized hydrodynamic voltamperograms 
for a-, y- and 6-tocopherol in 95: 5 methanol/ 
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water in a flow cell, obtained with a micro- 
electrode which had been preoxidized for 30 set 
in nitric acid are shown in Fig. 5. Although 
the oxidation waves are somewhat drawn out, 
over a 600-mV range, they are well defined 
sigmoids. The half-wave potential for oxidation 
of a-tocopherol (0.63 V US. Au) in the absence 
of electrolyte was found to be 70 mV less 
positive than that for y-tocopherol (0.70 V VS. 
Au), which agrees with data reported for a 
glassy-carbon electrode in methanol.” The half- 
wave potential for oxidation of Stocopherol is 
almost the same as that of a-tocopherol. Apart 
from slight differences in oxidation potentials, 
in contrast to previously published data, the 
tocopherols show essentially the same voltam- 
metric behaviour.‘2~2’~22 

On the basis of data obtained from the 
hydrodynamic voltamperograms, the reversed- 
phase chromatographic separation and electro- 
chemical detection of Q-, y- and b-tocopherol 
was examined in detail. Amperometric detec- 
tion without added electrolyte was used, at 
an applied potential of 0.90 V vs. Au, and 
the mobile phase consisted of methanol/water 
(95:5). The electrode was a platinum micro- 
disc (radius 65.7 pm). Figure 6(a) shows that 
the response for the tocopherol oxidation at 
a freshly. polished platinum electrode is 
masked by the methanol adsorption/oxidation 
background reaction. In contrast, Fig. 6(b) 
shows that an electrode which has been pre- 
oxidized for 60 set as described in the exper- 
imental section gives an excellent response 
for all three tocopherol compounds. Pre- 
oxidation of the electrode surface reduces the 
background current observed in the methanol/ 
water mobile phase from 5.2 nA with the 
polished electrode, to 600 pA with the pre- 
treated electrode. 

Pretreatment of microelectrodes at a very 
positive applied potential (e.g., + 1.80 V us. 
Ag/AgCl) in the methanol/water (95 : 5) mobile 
phase proved a much less efficient method of 
preparation than pretreating the electrodes in 
2M nitric acid at an applied potential of + 1.80 
V DS. Ag/AgCl. Part of the reason for this 
may be that the iR-drop in the methanol/water 
mixture reduces the effective applied voltage. 
Pretreatment in 2M nitric acid at an applied 
potential less than that for oxygen evolution 
was found to give higher background currents 
and a lower response for tocopherol, indicating 
a thinner coating of PtO. Pretreatment in acid 
solution (for up to 2 hr) without an applied 
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Fig. 7. Initial variation of the chromatographic peak height 
observed in electrochemical detection of a-tocopherol with 
a 65.7 pm radius platinum microdisc electrode preoxidized 
for 30, 60 and 120 sec. Other operating conditions as for 

Figs. 5 and 6. 

voltage had little effect on the response obtained 
at a freshly polished electrode. 

The stability of the preoxidized platinum 
microelectrode, maintained at a potential of 
0.90 V vs. Au, was monitored by means of the 
response to repeated chromatographic injec- 
tions of a-tocopherol. The response of a freshly 
prepared electrode was found to increase over a 
period of about 30 min (Fig. 7) until a constant 
peak height was obtained. This behaviour may 
be attributed to the influence (on the oxide film) 
of the lower applied potential used in the amper- 
ometric detection (+ 0.90 V US. Au) compared 
with the pretreatment potential (+ 1.80 V vs. 
Ag/AgCl), a mixture of PtOH and PtO probably 
being produced. 

The long-term stability was good, the 
responses varying by less than 8% over 10 hr 
(Fig. 8). Thus reproducible measurements may 
be obtained over extended periods from a 
single electrode without the need for further 
treatment. However, the electrochemical re- 
sponse for E-tocopherol was found to decrease 
significantly if the electrode was left in the 
cell at open circuit for extended periods of 
time. This implies that the applied potential of 
+0.90 V us. Au stabilizes the oxide coating in 
the methanol/water system. 

The response at platinum microelectrodes 
was also found to be critically dependent on 
the duration of the pretreatment. An optimum 
pretreatment time of 60 set was established 
from the data shown in Fig. 9. A plausible 
explanation of these data is that a certain thick- 
ness of this PtO layer is required to inhibit the 
methanol adsorption/oxidation reaction, and 
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Fig. 8. Long-term stability of chromatographic peak height 
observed in electrochemical detection of a-, y-, and &toco- 
pherol with a 65.7 pm radius platinum microdisc electrode 
preoxidized for 60 sec. Other operating conditions as for 

Figs. 5 and 6. 

that after an oxidation time of 60 set the surface 
layer is so thick that it begins to inhibit the 
oxidation of the tocopherols. 

Linear plots of peak-height us. concen- 
tration were obtained from about 2 x lo-’ to 
2 x IO-‘M. The limit of detection for the three 
tocopherols was calculated to be 1 x lo-‘M, or 
2 pmole on the column for a 20 ~1 injection, 
based on a signal to noise ratio of 2: 1 for the 
67.5 pm platinum microdisc electrode with a 
pretreatment time of 60 sec. Detection limits 
(2 : 1 signal to noise ratio) with ultraviolet detec- 
tion were found to be 2 x lo-‘M. This slightly 
greater sensitivity of electrochemical detection 
of tocopherols has been noted previously.12 
The relative standard deviation for ten 204 
injections of 5 x 10e6M a-tocopherol, with the 
same electrode used for detection, was found to 

Zoo! , 
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Fig. 9. Variation of the chromatographic peak current 
for a-tocopherol with duration of preoxidation of the 
micro-disc electrode. The electrode was stabilized in the 
flow-cell for 30 min prior to the determination. Other 

operating conditions as for Figs. 5 and 6. 

be 5%. A similar reproducibility was obtained 
with ultraviolet detection, implying that the 
variation is due to the chromatographic system, 
not the detector response. the variation in the 
peak height for 5 x lO-‘jM a-tocopherol from 
electrode to electrode, or pretreatment to pre- 
treatment, was always better than 10%. Appli- 
cation of electrochemical detection has been 
reported at glassy carbon electrodes.‘2*23*” The 
present method appears to be equally sensitive. 
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Summary-A wall-jet cell incorporating a carbon fibre array ring/glassy-carbon disk electrode has been 
constructed, and characterized by the cyclic voltammetry and flow-injection techniques. The ring 
(composed of several microdisks) and glassy-carbon disk electrode, can be used separately for different 
purposes, e.g., detection in solution without a supporting electrolyte, collection/shielding detection with 
dual-electrode and voltammetric/amperometric detection with series dual-electrode. The electrode shows 
better collection and shielding effects than the usual ring-disk electrode in quiescent solution and the series 
dual-electrode in a thin-layer flow-through cell. The detection limit at the ring electrode is comparable 
with that at a conventional-sire electrode, and has been used in the mobile phase without a supporting 
electrolyte, proving to be a promising detector for normal-phase liquid chromatography. 

Electrochemical (EC) detection has been of 
continuing interest’,’ since the pioneer work by 
Kissinger et a1.3 Amperometric and voltammet- 
ric detectors with conventional-size electrodes 
of mm or greater dimensions are frequently used 
as detectors in liquid chromatography (LC) and 
flow-injection analysis (FIA) because of their 
high sensitivity, low dead volume, simplicity 
and reasonable selectivity towards electroactive 
compounds. There have been many reports on 
the improvement in selectivity, stability, signal 
to noise (S/N) ratios and other detection prop- 
erties obtained by using multiple working elec- 
trodes,” modified electrodes,g-‘2 scanning of 
the potential at the electrode,iS-” and micro- 
electrodes.‘6”7 There are some aspects of EC 
detection that can be improved by using a 
microelectrode detector, e.g., flow-rate effects, 
iR drop, S/N ratio and time-constant. 

Microelectrodes have attracted great interest 
in the fundamental investigation of mass trans- 
port, kinetics and analytical applications since 
the initial interest in detection of catecholamines 
in uivu,‘6-‘8 and recently they have been incor- 
porated into flow-though cells. These electrodes 
fall into two categories: (a) single micro- 
electrodes (microdisk,% microring3’~” and micro- 
cylindeP3’) and (b) multiple active units 
(bundles of carbon fibres,” ordered array elec- 

*Author for correspondence. 

trodes2g-3’95*36 and random-array electrodes32*33). 
The first group have the advantage of easy 
construction and convenient use, and can be 
combined with columns of very small dimen- 
sions, such as open-tube capillary columns,20 
microcolumr&“ or capillary-zone electrophor- 
esis columns.26 However, fentoampere currents 
must then be measured at low analyte concen- 
tration, which is difficult unless one electrode 
dimension is large. 34 The bundle or array type of 
electrode has the advantage of simple instru- 
mentation, and can be used with a modified or 
commercially available potentiostat.19 

Although most reports still describe the use 
of amperometric detectors with only a single 
working electrode, dual-electrode amperometric 
detectors are becoming more popular and have 
been used in a variety of configurations such as 
series, parallel-adjacent and parallel-opposed, 
to achieve different modes of operation.’ The 
main advantages of all the dual-electrode tech- 
niques are better selectivity and lower detection 
limit. Recently, Lunte et al.38-40 reported a 
different mode of operation for series dual- 
electrodes, called voltammetric/amperometric 
detection, in which the potential is scanned at 
the upstream electrode and the electrode 
product reaction is monitored amperometri- 
tally at the downstream electrode. Two detec- 
tion modes, called collection and shielding, 
were described. In the former, the downstream 

IA’. %3/l-F 13 
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electrode is kept at a potential which reverses 
the reaction which has taken place at the up- 
stream electrode, and in the latter it is kept at 
the same potential as the upstream electrode 
(and thus detects any of the analyte that has not 
reacted at the upstream electrode. The tech- 
nique is similar to voltammetry at the ring-disk 
electrode4’ except that the current/voltage/time 
relationship in the flowing stream is continu- 
ously monitored. 4o There are two problems with 
such a configuration, however. One is the low 
efficiency of collection and shielding, which 
depends on the cell configuration, the areas of 
the two electrodes and the gap between. It can 
be improved by reducing the gap and increasing 
the area of the downstream electrode, but this 
may be difficult to implement and may increase 
the dead volume. The other is the serious cross- 
talk effect due to the large solution resistance in 
the thin-layer flow-through cell, which limits the 
potential scan-rate at the upstream electrode. 
For these reasons, we now report a wall-jet cell 
which has been proved to have superior current 
sensitivity4* and minimum solution-resistance,43 
in which the solutions impinge on the reaction 
electrode (upstream), and flow through the col- 
lection or shielding electrode (downstream), 
which is a carbon-fibre array ring placed very 
close to the upstream electrode. 

Although there have been reports about the 
use of a ring-disk electrode for EC detection,W*4s 
we describe one which is simple and easily 
constructed. The carbon-fibre array ring 
(CFAR) and glassy-carbon disk (GCD) elec- 
trodes have also been used for different pur- 
poses, e.g., detection in a solution without 
supporting electrolyte, amperometric detection 
with a series dual-electrode, and voltammetric/ 
amperometric detection. 

EXPERIMENTAL 

Construction of the electrode 

The CFAR electrode was similar to that used 
by Khoo et ~1.~’ except that the inner support 
material was a glassy-carbon rod instead of a 
glass tube. A 5.0~cm length of glassy-carbon rod 
(Beijing Institute of Artificial Crystal Material, 
China), 6.0 mm diameter, was first insulated 
with a very thin layer of epoxy resin. Sixteen 
carbon fibres, 33 pm in diameter, were stretched 
lengthwise and parallel on the rod, about 1 mm 
apart to ensure that the current responses of the 
individual fibres were independent of each 
other, and then fixed in position with a layer of 

epoxy resin. To make electrical contact the 
carbon fibres at one end of the rod were em- 
bedded in silver cement, to which a copper wire 
was sealed. The electrode was then heated at 70” 
for 2 hr to cure the epoxy resin and silver 
cement. To expose the ends of the microfibres, 
the other end of the electrode was polished on 
abrasive papers, and then with 1 .O, 0.3,0.03 pm 
a-alumina on a polishing cloth, and finally 
ultrasonicated in water for 5 min. The electrode 
was fitted into the wall-jet cell by a screw as 
shown in Fig. 1. 

Apparatus 

The LCP-350 injection pump (JASCO, 
Japan) was used with a home-made six-port 
valve with changeable sample loops (10 ~1-1 ml) 
for FIA. Chromatographic experiments were 
done with a Nucleosil Cl8 (7 pm) column 
(200 x 5 mm) (Dalian Institute of Chemical 
Physics, China). A home-made cyclic voltam- 
metric analyser with triangular wave output into 
the bipotentiostat for simultaneously recording 
voltamperograms for the ring and disk elec- 
trodes, was used with a conventional three-elec- 
trode cell for cyclic voltammetry in quiescent 
solution. A laboratory-built bipotentiostat was 
used for FIA with voltammetry at the 
CFAR-GCD electrode, to measure PA-mA 
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Fig. 1. Schematic illustration of the wall-jet cell with the 
CFAR-GCD electrode. (A) Side view of the cell; (B) 
top view of the electrode. 1, Solution inlet; 2, reference 
electrode; 3, glassy-carbon disk @CD); 4, carbon fibre array 
ring (CFAR); 5, outlet, auxiliary electrode; 6, cell body 

(Plexiglas). 
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currents by changing the feedback resistance in 
a current-to-voltage converter. A Pine Instru- 
ment RDE 4 bipotentiostat was used with the 
Pt-ring/GC-disk electrode for the ring-disk 
experiment. An Ag/AgCl (satd. potassium 
chloride) reference electrode was used for cyclic 
voltammetj in quiescent solution, and a satur- 
ated calomel electrode (SCE) for FIA. 

Reagents 

All reagents were as reported previously.9 All 
solutions were prepared with doubly-distilled 
water, and all experiments were done at ambient 
temperature (20 f 2”). 

RESULTS AND DISCUSSION 

Cyclic voltammetry at the CFAR-GCD electrode 

Voltammetry in quiescent solution is an effec- 
tive way to characterize microelectrodes and 
assess the quality of their fabrication.‘6*46 The 
cyclic voltamperogram for the oxidation of 
ferrocyanide (1 mM in 2M potassium chloride) 
at the CFAR electrode is shown in Fig. 2A. A 
sigmoidal voltamperogram was obtained, with a 
limiting current of 64.5 nA at a scan-rate of 
10 mV/sec. This is a typical steady-diffusion 
voltamperogram for microdisk electrodes.‘6 A 
value of 58 mV was obtained for E3,4 - E,,d, in 
good agreement with the theoretical value of 
56.4 mV for a one-electron transfer. According 
to the equation29 

i = 4nFDCr 

where r is the radius of the electrode, C the bulk 
concentration of the analyte, D the diffusion 

coefficient and the other symbols have the usual 
meaning, the sum of the limiting currents at 
the individual microfibre disk electrodes was 
64.1 nA for the 16 microdisks, in good agree- 
ment with the experimental measurement. This 
indicates that none of the fibres was broken 
during construction of the electrode, that alI are 
active, and also that the fibres and the disk are 
well insulated, and that diffusion takes place 
independently at individual microfibre disks. 

Figure 2B shows the collection effect at the 
CFAR-GCD electrode, when the potential was 
scanned from 0 to 0.7 V vs. Ag/AgCl at the 
GCD electrode to oxidize the ferrocyanide and 
the CFAR electrode was kept at 0 V to reduce 
the oxidized product from the GCD electrode. 
The product reached the CFAR electrode only 
by diffusion, without the convection that occurs 
with the conventional ring-disk electrode. The 
voltamperogram shows that even in quiescent 
solution the CFAR electrode is an effective 
collector, whereas the conventional ring-disk 
electrode is not (Fig. 2C). The remaining exper- 
iments were done in flowing solution. 

Amperometric detection at the CFAR-GCD 
electrode 

The improvement of detectors based on use of 
conventional-size electrodes, by such means as 
modification of the electrode surface to increase 
the EC activity’os’2 or enhance the selectivity 
or stability,9s1’ and incorporation of microelec- 
trodes into the detector, is an active area in EC 
detection. So far, however, no reports have been 
published on the use of combinations of these 
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Fig. 2. Cyclic voltamperograms for ferrocyanide at the CFAR-GCD electrode and ring-disk electrode 
in quiescent solutions. Scan-rate, 10 mV/sec; (A) 1mM K,Fe(CN), + 2M KC1 at the CFAR electrode; 
(B) 50pM K,Fe(CN),+ 2M KC1 at the CFAR-GCD electrode with &,a=0 V; (C) 1mM 

&Fe(CN), + O.lM KH,PO, at Pine’s ring-disk electrode with Edw = 0 V. 
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electrodes. In earlier papers27*47 we reported the 
use of a flow-through carbon-fibre electrode in 
a poly(viny1 chloride) tube, combined with an 
LC column, which was used successfully for the 
determination of vitamin Bg. The experiments 
with dilute supporting electrolyte showed that 
the flow-through cell had a large solution- 
resistance arising in the connecting tube be- 
tween the working electrode and the reference 
electrode. We have therefore changed the cell to 
one of wall-jet type, and attempted to combine 
microelectrodes with a conventional-size sensor, 
into one electrode. 

An advantage of the CFAR-GCD electrode 
in the wall-jet cell is that the ring and the disk 
can be used independently for different pur- 
poses. It was found that the hydrodynamic 
voltamperograms (HDVs) obtained at the two 
electrodes were the same as those for the con- 
ventional thin-layer cell in FIA, and that the 
new electrode (Fig. 1) was easier to recondition 
and more convenient to operate than the thin- 
layer cell. The coefficient of variation of FIA 
peak currents at the CFAR electrode for repli- 
cate injections of 5 ppm hydroquinone (HQ) 
over a period of 12 hr was l.S%, indicating that 
the electrode was very stable and suitable for 
analytical application. Good linearity between 
FIA peak current (nA) and HQ concentration 
was obtained over the range 0.1-20 ppm, the 
regression equation being i = -0.10 + 0.774C, 
r = 0.9998. The baseline noise was found to be 
about 0.8 pA, so the detection limit was esti- 
mated to be 2.6 ng/ml (26 pg) at S/N = 3. 
Although experiments at such low concen- 
trations were not done, owing to the FIA injec- 
tion peak, we may still conclude that the CFAR 
is a sensitive electrode. 

In the wall-jet cell, the distance between the 
nozzle and the electrode has a remarkable influ- 
ence on the sensitivity and the dead volume of 
the detector, owing to mass transport at the 
electrode,43 especially the CFAR-GCD elec- 
trode. In a wall-jet cell the current is not uni- 
formly generated over the electrode, especially 
when the wall-jet ring-disk electrode is used.44 
Figure 3 shows the influence of the distance 
between the nozzle and electrode on the FIA 
peak current and peak width. The peak current 
decreases greatly and the peak width increases 
slightly at the GCD electrode and more so at 
the CFAR electrode, with increasing distance. 
These observations differ from those of Gunas- 
ingham, 45 who reported a slight increase of the 
LC peak width obtained by detection at the ring 

1.2 - 

1.0 - 

u 
t 

6 0.6 - 

P 

g 
f 0.6 - 

0 

0.4 - 

- 16 

- 16 

-13 50 _ 
s 
; 

-10 I 
:: 
8 

62 

? 

- 5 

o.21 3 
0 0.2 0.4 0.6 0.6’ 

Jet -electrode distance, mm 

Fig. 3. Influence of the distance of the jet-electrode separ- 
ation on the FIA peak current (a,b) and half-peak width 
(xc) (c, d) at the GCD (a, d) and CFAR (b, c) electrodes: 
10 ~1 of 5 ppm HQ injected every time; potential 0.7 V, 
mobile phase O.lM KH,PO, + 50pM EDTA, flow-rate 

0.8 ml/min. 

electrode over that for detection at the disk 
electrode, and of Albery et aL” who reported 
that the current increased with separation dis- 
tance. This difference may be due to either the 
very small jet and electrode separation in our 
cell, or the different configuration. Therefore, in 
subsequent experiments we kept the jet and 
electrode as close as possible, but the distance 
had to be optimized for each analyte system. 

The detection limits are very dependent on 
flow-rate. In microelectrode detectors, however, 
this dependence is considerably reduced by the 
enhanced radial diffusion due to the large edge- 
to-area ratios. We have reported that practically 
no dependence was found on flow-rate for the 
flow-through carbon fibre detector.27 As ex- 
pected, a lower dependence on flow-rate was 
found for the new electrode when used in FIA; 
the peak current at the CFAR electrode 
changed only from 0.567 to 0.570 nA with 
change in flow-rate from 0.2 to 0.5 ml/min, but 
from 1.96 to 2.80 PA at the GCD electrode over 
the same flow-rate range. Higher flow-rates were 
not examined, owing to the time-constant limi- 
tations of the potentiostat and recorder. How- 
ever, a different dependence was found for the 
limiting currents in the voltamperograms. With 
injection of 1 ml of 1 mM HQ and recording of 
the voltamperogram during retention of the 
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analyte on the electrode, the slopes of log-log 
plots of limiting current us. flow-rate (from 0.2 
to 1.2 ml/mm) were found to be 0.133 at the 
CFAR electrode and 0.353 at the GCD elec- 
trode. A similar dependence for peak currents 
and equilibrium currents at ultra-thin ring and 
band microelectrodes was obtained by Bixler et 
~1.~ In the present case we are concerned only 
with the peak currents. 

Collection/shielding effects at the CFAR-GCD 
electrode 

The collection and shielding efficiencies at the 
CFAR-GCD electrode detector were deter- 
mined in a way slightly different from that used 
by Roston and Kissinger.4 In the dual-electrode 
detector, the upstream and downstream elec- 
trodes had almost the same area, and the collec- 
tion efficiency was defined as the ratio of the 
current at the indicator (downstream) electrode 
to that at the generator (upstream) electrode, 
and a similar ratio for the shielding efficiency. 
The maximum collection efficiency found was 
0.37 for hydroquinone as test compound.4 
(Below this value it was termed the effective 
collection efficiency, which is related to the 
reaction mechanism). Even when the distance 
between the electrodes was varied from ca. 10 to 
100 pm, the collection efficiency did not exceed 
0.38. Various expressions have been derived 
for describing the collection efficiency,48”0 and 
although they have not been completely exper- 
imentally validated, they do indicate which 
detector dimensions are critical factors. The 
expressions contain two parameters based on 
cell dimensions: the ratio of the distance 
between the two electrodes to the length of the 
upstream electrode along the flow axis, and the 
ratio of the lengths of the two electrodes along 
the flow axis. Roosensaal and PoppeN derived a 
diffusion-limited current expression for the 
dual-electrode which could be applied at differ- 
ent potentials, in which the reconverted frac- 
tions (collection efficiency) and shielding factors 
were described. The two effects are maximal 
when the distance between the electrodes is zero. 
With a relatively long upstream electrode and a 
very short downstream electrode, a shielding 
factor of over 0.80 is observed when the gap 
is less than the length of the downstream 
electrode.50 No attempts were made to im- 
prove the collection and shielding efficiencies 
experimentally. 

The shielding mode of detection was not paid 
much attention until Lunte et a1.3g reported its 

utility as a general method for electrochemical 
detection of compounds giving electrochemi- 
tally reversible or irreversible reactions. The 
shielding efficiency is an important factor affect- 
ing the detection limit. 

Since the ring electrode (CFAR) is much 
smaller than the disk electrode, we cannot use 
the Roston and Kissinger method to determine 
the collection efficiency. For the CFAR-GCD 
detector, the collection efficiency N, is defined as 

N = i(ring) 
’ i’(ring) 

(1) 

where i(ring) and i’(ring) are the currents at the 
CFAR electrode with and without potential 
applied at the GCD electrode. The shielding 
efficiency is defined as 

N.=l-$$ (2) 

In both cases, the potentials at the two elec- 
trodes are sufhciently positive or negative for 
the currents to be limited solely by mass trans- 
port. 

Figure 4 shows the hydrodynamic volt- 
amperogram for the CFAR electrode over the 
applied potential range from -0.2 to 0.8 V 
when the upstream (GCD) electrode is kept at 
0.7 V to generate oxidized products for detec- 
tion at the CFAR electrode. Figure 5 shows that 
when the CFAR electrode was kept at limiting- 
current potential ( - 0.15 V) and the potential of 
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Fig. 5. Hydrodynamic voltamperograms of HQ at the 
CFAR electrode (a) and the GCD electrode (b) when the 
CFAR electrode is kept at -0.15 V and the potential at 
the GCD electrode is changed. Experimental conditions as 

for Fig. 3. 

the GCD electrode was scanned from 0.1 to 
0.8 V, the hydrodynamic voltamperograms for 
the two electrodes had the same general pattern. 
Figure 6 shows the electrode currents for the 
different applied-potential modes in FIA with 
the CFAR-GCD electrode detector. For the 
collection mode, the GCD was kept at 0.7 V and 
the CFAR at -0.15 V, which are both in the 
limiting-current potential range. In the shielding 
mode, both electrodes were kept at 0.7 V. From 
Fig. 6 the collection efficiency was measured as 
0.869 and the shielding efficiency as 0.75, by use 
of equations (1) and (2). These values are larger 
than those reported for the thin-layer dual-elec- 
trode.4*39 The high collection efficiency at the 
CFAR-GCD electrode has the advantages that 
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Fig. 6. FIA peaks at the CFAR (A, B, C) electrode and 
GCD (D) electrode with different applied-potential modes. 
Potentials: CFAR electrode: A, B -0.17 V, C, 0.7 V; 
GCD electrode: A, 0.7 V; B, 0 V, C, 0 V; D, 0.7 V. 

Other conditions as for Fig. 3. 

the downstream electrode is a sensitive indicator 
electrode, and the selectivity is greatly improved 
because compounds giving electrochemically 
irreversible reactions are not detected at the 
downstream electrode. 

The inffuence of the cell dimensions (e.g., 
distance between jet and electrode) on the 
collection and shielding efficiencies are more 
complex than in the thin-layer flow-through 
cell. Additionally, the flow-rate, which has no 
influence in the thin-layer cell, affects the two 
efficiencies because of its different effects at 
the two electrodes, as described above. It was 
found that the collection efficiencies decreased 
with increasing flow-rate, but the shielding 
efficiencies were unchanged. 

Detection in a mobile phase containing no 
supporting electrolyte 

EC detection with conventional-size elec- 
trodes has not been generally extended to nor- 
mal-phase LC, although it could be achieved 
by adding electrolyte pre- or post-column.s1~s2 
When a low-polarity solvent (e.g., n-hexane) is 
used as the mobile phase in normal-phase LC, 
it is difficult to find an electrolyte that is suf- 
ficiently soluble in it, and the presence of the 
electrolyte may affect the retention times of 
the analytes. 

An EC detector which could be operated 
without the presence of a background electro- 
lyte would be desirable. The very small currents 
measurable with microelectrodes make it poss- 
ible for an EC detector made with them to be 
used in normal-phase LC. 

In the previous report,27 we examined the 
detection behaviour of the flow-through car- 
bon-fibre detector in dilute supporting electro- 
lyte, and found that the S/N values decreased 
with dilution of the electrolyte, owing to 
the large solution-resistance. Bixler and co- 
workers28s34 have described the use of microdisk 
and microring electrodes as detectors for use 
with a low electrolyte concentration in an 
acetonitrile mobile phase. Here we describe 
applications of our CFAR electrode in reversed- 
phase ‘LC without supporting electrolyte, but 
have not yet tested its use in normal-phase LC. 

A mixture of hydroquinone and catechol was 
chosen as a test model for reversed-phase LC 
separation with a mixture of water and 
methanol as mobile phase without supporting 
electrolyte. Figure 7 shows the hydrodynamic 
voltamperograms of HQ at the CFAR and 
GCD electrodes, measured independently, with 
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Fig. 7. Hydrodynamic voltamperograms at the CFAR 
electrode (a) and GCD electrode (b), with 30% v/v 
methanol in water as mobile phase without supporting 

electrolyte; 10 ~1 of 5 ppm HQ injected. 

30: 70 v/v methanol-water mixture as mobile 
phase. It can be seen that the voltamperogram 
at the CFAR electrode is the same as that 
obtained with supporting electrolyte present 
(Fig. 5), but the one at the TCD electrode is 
flatter. As shown in Fig. 8, good linearity was 
found between LC peak current and HQ con- 
centration with the CFAR electrode but not 
with the GCD electrode. 

Thus the CFAR electrode would be the detec- 
tor of choice for use with a wide concentration 
range of analyte in normal-phase LC with a 
mobile phase containing no background electro- 
lyte, but the GCD electrode would be more 
useful at very low concentrations. 

I I I I 
0 5 10 IS 28 

Concn., ppm 

Fig. 8. Calibration curves for peak current at the CFAR 
electrode (a) and GCD electrode (b) vs. concentration of 
HQ, without the addition of supporting electrolyte to the 
mobile phase. Injection volume 10 ~1; potential 0.7 V; 

mobile phase: 30% v/v methanol in water. 
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Fig. 9. FIA peaks at the CFAR electrode (a) and GCD 
electrode (b) for collection-mode (A) and shielding- 
mode (B) detection, with water as mobile phase without 
supporting electrolyte. (A) &,,a = 0 V, EGcD = 0.7 V; [B) 
ErrAs = 0.8 V, E,, = 0.7 V; 10 ~1 of 5 ppm HQ injected. 

Moreover, the CFAR-GCD electrode system 
has lower solution-resistance than any of the 
microelectrode cells reported,‘gJ0*24*2”30J4 be- 
cause of the narrow electrode gap possible with 
the wall-jet configuration. 

Another interesting phenomenon was found 
when the dual-electrode was operated with the 
CFAR-GCD electrode in a mobile phase with- 
out added electrolyte (Fig. 9). Figure 9A shows 
that at the CFAR electrode used in the collec- 
tion mode an irregular cathodic current and a 
small anodic current were observed. Similar 
peaks were obtained in the shielding mode but 
with a more rapid increase of cathodic current 
(Fig. 9B). A regular peak was observed at the 
GCD electrode in both cases. This can be 
explained as due to the large change in potential 
distribution in the fIow, because of the high 
solution-resistance in pure water-methanol sol- 
ution. When a large peak current is produced at 
the GCD electrode, then the large iR drop 
between the reference electrode and the CFAR 
and GCD electrodes may act as a potential step 
making the potential of the CFAR electrode 
more negative, so that a large cathodic current 
is produced at the CFAR electrode. When the 
current at the GCD electrode returns to the 
baseline, a corresponding potential step is 
applied to the CFAR electrode, making its 
potential more positive, and producing a rapid 
fall of cathodic current and appearance of a 
small anodic current at the CFAR electrode; 
this anodic current then returns slowly to the 
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baseline. This is similar to the cross-talk effect 
in dual-electrode detection.3g Care must there- 
fore be taken to avoid such effects in the dual- 
electrode detection. 

CONCLUSION 

Microelectrodes and conventional-size elec- 
trodes can be successfully combined for EC 
detection and also used independently. When 
they are combined as a ring-disk electrode in 
a wall-jet cell, some special advantages are 
obtained, such as high collection and shield- 
ing efficiencies. This electrode is promising 
for voltammetric/amperometric detection, but 
the electrode gap must be optimized for each 
application. 
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Summary-The strong aSinity of natural ionic polysaccharides for certain metal ions is exploited in the 
design of a new class of voltammetric sensing devices, In particular, carbon-paste electrodes containing 
pectic and alginic acids are used for the nonelectrolytic collection and subsequent voltammetric 
determination of copper and lead, respectively. Cyclic and differential pulse voltammetry are used to 
quantify the accumulated ions. The response is characterized with respect to modiier loading, preconcen- 
tration period, metal concentration, reproducibility, possible interferences and other variables. Titrimetric 
experiments illustrate the potential of polysaccharide electrodes for speciation work. Preliminary dam are 
also given for analogous measurements of copper at heparin-modified electrodes. Detection limits are 
1 rg/ml and the relative standard deviation is 4.8%. 

Chemically modified electrodes (CMEs) hold 
great promise for use as electrochemical sensors. 
The electrode surfaces can be tailored to meet 
the needs of many sensing problems. One prom- 
ising direction is to use surfaces capable of 
preferentially preconcentrating target analytes 
from solutions.‘” In this approach, a non- 
electrochemical preconcentration step is em- 
ployed, followed by voltammetric quantification 
of the surface-bound analyte. Most popular 
schemes used to collect analytes are based 
on coordination reactions’,’ and electrostatic 
attraction6s7 at surfaces carrying an appropriate 
ligand or ion-exchanger. Bioacctmmlation at 
electrodes based on micro-organisms can also 
be used.8 The preconcentrating agent is com- 
monly incorporated into the surface by mixing 
it with carbon-paste matrices or by forming 
derivatives of polymeric films. The reactivity 
obtained by proper choice of the surface 
modifier can greatly enhance the selectivity and 
sensitivity of voltammetric devices (compared to 
those of conventional bare surfaces that utilize 
electrolytic preconcentration). 

This paper describes a new class of modifying 
species, natural ionic polysaccharides, for use 
in making CMEs for preconcentrations. The 
strong interaction of ionic polysaccharides with 
various bivalent ions has been the subject of 
several investigations. 9-12 Electrochemical tech- 
niques such as polarography9 or potentiometry” 

*Author for correspondence. 

have been used, along with other methods, for 
exploring the binding of copper and lead to 
ionic polysaccharides. Such binding occurs by 
electrostatic interaction with carboxylate groups 
as well as other specific interactions. Important 
applications (based on this), ranging from re- 
moval and recovery of metal ions from polluted 
waterI to protection of people and animals 
against toxic metalsi have been reported. Pre- 
concentrating CMEs based on the strong 
affinity of biopolyelectrolytes for certain metal 
ions have not been reported. The characteristics, 
advantages and analytical performance of 
carbon-paste electrodes containing pectic and 
alginic acids are described in this paper. 

EXPERIMENTAL 

Apparatus 

Polysaccharide-modified carbon-paste elec- 
trodes were prepared by thoroughly hand- 
mixing the polysaccharide with graphite powder 
(Acheson 28) and mineral oil (40% w/w). 
Electrodes containing 21% pectic acid or 
20% alginic acid (w/w) were used in most 
experiments. A portion of the paste was packed 
into the end of a glass tube (3 mm i.d.), and its 
inner end was connected to a copper wire. 

Three lo-ml cells were used for the pre- 
concentration, measurement and “cleaning” 
(renewal) steps; these contained the metal test 
solution, the supporting electrolyte solution 
and the acid “cleaning” solution, respectively. 

81 



82 JOSEPH WANG et al. 

An Ag/AgCi reference electrode (Model RE-1, 
Bioanalytical Systems) and a platinum wire 
auxiliary electrode completed the three- 
electrode system in the measurement cell. A 
Princeton Applied Research Corp. (PARC) 
Model 264A voltammetric analyzer, in conjunc- 
tion with a PARC Model 0073X-Y recorder, 
was used to obtain the voltamperograms. 

Reagents 

Doubly distilled water was used to prepare all 
solutions. Pectic acid (75% purity, Kodak), 
alginic acid (Fluka) and heparin (Sigma) were 
used as surface modifiers. Sodium acetate 
(Mallinckrodt) and sodium perchlorate (Fisher) 
were used for preparing the supporting electro- 
lyte solutions. Copper and lead solutions were 
prepared from their analytical grade nitrates. 
Atomic-absorption standard solutions of other 
metals (1000 ppm), used in the interference 
studies, were from Aldrich. 

Procedure 

All experiments were performed by 
using the preconcentration/medium-exchange/ 
voltammetry/regeneration scheme. For the pre- 
concentration step, the modified electrode was 
immersed in the stirred sample solution for a 
given period of time; the preconcentration pro- 
ceeded at open circuit. The electrode was then 
removed from the preconcentration cell, briefly 
rinsed with doubly distilled water, and placed 
in the electrochemical cell containing a de- 
aerated sodium perchlorate solution. The initial 
potential (-0.9 and -0.6 V for lead and 
copper, respectively) was then applied and after 

15 set a positive-going scan was initiated. After 
the scan the electrode was transferred to the 
cleaning (acid) cell for regenerating a “metal- 
free” surface (as indicated by a subsequent 
voltammetric run). Several such collection/ 
measurement/cleaning cycles were required to 
precondition virgin surfaces. Specific details of 
the experimental procedure are summarized in 
Table 1. 

RESULTS AND DISCUSSION 

Three model substances, pectic and alginic 
acids and heparin, were used as surface 
modifiers to illustrate the potential of natural 
polysaccharides for analytical sensing. 

Electrodes mod#ed with pectic acid 

Pectic acid (polygalacturonic acid) is a 
natural polyacid obtained from pectins. Its 
incorporation into the carbon-paste matrix re- 
sults in effective accumulation and subsequent 
quantification of copper ions. Figure 1 com- 
pares cyclic voltamperograms obtained with the 
plain (A) and pectic acid (B) carbon-paste elec- 
trodes for 25 ppm copper, following 1-min 
stirring (open-circuit conditions) and transfer of 
the electrode to a blank/electrolyte solution. 
The scans were run by initially holding the 
electrode at -0.6 V to reduce the complexed 
copper to the metal. Voltammetric peaks are not 
observed when the unmodified electrode is used, 
as expected in the absence of copper collection. 
In contrast, the first scan (designated as 1) at the 
modified electrode exhibits a distinct current 
response (Ep+ = +0.05 V). The peak clearly 
corresponds to the oxidation of the copper 

Analyte 

CME 

Preconditioning 

Table 1. Summary of experimental conditions 

copper lead 

pectic acid (21%) in carbon paste alginic acid (20%) in carbon paste 

five preconcentration/voltammetry/regeneration two scans, between -0.9 and -0.2 
cycles with 25 ppm copper solution V in blank solution, followed by 

two preconcentration/voltammetry/ 
regeneration cycles with 10 ppm lead 
solution 

Preconcentration stirred O.lOM acetate buffer, pH 5.4 stirred O.OSM NaClO,, pH 5.0 
solution 

Voltammetric 
measurement 

deaerated 0.05M NaClO, solution; potential deaerated 0.05&f NaClO, solution; 
range from -0.6 to +0.2 V; differential pulse potential range from -0.9 to 
waveform, 25 mV amplitude and 10 mV/sec scan -0.2 V, differential pulse waveform, 
rate 25 mV amplitude and 10 mV/sec 

scan rate 

Surface 
reeeneration 

immersion in HNO, (PH 1.8) for 60 set immersion in HCl @H 1.5) for a time 
equal to the preconcentration period 
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Fig. 1. Cyclic voltamperograms for unmodified (A) and pectic acid modified (B) carbon-paste electrodes 
after immersion for I min in a stirred 25 ppm copper solution and transfer to the blank/electrolyte 

solution. Open circuit during accumulation. Scan rate, 50 mV/sec; solutions as in Table I. 

metal arising from reduction of the copper(I1) 
taken up electrostatically by the pectic acid. 
Subsequent voltamperograms, recorded by con- 
tinued scanning, yield smaller and smaller 
peaks. With a 50 ppm copper solution, full 
surface coverage was attained by stirring for 
120 sec. The steady-state (saturation) response 
corresponded to a charge of 66.1 p C and surface 
coverage of 1.75 x 10e9 mole/cm’. The cyclic 
voltammetric peak current at saturation in- 
creased nonlinearly (from 21 to 52 nA) on 
increase in scan rate from 10 to 200 mV/sec. The 
peak potential shifted from 0.00 to 0.06 V on 
increase in scan rate, yielding a linear plot of 
peak potential 0s. log (scan rate). 

Figure 2 shows the dependence of the peak 
current on the accumulation time for (a) 9 and 

(b) 18 ppm copper. As the accumulation time 
increases, the response rises rapidly at first and 
then more slowly. Apparently, the binding 
reaches equilibrium in accumulation for 3 min. 
The uptake of metal ions by the pectic acid 
electrode is strongly dependent on the pH. The 
effect of pH on the copper response is shown in 
Fig. 3(a). The peak increases rapidly with in- 
crease of pH between 2 and 5, and then starts 
to level off. Such a profile reflects the proton 
competition for the carboxylate binding sites. 
Accordingly, reversal of the metal ion binding, 
i.e., surface regeneration after the voltammetric 
scan, can easily be accomplished by exposure 
to an acidic medium. The effect of the paste 
composition is shown in Fig. 3(b). The copper 
response increases as the pectic-acid loading is 
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Fig. 2. Response of the pectic acid modified electrode as a 
function of accumulation time for (a) 9 and (b) 18 ppm 
copper. The electrode was immersed for different periods in 
the stirred copper solution, washed, and placed in the 

blank/electrolyte solution. Conditions as in Table 1. 

increased between 0 and 21% (w/w), as expected 
from the increased binding capacity of the elec- 
trode. Increased electrode resistance accounts 
for the marked decrease in response at higher 
modifier loadings. 

Virgin polysaccharide-modified electrodes 
were found to be less efficient for the collection 
of metal ions, compared to “old” surfaces (that 
had already undergone several measurement 
cycles). A preconditioning step, involving 
several such cycles was thus required (see 

PH 
2 4 6 
I I I 

10 20 
PA (%I 

30 

Fig. 3. Effect of (a) pH and (b) pectic acid content on 
the differential-pulse copper response. Solution of 18 ppm 
copper stirred for 60 sec. Other conditions as in Table 1. 

b 

-0.2 0.1 

zJy)ppp 
-0.2 0.1 

Potential (VI 

Fig. 4. Carry-over (A) and precision (B) experiments. 
Copper concentrations: (A) a,c, 9; b, d, 27 ppm; (B), a-e, 
25 ppm. Accumulation for 30 set; other conditions as in 

Fig. 2. Initial potential positions displaced for clarity. 

Table 1 for details). A similar process was 
reported earlier for carbon-paste electrodes 
modified with various ligands,4*‘s and was at- 
tributed to a certain degree of ordering of the 
surface ligand molecules after the metal binding. 

The sensing potential of pectic-acid modified 
electrodes is indicated by Fig. 4, which shows 
voltamperograms obtained by sequential ex- 
posure to copper solutions differing in concen- 
tration (A) and for repetitive measurements at a 
given concentration (B). Well defined differ- 
ential-pulse peaks are observed (E, = 0.05 V), 
after short (30 set) accumulation times. The 
electrode responds rapidly to the switching 
between the 9 and 27 ppm copper solutions. 
Modified electrodes conditioned and renewed 
as described in the experimental sections 
could be employed for numerous accumulation/ 
reduction/cleaning cycles. For example, the 
voltamperograms shown in Fig. 4B are from a 
series of ten repetitions with a 25 ppm copper 
solution. This series yielded a mean peak cur- 
rent of 80.3 PA, a range of 76-85 PA and a 
relative standard deviation of 4.8%. Such pre- 
cision compares favorably with that reported 
for various preconcentrating CMEs.* The pre- 
cision might be improved by use of flow- 
injection preconcentration schemes.16 The same 
electrode surface was used throughout each day, 
with no noticeable loss in activity. 

Figure 5 shows calibration plots for copper, 
over the 1 x 10e4-8 x 10m4M (6-48 ppm) 
range, after (a) 30 and (b) 60 set preconcen- 
tration. In both cases the response is linear 
up to 4 x 10-4M, with curvature at higher 
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Fig. 5. Voltammetric response of the pectic acid modified 
electrode as a function of copper concentration for (a) 
30 and (b) 60 set accumulation times. Other conditions 

as in Fig. 2. 

concentrations (as saturation of binding sites 
is approached). Least-squares treatment of 
the initial linear portions yielded slopes of 
0.19 ,uA.l .pmole-’ (deposition for 30 set) and 
0.22 PA. 1. pmole-' (deposition for 60 set), with 
correlation coefficients of 0.998 and 0.997, re- 
spectively. A detection limit of about 1 ppm 
copper was estimated from the signal-to-noise 
characteristics (S/N = 3) of the response follow- 
ing 5 min accumulation (not shown). Clearly, 
the detectability is not as low as that of con- 
ventional stripping measurements at mercury 
surfaces. 

The advantages of the preconcentrating- 
CME approach lie in the selectivity of the 
accumulation process (which is derived from 
the reactivity patterns of the surface modifier), 
the use of “mercury-free”, low-cost, surfaces, 
and suitability for speciation work. Surfaces 
containing natural polysaccharides exhibit reac- 
tivity different from that provided by modified 
electrodes based on common ligands or ion- 
exchangers. The following metal ions were 
tested at the 50 ppm level and found not to 
interfere in the determination of 25 ppm copper: 
Cd(II), Co(II), Ni(II), Zn(II), Cr(II1) and Ca(I1) 
(60 set accumulation; other conditions as in 
Fig. 2). Minor changes in the 25 ppm copper 
response were observed in the presence of 50 
ppm Mn(II), Pb(II), Ag(I), Bi(II1) and Sn(IV) 
(8, 9 and 20% increases, 6 and 20% decreases, 
respectively). Such interference is expected to 

increase at higher concentrations of these ions. 
The transfer of the electrode, with the collected 
analyte, to a blank electrolyte solution precludes 
interference from solution-phase species. 

Preconcentrating CMEs based on natural 
ionic polyelectrolytes provide an interesting 
opportunity to explore the binding of metal ions 
with these materials and can serve as useful 
tools for metal speciation studies. Preliminary 
experiments indicated the potential of the pectic 
acid CME for speciation work. For example, a 
gradual decrease of the peak for 4 x 10m4M 
copper was observed when the concentration of 
EDTA or NTA was increased from 0.5 x 10e4 
to 4 x 10e4M (accumulation for 30 set). Com- 
plete disappearance of the copper response was 
observed for 4 x 10e4M EDTA, in agreement 
with the 1: 1 stoichiometry of the Cu-EDTA 
complex. Work is in progress to obtain better 
understanding of the speciation data obtained 
with this and other preconcentrating electrodes, 
and particularly to identify the metal species 
measured. 

Electrodes modljied with alginic acid or heparin 

Alginic acid is a copolymer of a+glucoronic 
acid and /I-D-mannuronic acid. It has a very 
high binding capacity (50 pg/ml) for lead.i4 The 
ability of alginic acid modified carbon-paste 
electrodes to take up lead ions from solutions 
prior to voltammetric analysis is illustrated 
below. Figure 6 compares cyclic voltampero- 
grams of (A) unmodified and (B) alginic acid 
modified electrodes following a 60-set immer- 
sion in a 30 ppm lead solution, rinsing with 
water and placement in the blank (sodium per- 
chlorate) solution. No distinct redox processes 
are observed at the plain carbon surface. In 
contrast, a sharp anodic peak, corresponding to 
the oxidation of the surface-bound lead, is 
observed when the modified electrode is used 
(E, = - 0.46 V). Continuing to scan the CME in 
the blank solution causes the peak to decrease 
gradually. The oxidation peak (in Fig. 6B) 
reflects a full surface coverage, and corresponds 
to a charge of 61.7 ,uC and coverage of 
1.63 x 10m9 mole/cm2. 

The binding of lead by the surface-bound 
alginic acid can be utilized for effective pre- 
concentration prior to voltammetric analysis. 
Figure 7 shows current VS. accumulation-time 
plots for (a) 5 and (b) 15 ppm lead. At both 
levels the peak rises rapidly at first and then 
more slowly. The effects of the solution pH and 
modifier loading were examined with a 10 ppm 
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Fig. 6. Cyclic voltamperograms for unmodified (A) and alginic-acid modified (B) carbon-paste electrodes 
after immersion for 1 min in a stirred 30 ppm lead solution and transfer to the blank/electrolyte solution. 

Open circuit during accumulation. Scan rate, 50 mV/sec; solutions as in Table 1. 

lead solution and stirring for 30 sec. The profiles 
obtained are similar to the trends shown for 
pectic acid (in Fig. 3), with a gradual increase 
in the response between pH 1 and 5, and 
maximal response at 20% alginic acid loading 
(not shown). Acid treatment was found effective 
for stripping the lead at the end of each 
cycle. 

The alginic acid CME exhibits a well defined 
concentration dependence and reproducible 
response. Figure 8 shows voltamperograms 
for solutions with lead concentration increasing 
from 5 to 20 ppm, after accumulation for 
20 set and transfer to a blank solution. Well- 
defined peaks are observed (E,, = -0.48 V, 
b ,,* = 90 mV). A detection limit of 1 ppm can be 

estimated from the 5 ppm response. Calibration 
plots obtained with accumulation for 20 and 60 
set were linear up to 30 and 25 ppm, respectively 
(slopes, 3.4 and 5.5 ,uA.ml.pg-‘, respectively; 
correlation coefficients, 0.998). The reproduci- 
bility was estimated from twelve successive 
measurements of stirred 10 ppm lead solution 
(30 set accumulation). The mean peak current 
was 51.9 ,uA, range 48.4-55.2 PA, relative 
standard deviation 4.8%. 

Interference studies were performed with 
10 ppm lead in the presence of 20 ppm of differ- 
ent metals. The lead response was not affected 
by the presence of Cd(II), Ni(II), Mn(II), Ag(1) 
or Ca(I1). In contrast, competition for surface 
binding sites was indicated by the 20,26,29 and 
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Fig. 7. Response of the alginic acid modified electrode as a 
function of accumulation time for (a) 5 and (b) 15 ppm lead. 
The electrode was immersed for different periods in the 
stirred lead solution, washed and placed in the blank/ 

electrolyte solution. Conditions as in Table 1. 

33% decrease of the peak height in the presence 
of Zn(II), Cr(III), Fe(II1) and Cu(II), respect- 
ively. The standard additions method or the use 

I I I I 

-0.75 -0.50 -0.25 

Potential (VI 

Fig. 8. Voltamperograms for solutions containing increasing 
levels of lead, 5-20 ppm (a-d). Accumulation for 20 set; 
other conditions as in Table 1. Initial current positions 

displaced for clarity. 

(A) 

:/ 

I I 
0.1 -0.3 

Potential (VI 
Fig. 9. Cyclic voltamperograms for unmodified (A) and 
heparin-modified (B) carbon-paste electrodes after immer- 
sion for 5 set in a 25 ppm copper solution. Scan rate 
50 mV/sec; electrolyte 0.M acetate buffer (PH 6.8). 
Electrode composition: 30% heparin/38% graphite powder/ 

32% high-vacuum silicone grease. 

of selective masking agents should overcome 
these interferences. 

In addition to electrodes modified with pectic 
and alginic acids, carbon-paste electrodes 
modified with the mucopolysaccharide heparin 
were used for some preliminary experiments. 
Physicochemical studies have demonstrated the 
binding of copper ions to this anticoagulant.i7 
Figure 9 compares cyclic voltamperograms 
recorded for a 25 ppm copper solution, after 
5 set immersion of the unmodified (A) and 30% 
heparin (B) carbon-paste electrodes. The collec- 
tion of copper at the modified electrode is 
evident from the 25-fold enhancement of the 
copper oxidation peak and 50 mV negative shift 
in the peak potential. 

In conclusion, the binding of metal ions by 
the negatively-charged sugar units of the 
polysaccharide chain was exploited for design- 
ing novel polysaccharide-modified electrodes 
for preconcentration/voltammetry. Because 
they give biological collection of metals, such 
surface modifiers offer unique reactivity pat- 
terns. New insights into the interaction of 
polysaccharides with metal ions can also be 
obtained. The carbon paste is shown to be a 
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useful matrix for the incorporation of these 
modifiers in a stable, responsive and repro- 
ducible form. While the work presented here is 
within the context of natural polysaccharides, 
other biological materials (e.g., selected fungi 
and bacteria’*) offer considerable promise for 
use as surface modifiers in connection with 
bioaccumulation/voltammetric sensing. These 
CMEs, however, cannot compete with the sensi- 
tivity of the mercury electrodes used in stripping 
voltammetry. 
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EFFECTS OF COMPETITIVE BINDING ON THE 
AMPEROMETRIC DETERMINATION OF COPPER WITH 

ELECTRODES MODIFIED WITH CHROMOTROPE 2B 
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Summary-Electrodes modified with Chromotrope 2B incorporated by ion-exchange into a polycationic 
fdm of electropolymerlxed [Ru(v-bpy)J2+ (v-bpy = 4-vinyl-4’-methyl-2,2’-bipyridyl) have been employed 
in the amperometric determination of copper in solution and exhibit very high sensitivity as well as linear 
calibration curves in the concentration range 7 x lO-8-l x IO-‘M. The effects of competing ligands, 
including chloride, bromide, oxalate, ammonia, acetate, citrate, borate, hmnic and fulvic acids, or the 
presence of competing metal ions such as cobalt or nickel on the uptake of copper by the modified 
electrodes have also been studied. The presence of competing ligands or metal ions decreases the analytical 
signal due to copper incorporation. The magnitude of this effect is dependent on the relative strength of 
coordination of the competing ligands for copper ions or of Chromotrope 2B for the competing metals, 
and also on the concentration of the interferents. The relevance of this work to speciation studies is 
discussed. 

Chemically modified electrode8’4 are of great 
use in the development of analytical strategies 
and sensors, owing to the high specificity 
that can be achieved by appropriate choice of 
modifier, and the high sensitivity that can be 
achieved by preconcentration of the analyte at 
the surface-modified electrode. In addition, the 
methodologies and instrumentation involved 
are relatively simple. A large number of ana- 
lytical applications of chemically modified 
electrodes have been reported.9-26 

In our work, we have sought to exploit the 
advantages of polymer-modified electrodes for 
the determination of transition metal ions*“3 
and organic functional gro~ps.*~*~ The methods 
have been based on preconcentration of the 
analyte (metal ion or organic species) at an 
electrode surface modified with polymers 
carrying reagents for the selective and sensitive 
determination of the species of interest. 

For the determination of transition metal ions 
we employ bifunctional or multifunctional poly- 
mer films containing electroactive centers and 
coordinating groups. The internal redox center 
is used to induce precipitation of the polymer on 
the electrode surface and thus allows precise 
control of the coverage and also serves in the 
determination of the number of immobilized 

*Author for correspondence. 

ligand sites, which is important as it allows 
a priori determination of the saturation re- 
sponse. A coordinating group is chosen that will 
bind strongly and selectively to the metal ion of 
interest. In addition, we have also employed 
carbon-paste electrodes, in which the polymer 
containing the ligand is mixed with the pasting 
material. This approach allows rapid renewal of 
the electrode surface. 

The analysis is based on the electrochemical 
determination of the amount of immobilized 
metal/ligand complex and can employ either a 
metal or ligand redox process to provide the 
analytical signal which is related to the concen- 
tration of the analyte in solution. We have 
demonstrated the applicability of this approach 
to the determination of iron, copper, cobalt, 
nickel and calcium. 18-23 

We are also interested in assessing the utility 
of chemically modified electrodes in speciation 
studies, which are of great importance in analy- 
sis of environmental samples since the toxicity 
of metal ions is often strongly dependent on the 
form in which they are present. Speciation 
studies are difficult because the concentration 
levels are low, the given ion may be present in 
numerous forms, and the method of analysis 
must not only be sufficiently sensitive, but also 
not perturb the species distribution. 

Fundamentally, speciation involves analysis 
of the competitive equilibria between the metal 
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ion of interest and the ligands present in sol- 
ution. We have therefore initially investigated 
the response of electrodes modified with Chro- 
motrope 2B (for structure see Fig. 1) for the 
determination of copper ions in solution in the 
presence of competing ligands or metal ions. 

EXPERIMENTAL 

Reagents 

Chromotrope 2B (C2B) (Aldrich) was purified 
by three recrystallizations from an ethanol/ 
water mixture. The water was purified by a 
Hydro water purification train or a Millipore 
Milli-Q system. Buffer solutions and standard 
copper copper solutions were prepared from 
reagent grade materials. Acetonitrile (Burdick 
and Jackson distilled in glass) and dried over 
molecular sieves (4 A). Tetra-n-butylammonium 
perchlorate (TBAP) (G. F. Smith) was recrystal- 
lized three times from ethyl acetate and dried 
under vacuum at 75” for 72 hr. [Ru(v- 
bpy)s]2+ (PF&* was prepared as previously de- 
scribed.27 All other reagents were of at least 
reagent grade quality and were used without 
further purification. 

Instrumentation 

Prior to use, platinum or glassy-carbon disk 
electrodes sealed in glass or teflon, respectively, 
were polished with 1 pm diamond paste 
(Buehler), rinsed with water, placed in an ultra- 
sonic bath (in water) for 1 min and rinsed with 
acetone. 

Electrochemical cells of conventional design 
with three compartments separated by medium 
porosity sintered-glass disks were used through- 
out. 

Electrochemical experiments were performed 
with either an IBM Instruments EC 225 
Voltammetric Analyzer or a BAS 100 Electro- 
chemical Analyzer. Data were recorded on 
a Soltec X-Y recorder. Differential pulse 
voltammetric experiments were done with a 50 
mV pulse amplitude and a sweep rate of 10 
mV/sec. All potentials are referred to the 
sodium chloride saturated calomel electrode 
(SSCE) without regard to the liquid-junction 
potential. 

Procedures 

Electrodes were modified with a polymeric 
film of [Ru(v-bpy),12+ by reductively initiated 

*v-bpy = 4-vinyl-4’-methyl-2,2’-bipyridyl. 

polymerization from acetonitrile/O. lit4 TBAP 
solution as previously described.” The exact 
coverage was determined from the charge under 
the voltammetric wave for the Ru(III/II) pro- 
cess at about + 120 V. Typical coverages were 
2-3 equivalent monolayers. The modified elec- 
trodes were immersed in a stirred 1OmM 
aqueous solution of Chromotrope 2B for 15 
min. After rinsing with water, the electrodes 
were placed in contact (for 15 min, with stirring) 
with aqueous solutions of Cu(1) [obtained by the 
addition of a fivefold excess of hydroxylamine 
hydrochloride to Cu(I1) chloride solutions] at 
various concentrations and in the presence 
(or absence) of other metal cations or ligands, 
also at various concentrations. Afterwards, the 
electrodes were rinsed with water. 

Determinations (by differential pulse vol- 
tammetry) were performed in either aqueous 
trifluoroacetate buffer (pH 5.25) or in aceto- 
nitrile/O.lM TBAP. The currents were normal- 
ized with respect to the surface coverage, which 
was determined as described above. At least five 
replicate determinations were performed. 

RESULTS AND DISCUSSION 

Preliminary voltammetric characterization 

In the absence of copper, C2B did not exhibit 
any redox response in trifluoroacetate buffer at 
a glassy carbon electrode in the potential range 
between -0.5 and + 1.0 V. Upon addition of 
copper ions, a well defined wave was observed, 
which had a conditional potential of -0.05 V 
and that we ascribe to formation of a stable 
C2B/Cu complex. 

The electrochemical behavior of electrodes 
modified with poly-[Ru(v-bpy)$+ and loaded 
with C2B was also investigated before and after 
its exposure to an aqueous copper solution. 
Prior to exposure (Fig. l,A), the only electro- 
chemical response observed between - 0.50 and 
+ 1.40 V was that of the poly-[Ru(v-bpy),12+ 
at about + 1.20 V. After exposure, however, 
an additional redox response with a formal 
potential of - 0.05 V was observed (Fig. 1,B); 
consistent with the results in solution. 

When the electrochemical response of 
modified electrodes (again prior to and after 
exposure to copper-containing solution) was 
measured in acetonitrile medium, analogous 
results were obtained except that the wave for 
the C2B/Cu complex was at a formal potential 
of +0.45 v. 
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Fig. 1. Differential pulse voltamperograms for a glassy-carbon electrode modified with poly- 
[Ru(v-bpy)p]2+ loaded with C2B prior to (A) and after (B) exposure to a SOpM solution of copper. 

Inset: structure of C2B. 

Copper determination studies 

Electrodes modified with C2B were exposed 
to aqueous copper solutions (pH 5.25) at 
various concentrations, as described in the ex- 
perimental section. Subsequently, the electro- 
chemical response of the surface-immobilized 
C2B/Cu complex in either aqueous pH 5.25 
buffer or acetonitrile/O. IM TBAP was obtained, 
with the waves at formal potentials of -0.05 
and +0.45 V respectively, as the analytical 
signal. 

Figure 2 shows a plot of the logarithm of the 
normalized current (for the determination in 
acetonitrile medium) vs. the logarithm of the 
copper concentration in solution. A fairly good 
correlation (r = 0.98) was obtained over the 
concentration range 7.2 x lo-‘-1.1 x 1O-4M. 
This illustrates the sensitivity of the method 
and its wide dynamic range. A saturation re- 
sponse is obtained as shown by the levelling 
of the curve at the higher concentrations, 

-5.0 -7.0 -6.0 -5.0 -4.0 -3.0 -2.0 

log PJI 

Fig. 2. Calibration curve for the determination of copper 
with electrodes modified with poly-[Ru(v-bpy)$+ loaded 

with C2B. 

because of coordination of all the available 
surface sites. This was corroborated by the fact 
that the current for the immobilized C2B/Cu 
complex did not increase with further increase 
in the solution concentration of copper. In 
addition, the observed currents correlated 
very well with our estimates for a completely 
metalated film, calculated from the exper- 
imentally determined surface coverage of the 
polymer on the electrode surface an suming 
complete neutralization of the charge due to 
the pendant [Ru(v-bpy),]‘+ groups, by the 
sulphonate side-chains in C2B. This is based on 
the fact that we could precisely determine the 
amount of surface-immobilized [Ru(v-bpy)J*+ 
(from its voltammetric response) and from 
this, determine the maximum amount of C2B 
that could be incorporated by ion-exchange. 
Since the Cu/C2B stoichiometry is known, the 
measurement of the redox response due to 
the immobilized metal/ligand complex for an 
ostensibly metal-saturated film yields the 
amount of C2B incorporated. The experimental 
and calculated values were always in good 
agreement. We have also previously showni 
that for similar ligands there is virtually no loss 
of ligand or complex from the electrode surface 
upon potential cycling or in the presence of high 
(1 .OM) electrolyte concentrations for extended 
time periods. 

At the low-concentration end, the response 
appears to level off at a copper concentration of 
about 5.4 x 10m8M. This, however, appears to 
be due not to the limit of detection of the 
technique, but to background levels of copper in 
the reagents employed. 



92 SEGNG K. ctu et al. 

Competitive binding studies 
We have studied the effects of competitive 

binding of copper ions by other ligands or of 
other metals by the surface-immobilized ligand 
(C2B). These studies will be helpful in trying to 
apply the approaches described here to speci- 
ation studies since speciation fundamentally 
involves competitive equilibria. 

Competitive binding of copper by other ligands. 
In the investigation of the effects of competing 
ligands on the determination of copper, the 
modified electrode was exposed to solutions of 
copper at a fixed concentration of 1 x lo-‘M, 
which also contained a competing ligand at 
various concentrations. In this manner, we stud- 
ied the effects of chloride, bromide, oxalate, 
ammonia, acetate, citrate, borate, humic and 
fulvic acids as competing ligands. Figure 3 
shows representative results obtained when the 
competing ligands were chloride, bromide, oxa- 
late and hurnic acid. In all cases there was a 
diminution in the response for the surface- 
immobilized C2B/Cu complex and the magni- 
tude of this effect was proportional to the 
solution concentration of the competing ligand. 
The linearity of the log(i/r) vs. log[competitive 
ligand] plots strongly suggests that indeed the 
observed effects are due to competitive binding 
between the surface-immobilized C2B and the 
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ligand in solution. In addition, for the cases 
where there are reliable values for the con- 
ditional stability constants (b’) of the copper 
complexes with the competitive ligands, we find 
that a plot of log(i/r) vs. log /?’ is also linear. 
In other words, the response depends on the 
conditional formation constants for the copper 
complexes under the specific conditions used.28 
This supports our assertion that competitive 
binding effects are responsible for the observed 
diminution in the analytical signal, and more 
importantly, establishes that the relative 
strengths of coordination of the various ligands 
are maintained under the experimental con- 
ditions employed. This implies that the coordi- 
nation properties of an interface (a modified 
electrode in this case) can be systematically 
and deliberately controlled by choice of the 
immobilized ligand as well as by the presence of 
other competitive ligands in solution. This 
should have significant implications for speci- 
ation studies, which we are currently exploring. 

Competitive binding of other metals by sur- 
face-immobilized Chromotrope 2B. We have also 
performed some preliminary studies on the 
effects of other metal cations on the determi- 
nation of copper by electrodes modified with 
C2B. The electrodes were exposed to solutions 
containing copper at a concentration of 5OpM 

1.10 F”“‘“““‘“-l 
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4.0 4.2 4.4 4.6 4.8 5.0 

-log [Humic Acid] 

Fig. 3. Effects of competing ligands at various concentrations on the determination of copper at a solution 
concentration of 1 x 10-5M at electrodes modified with poly-(Ru(v-bpy),]*+ loaded with C2B. 
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ANION-EXCLUDING POLYPYRROLE FILMS 
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Snnuuary-A new method for modifying polypyrrole lilms is described. It involves complete oxidation 
of the film. The film produced is electronically nonconductive but ionically conductive, and has 
ion-selective properties based on the exclusion of anionic species. The effective pH within the 8hn can be 
controlled by the choice of supporting electrolyte used during the oxidative treatment, without loss of 
selectivity. Cyclic voltammetry is used to demonstrate the effect of film pH on the rate of dopamine 
oxidation in a neutral supporting electrolyte. 

Since the discovery of electrochemical polym- 
erization of pyrrole at electrode surfaces,‘*2 there 
has been considerable interest in the manipu- 
lation of polypyrrole (PPY) films to produce 
selective and catalytic surfaces for use as sen- 
sors. Because PPY films can be produced easily 
and with widely varying electrochemical charac- 
teristics, they have been the focus of several 
papers.- Such films have been produced by 
electropolymerization of suitable N-substituted 
pyrroles, 9-‘2 by physically trapping catalysts,‘*’ 
and by choosing counter-ions with desired 
characteristics.6s7 

In this study we report a new method for 
treating PPY to produce analytically useful 
films. It involves irreversibly oxidizing the films, 
which changes their characteristics, according to 
the supporting electrolyte used in the treatment. 
It has been reported that oxidation of PPY films 
at potentials > + 1.0 V us. SCE results in loss 
of the electrical conductivity of the film.‘3*‘4 This 
irreversible oxidation is attributed to nucleo- 
philic attack by anions and/or water on the 
cationic pyrrole nuclei in the polymer, resulting 
in loss of conjugation and hence conductivity.‘3 
Redox reactions at the underlying electrode still 
occur in spite of the loss of conductivity, con- 
trary to what has been reported.14 This indicates 
that the film is porous enough to allow diffusion 
of analyte and electrolyte to the underlying 
electrode surface. The response of the films 
depends on the charge of the redox couple. The 
cyclic voltammetry responses of anionic redox 
couples are suppressed, whereas those of neutral 
and cationic redox couples are not. 

*Author for correspondence. 

The pH of the supporting electrolyte used 
during preparation of the film determines the 
effective pH within the fihn, as well as the peak 
shifts in oxidation of pH-sensitive biological 
molecules. For example, the use of basic electro- 
lytes produces films that give greater reversi- 
bility in the oxidation of dopamine in pH 7 
phosphate buffer. 

This new treatment can produce ion-selective 
PPY lihns, the effect of which on pH-sensitive 
responses of biological molecules can be 
controlled by the method of preparation of the 
film. Development of such surfaces is currently 
of considerable interest.‘5’7 In this paper, 
we discuss the effects of the treatment on the 
responses of ferricyanide and small biological 
molecules involved in 2-electron a-proton 
oxidations, and show how the reversibility of 
these redox couples can be manipulated by 
choice of the supporting electrolyte used in 
preparation of the film. 

EXPERIMENTAL 

Reagents and methodr 

All chemicals were reagent grade, and used as 
received. Pyrrole, acetonitrile (MeCN), and 
tetrabutylammonium perchlorate (TBAP) were 
from Kodak. Potassium ferricyanide, ascorbic 
acid, and disodium hydrogen phosphate and 
trisodium phosphate were from Mallinckrodt. 
Potassium chloride, sodium dihydrogen phos- 
phate and sodium hydroxide were from Fisher, 
and dopamine was from Sigma. 

All electrochemical experiments were per- 
formed with a Bioanalytical Systems Analyzer 
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(BAS-100) at 25 & 2”. A saturated calomel elec- 
trode (SCE) was used as a reference, a l-cm’ 
platinum foil as an auxiliary electrode, and 
glassy carbon was used to make the working 
electrode, either alone or coated with PPY 
films. Glassy-carbon electrodes (GCE) freshly 
polished with grade B y-alumina (Fisher) on an 
Alpha A cloth (Mark V Laboratory) followed 
by ultrasonication for 5 min were used for each 
electrochemical measurement, and for the pro- 
duction of each PPY film. The GCE electrode 
areas were determined by chronocoulometry. 
The potential was stepped from +0.400 
to +O.lOO V 1)s. SCE in 1mM potassium ferri- 
cyanide (l&f KCl, D,, = 7.63 x 10e6 cm*/sec), 
with a pulse width of 500 msec. Typical elec- 
trode areas were cu. 0.068 cm*. All solutions 
were deoxygenated by bubbling nitrogen 
through them for 5 min. 

Preparation of polypyrrole films 

Polypyrrole electrodes were made by electro- 
polymerizing pyrrole on polished glassy carbon- 
electrodes at +0.950 V us. Ag.3 The solution 
used for polymerization was 50mM pynole and 
O.lM TBAP in MeCN. The film thickness 
was controlled by measuring the charge passed 
during the electropolymerization. Film thick- 
nesses of 0.1 pm were deposited by passage of 
24 mC per cm* of electrode area.3 The amount 
of charge passed was always within 2% of the 
required amount calculated from the electrode 
area. The electrodes were then washed with 
distilled water and allowed to dry. 

The PPY films were then cycled ten times, 
in aqueous solution, between +0.900 and 
-0.300 V vs. SCE. The supporting electrolytes 
used were all 0.5M and the scan rate was 
20 mV/sec. The electrodes were finally washed 
with distilled water. 

RESULTS AND DISCUSSION 

When 0.1 -pm thick perchlorate-doped PPY 
films were oxidized in the presence of 0.5M 
sodium perchlorate by cycling as described 
above, the background signals obtained in 
0.5M phosphate buffer (pH 7) were much 
smaller than those obtained with untreated 
polypyrrole (see Fig. 1). During oxidation of the 
PPY film, it is likely that the ratio of pyrrole 
units to perchlorate decreases, which may 
convert the PPY film from an electronic/ 
ionic conductor’* into a non-electronic but 
purely ionic conductor. The decreased back- 

Fig. 1. Cyclic voltammograms (20 mV/sec) of (a) an tm- 
treated PY and @I) a sodium perchlorate treated PPY !ilm 
in O.SM phosphate buffer, pH 7. Areas of the GC substrate 

are (a) 0.0696 f 0.0009 and (b) 0.0612 & 0.0016 cm2. 

ground, which is comparable to that obtained 
with a glassy-carbon electrode, supports this 
conclusion. 

The response of ferricyanide on the new Blm 
formed by oxidative treatment is suppressed 
relative to that on glassy carbon or on untreated 
PPY. Figure 2 shows voltammograms of 1mM 
ferricyanide in 0.5M phosphate buffer (pH 7) 
obtained with a GCE and the treated PPY f&n; 
in both cases the geometric electrode areas 
were approximately the same. The response of 
ascorbic acid in pH 7 phosphate buffer is also 
suppressed at the treated PPY electrode, in 
accord with the ferricyanide response, since the 
ascorbic acid (pK, = 4.2)19 will be present as 
ascorbate at pH 7. The oxidation of dopamine, 
which is positively charged at pH 7,* results in a 

Fig. 2. Cyclic voltammograms (2OmV/sec) of In&f ferri- 
cyanide in 0.5M phosphate buffer, pH 7, on (a) a GC 
electrode and (b) a sodium perchlorate treated (pH 5.8) PPY 
film. Geometric areas of the GC substrate are (a) 

0.0794 f 0.0004 and (b) 0.0612 f 0.0016 cm2. 
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Fig. 3. Cyclic voltammograms (20 mV/sec) of 1mM ascorbic 
acid (solid line) and 1mM dopamine (dashed line) in OSM 
phosphate buffer @H 7) obtained with a sodium perchlorate 
treated @H 5.8) PPY fhm. Geometric area of the GC 

substrate is 0.0612 k 0.0016 cm2. 

significantly higher faradaic response than that 
of the two negatively-charged species. Figure 3 
shows the responses of 1mM ascorbic acid and 
1mM dopamine in OSM phosphate buffer 
(pH 7) on the same electrode, and illustrates the 
effect of the charge of the redox couple. 

To determine whether this effect depended on 
the anion present in the supporting electrolyte 
during film preparation, PPY electrodes were 
treated in several different supporting electro- 
lytes, as described in the experimental section, 
because the electrical conductivity of PPY 
films is known to be dependent on the anion 
present during the electropolymerization.*“~z’ 
The electrolytes used included 0.5M sodium 
hydroxide (pH 13.3), sodium phosphate 
(pH 12.7), sodium chloride (pH 6.5), sodium 
perchlorate (pH 5.8), and sodium dihydrogen 
phosphate (pH 4.4) (Table 1). In every case the 
anion-response was suppressed, irrespective of 
the supporting electrolyte used. This suggests 
that a PPY film with increased electronegative 

Table 1. Effect of supporting electrolyte on response 
for 1mM dopamine in OX4 phosphate buffer (pH 7); 

scan rate 20 mV/sec 

Electrolyte PH 

NaH,PG, 4.4 
NaClO, 5.8 
NaCl 6.5 
NaW, 12.7 
NaOH 13.3 
GCE - 

‘P.8, 

pA.I.cm-2.mmole-’ 

36.75 
17.01 
31.5 
54.1 

141.7 
169.1 

character may be produced, resulting in re- 
duction of the faradaic current produced by 
anionic redox species. 

The response of positively charged analytes 
on treated PPY films is lower than that observed 
on GC and depends on the electrolyte anion 
used in the treatment (Table 1). This difference 
in response suggests that the effective electrode 
area is decreased by the presence of the tihn. 
As mentioned above, this could result from 
the formation of ionically conductive but 
electronically nonconductive films of fairly low 
porosity. 

The reversibility of the oxidation of dopamine 
depends on the pH of the supporting electrolyte 
used in the oxidation of the film. Films treated 
in basic supporting electrolytes have surfaces 
which increase the reversibility of dopamine 
oxidation. Several electrodes were made by 
treating PPY films in the presence of 0.5M 
sodium hydroxide (pH 13.3), trisodium phos- 
phate (pH 12.7), sodium chloride (pH 6.5), 
sodium perchlorate (pH 5.8), or sodium dihy- 
drogen phosphate (pH 4.4). Figure 4 shows the 
shift in anodic peak potential for the oxidation 
of 1mM dopamine in 0.5M phosphate buffer 
(pH 7) on films prepared in the different 
supporting electrolytes. At low pH, the pH- 
dependence of the anodic peak potential of 
dopamine is linear and has a slope of 
64 mV/pH, in fair agreement with that expected 
from the Nernst equation for a reaction involv- 
ing a 2e--2H+ transfer. The pK, of dopamine 
is g.92,22 and the oxidation of dopamine 

400- 

300- 

p : 

9 _ 
&oo - 

7 
4 

PH 

Fig. 4. Plot of anodic peak potential for the oxidation of 
ImM dopamine in 0.5M phosphate buffer @H 7) as a 
function of pH of the electrolyte used during treatment of 
the PPY film. Each point represents a different supporting 
electrolyte used during treatment (see text). Scan rate 

20 mV/sec. 
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becomes pH-independent as the pH of the film 
increases, as shown in Fig. 4. 

The response observed for dopamine is deter- 
mined by the type of film used and suggests that 
the internal pH of the film is controlled by the 
pH of the electrolyte used during oxidation, and 
controls the response, irrespective of the bulk 
solution pH. Typical responses for dopamine in 
OSM phosphate buffer (pH 7) at two electrodes 
of different effective pH are shown in Fig. 5. 

Change in the internal pH of the film can lead 
to an improvement in sensitivity, which is not 
simply a result of improved electrochemical 
kinetics of the analyte. Table 1 shows peak 
currents, normalized for concentration and elec- 
trode area, for the oxidation of 1mM dopamine 
in 0.5M phosphate buffer (pH 7). Films oxidized 
in OSM sodium hydroxide (pH 13.3) yielded the 
largest and most reversible responses, which 
were close to those obtained with unmodified 
GC, indicating that diffusion of dopamine 
through the film must be fast under these con- 
ditions. No peaks were observed for ferri- 
cyanide or ascorbate, as expected from the 
difference in response to cations and anions, 
already mentioned. After some use ( 10 complete 
scans), the magnitude of the response decreased 
by 23% but a well defined current-potential 
curve was maintained, with no shifts in peak 
potentials. This was contrary to the observed 
poisoning of untreated GC by dopamine oxi- 
dation products, which resulted in anodic peak 
shifts and a decrease in oxidation current. This 
poisoning effect of catecholamines is common 
with solid electrodes.23 Therefore, this reduction 

-5.o~,,~..,,,,,,,,,~,,,,,~,,,.,,,,,,,’,~.’.’ 
$00 400 

Poter-&Y (mV) 
0 -260 

Fig. 5. Cyclic voltammograms (20mV/sec) of 1mM dop- 
amine in 0.5M phosphate buffer @H 7) on a PPY electrode 
treated in OSM NaH,PO, (solid line) and in O.SM Na,PG, 
(dashed line). Geometric areas of the GC substrate are 

0.0676 f 0.0006 and 0.0618 f 0.0008 cm* respectively. 

in response could be a result of changes in 
film structure, and in turn porosity, over long 
periods of use. 

A plot of log ip, a US. log v (scan rate) was made 
for the oxidation of 1mM dopamine in OSM 
phosphate buffer (pH 7) at a fihn oxidized in the 
presence of 0.5M sodium hydroxide, to deter- 
mine whether the responses were diffusion- 
controlled. The plot had a slope of 0.499 f 0.004 
with a correlation coefficient (R2) of 0.9998. For 
oxidation at an untreated GCE the slope was 
0.460 f 0.054 (R2 = 0.9867). The GCE was 
resurfaced and ultrasonicated between each 
measurement. A slope of 0.5 indicates that the 
redox process is diffusion-controlled.24 

The results thus far obtained indicate that the 
anions present in the supporting electrolyte 
during oxidation of the film may in fact control 
the structure and chemical properties of the 
resulting PPY film. More experiments are 
necessary to elucidate the film structure. Further 
experiments are currently under way to quantify 
the responses of several redox couples on these 
surfaces. Other applications of these films are 
also being explored. 
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Summary-A chemically modified electrode (CME) containing I-(2-pyridylazo-2-naphthol is evaluated for 
its ability to preconcentrate bismuth(II1) prior to quanti&ation by voltammetry, The CME approach is 
shown to be s~ci~tly sensitive for sub-nanomolar concentrations to be burnable after chemical 
deposition for 60 sec. Further, when the bismuth is deposited from iodide-containing sulphuric acid media, 
the discrimination against interference by copper(H) is significantly better than that obtained with 
conventional stripping analysis. The results obtained for Bi(III) in an NBS reference solution agree well 
with the recommended value. 

Stripping voltammetry is a sensitive approach to 
the determination of traces of Bi(II1) in aqueous 
media.‘,’ Nanomolar concentrations, for 
example, can be determined after just a few 
minutes of electrolytic deposition at a mercury 
film electrode.3 However, the advantage of the 
highly sensitive stripping technique is often 
overshadowed by difficulties encountered in 
practical applications. One problem is that the 
effusion-controlled electro-reduction of Bi(II1) 
takes place at a potential which is considerably 
more negative than the stripping potential. This 
implies that Cu(II), which behaves more re- 
versibly, and is electroactive at near the Bi(II1) 
reduction potential, is likely to interfere. In 
addition, since amalgamate Bi(II1) is stripped 
at near the mercury oxidation potential, a sig- 
nificant current due to oxidation of the electrode 
material is typically superimposed on the Bi(II1) 
stripping signal. In this work we survey a differ- 
ent technique for determination of traces of 
Bi(II1). Like conventional stripping methods, 
the technique includes a deposition step and a 
voltammetric measurement step. The difference 
is that the analyte is accumulated by non- 
electrochemical attachment to a chemically 
modified electrode (CME).4d The CME is based 

*Present address: Water Pollution Control Research Centre, 
Harbin Architectural and Civil Engineering Institute, 
144 Dazhi Street, Harbin, People’s Republic of China, 

TAuthor for correspondence. 

on carbon paste and a reagent with chemical 
affinity for Bi(II1). In most respects, the analyti- 
cal approach is analogous to that for nickel- 
(II),‘*8 and CU(I),~ which were determined with 
carbon-paste CMEs containing highly selective 
modifiers (dimethylglyoxime and 2,9-dimethyl- 
l,lO-phenanthroline, respectively). However, no 
selective reagent for Bi(II1) is available. Instead, 
the CMEs are constructed from graphite paste 
containing l-(2-py~dy~zo)-2-naphthol (PAN). 
PAN is a commercially available reagent for 
solvent extraction of metal chelates, and is used 
in many extractive procedures for a wide variety 
of metal species. ‘O PAN is non-selective, but its 
preference for extraction of the individual 
metals can be controlled through the pH of the 
metal solution, and the concentration of a com- 
peting water-soluble reagent, such as iodide. A 
study of this has revealed that chemical depo- 
sition and voltammetric determination of Bi(II1) 
is feasible. Furthermore, subnanomolar concen- 
trations can be dete~ined following chemical 
deposition for 60 set from dilute sulphuric 
acid media. Equally important, when excess of 
iodide is added to the deposition medium, the 
selectivity for Bi(II1) is such that the signal 
for 53nM Bi(II1) is not affected by the presence 
of 0.53mM of Cu(I1). Moreover, the CME 
results for Bi(II1) in a well defined reference 
solution, containing twenty different metal 
species, agree well with the recommended 
concentration. 
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EXPERIMENTAL Apparatus 

Reagents 

Mineral acids of suprapur (Merck) grade 
and triply distilled water were used through- 
out the study. Standard solutions of metal 
ions were prepared by dissolving analytical 
grade AgNO, , Bi(N0, ), * 5H, 0, CoCl, * 6H, 0, 
CuSO,*SH,O, Fe,O,, Pb(NO,),, NiCl,*6H,O, 
ZnSO, .7H,O and SnCl, - 2Hz0 in dilute H, SO4 
medium (pH 0.75). Graphite pastes were pre- 
pared with PAN (Merck 7531), graphite powder 
@rum), silicone oil (Merck 9762, type 550), 
and anhydrous ethyl alcohol. The reference 
sample Trace Elements in Water (NBS 1643b) 
was obtained from National Bureau of Stan- 
dards, Washington, D.C. All solutions were 
kept in polyethylene bottles. 

Voltammetric measurements were made by 
using a computerized analyser.” The cells used 
for chemical deposition and for voltammetric 
measurements were 50-ml lidded polyethylene 
beakers, in which solutions were stirred from 
below by means of magnetic stirrer bars. In 
addition to the beaker and the carbon-paste 
working electrode, the voltammetric assembly 
included a saturated calomel reference electrode 
(Radiometer K401) and a counter-electrode 
(a platinum wire, 1 cm long and 0.5 cm 
thick). Prior to use, all bottles and beakers 
were soaked in 2M nitric acid for 7 days, washed 
three times with triply distilled water, and finally 
kept in 1M sulphuric acid. The solutions used 
for chemical deposition and for voltammetric 
measurements were freed from dissolved oxygen 
by passage of argon for at least 60 sec. 

Graphite-paste electrodes 

PAN/graphite mixtures (29, 38, 44, 46, and 
50% PAN w/w) were prepared in the following 
fashion. About 3 g of PAN was accurately 
weighed, and warm (~45~) anhydrous ethyl 
alcohol was added slowly, until complete dissol- 
ution was achieved. The warm solution was 
placed on a hot-plate (-SOO), the appropriate 
weight of graphite powder was added, and the 
resulting slurry stirred until a dry PAN-coated 
graphite powder was obtaintd. Plain (un- 
modified) and modified carbon pastes were pre- 
pared by hand-mixing 5 g of graphite or 
graphite/PAN mixture with 2 ml of silicone oil. 
Plain carbon paste electrodes (PCPE) and 
modified carbon paste electrodes were prepared 
from the pastes by a technique which has been 
described elsewhere.’ 

Procedure 

First, the Bi(II1) was chemically deposited on 
a CME (or PCPE), simply by immersing the 
electrode for a specified period of time in 20 ml 
of the deposition solution. Next, the electrode 
was transferred to the electrochemical cell and 
connected to the working electrode terminal of 
the potentiostat and the current us. potential 
curve was recorded. Finally the electrode 
surface was regenerated. 

Table 1. Voltammetric waveforms 

Linear sweep cyclic voltammetry 
Initial potential: + 1000 mV 
Switching potential: - 100 mV 
Sweep rate; 40 mV/sec 
Delay at switching potential: 60 set 

Programmed pulse stripping voltammetry 
Initial potential: - 100 mV 
Delay at initial potential: 60 or 4 set 
Waveform generated by repetition of the sequence: 

(a) 2 mV potential step 
(b) 1 msec delay 
(c) addition of the results of 40 A/D conversions of 

the cell current (100 psec per conversion) 
(d) 25 mV potential step 
(e) 1 msec delay 
(f) addition of the results of 40 A/D conversions of 

the cell current (100 psec per conversion) 
(g) -25 mV potential step 
(h) current computed as the difference of (f) and (c) 

Several variations of the basic procedure were 
tested. The chemical deposition was performed 
from solutions of Bi(II1) (and potentially inter- 
fering metals) in 1M potassium sulphate, 0.1 it4 
hydrochloric acid, dilute sulphuric acid (pH 
1.50, 1.32, 0.85, 0.75 and 0.62) and 5mM pot- 
assium iodide in dilute sulphuric acid (pH 0.75). 
The voltammetric measurement was made with 
dilute sulphuric acid (pH 0.75) in the electro- 
chemical cell. The voltammetric waveforms are 
specified in Table 1. 

Three different methods of regeneration of 
the CME surface were tested: polarization of the 
CME at + 700 mV for 120 set, exposure of the 
disconnected CME for 120 set to 1 O-‘it4 EDTA 
in borax medium (pH 9.0), and scraping off the 
exposed CME surface and polishing the new 
surface on paper until it was shiny. 

The cyclic voltamperograms obtained after 
exposure of the unmodified electrodes for 60 set 

RESULTS AND DISCUSSION 
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Fig. 1. Linear sweep cyclic voltamperograms recorded after 
IO-see CME exposures to the blank sulphuric acid medium 
(1) and to this medium spiked with 2 x lo-’ (2) and 10e6M 

(3) Bi(II1). 

to 1pM Bi(II1) in neutral to acidic media (1M 
KzS04, O.lM HCl, and O.lM H,SOJ were 
featureless. Thus there were no signs of attach- 
ment of Bi(II1) to the plain carbon paste. All the 
modified pastes, on the other hand, accumu- 
lated Bi(III), but their suitability as electrode 
materials depended on the modifier loading. 
The highest sensitivity was observed with CMEs 
based on the 38% (w/w) PAN/graphite mixture. 
Therefore such CMEs were used in all sub- 
sequent work. The experiments showed that 
Bi(II1) could be deposited both from 1M pot- 
assium sulphate and from O.lM hydrochloric 
acid. However, the highest sensitivity was ob- 
served for deposition from dilute sulphuric acid 
media. Figure 1 shows the cyclic voltampero- 
grams recorded after a IO-set exposure of the 
CME to a blank sulphuric acid medium (pH 
0.75) (I), and to this medium spiked with 
2 x lo-‘M (2) and 10e6M (3) Bi(II1). Clearly, 
electroactivity was observed both for the un- 
spiked and the spiked sulphuric acid medium. 
Furthermore, the oxidative voltammetric signal 
obtained for the blank medium overlapped the 
signals recorded after spiking with Bi(II1). This 
blank response was attributed to metal impuri- 
ties in the sulphuric acid medium. Such impuri- 
ties-especially Co(II), Cu(II), Fe(III), Ni(II), 
and Sn(II)-can be extracted by PAN from 
acidic media,” and CME experiments revealed 

Table 2. CME procedure for Bi(II1); recommended exper- 
imental conditions 

CME composition 5 g of PAN/graphite mixture 
(38% w/w) + 2 ml of silicone oil 

Medium used for Dilute H,SO, @H 0.75) 
chemical deposition spiked with 5mM KI 

Medium used for Dilute H,SO, (PH 0.75) 
voltammetric 
analysis 

CME surface Manual 
reaeneration 

that all five species could be accumulated and 
exhibit electroactivity at potentials ranging from 
300 to 500 mV us. SCE. The CME-sensitivity for 
Ni(I1) was almost as high as that for Bi(III), but 
the sensitivities for Cu(II), Co(II), Fe(III), and 
Sn(I1) were about 25, 48, 28, and 16%, respect- 
ively, of that for Bi(II1). Thus all five metal 
species presented a potential source of interfer- 
ence in the determination of traces of Bi(III). 
However, when iodide was added to the sul- 
phuric acid medium, the blank signal decreased 
drastically, and the selectivity for Bi(II1) was 
considerably improved. The sensitivity and 
selectivity for Bi(II1) depended somewhat on 
pH and the concentration of potassium iodide. 
However, at pH 0.75 and 5mM iodide in the 
sulphuric acid medium the sensitivities for 
Co(II), Cu(II), Fe(III), Ni(II), and Sn(I1) were 
all below 1% of the sensitivity for Bi(II1). The 
most efficient CME regeneration was achieved 
by squeezing out a 2-mm column of the carbon 
paste, scraping off the excess, and polishing 
the electrode surface on paper. This procedure 
left no evidence of previous CME-exposure 
to Bi(II1). Both the electrochemical (positive 
polarization), and the chemical (exposure to 
EDTA) treatment of the CME-surface removed 
part of the analyte deposit, but neither was 
satisfactory for repeated determinations of 
Bi(II1) at sub-micromolar concentration levels. 
Table 2 summarizes the recommended experi- 
mental conditions. 

These experimental conditions allowed the 
determination of ultratrace concentrations of 
Bi(III), e.g., in the unspiked deposition medium. 
In fact, a well defined programmed pulse 
voltammetric Bi(II1) signal of 150 nA was 
observed after exposure of the CME to the 
blank medium for 60 sec. Furthermore, when 
the blank deposition medium was spiked with 
lo-“M Bi(III), the mean and standard devi- 
ation of the signals recorded in 11 consecutive 
deposition/voltage scanning experiments were 
450 and 55 nA, respectively. Thus the reagent 
blank concentration was lower than lo-“M, 
and the limit of detection for a 60-set chemical 
deposition was of the order of lo-“M. The 
sensitivity of the CME procedure increased with 
the duration of chemical deposition. For in- 
stance, with 10s7M Bi(II1) in the deposition 
solution, the analytical signal increased linearly 
(correlation coefficient >0.99) with deposition 
time from 4 to 120 sec. The signal us. concen- 
tration behaviour was studied with four CMEs 
and chemical deposition for 60 sec. In all four 
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Fig. 2. A: Programmed pulse stripping voltampexograms recorded by using a thin mercury film electrode. 
Electrolytic deposition for 60 set at - 100 mV US. SCE. Medium: NBS-SRM 1643 b (curve a), NBS-SRM 
1643 b spiked with 25 PM Cu(II). B: Programmed pulse. stripping voltamperograms recorded by using 
the CME. Chemical deposition for 60 sec. Medium: NBS-SRM 1643 b (curve a), NBS-SRM 1643 b spiked 

with 600 FM Cu(II). 

cases the blank deposition medium could be 
spiked with more than lo-*M Bi(II1) before the 
signal as. concentration plot became non-linear 
(correlation coefficient ~0.99). Linear be- 
haviour was also observed from lo-’ to lo-‘M, 
with chemical deposition for 4 sec. Thus stan- 
dard addition afforded a viable means of 
quantification. 

Compared with the conventional stripping 
procedure, which is based on electrolytic depo- 
sition, the CME procedure discriminated well 
against interference from Cu(I1). This aspect 
was demonstrated by experiments in which the 
influence of Cu(I1) additions on the Bi(II1) 
signal was studied by the conventional stripping 
procedure and the CME procedure. The sol- 
ution investigated was the NBS 1643 b reference 
solution Trace Elements in Water. According to 
NBS, this solution contains 53nM Bi, 345nM 
Cu(II), and 18 other known metal species. In 
addition, the solution contains 0.5M nitric acid. 
For the present purpose a 20-ml volume of 
the solution was spiked with 5mM potassium 
iodide, and further acidified (to pH 0.75) by 
addition of a few drops of concentrated sul- 
phuric acid. 

The conventional stripping analyses revealed 
that the deposition of Bi(II1) required a poten- 
tial which was equal to or more negative than 
that used in the CME procedure for reduction 
of the Bi-PAN deposit (- 100 mV us. SCE). 

After electrolysis at this potential Cu(I1) did 
not produce a distinct stripping peak. However, 
the experiments showed that Cu(I1) was in fact 
deposited, and that its subsequent stripping 
gave rise to currents at the Bi(II1) stripping peak 
potential. This effect is demonstrated in Fig. 2A, 

which shows the stripping voltamperograms 
obtained following 60-set electrolytic deposition 
from the NBS water (a) and from the NBS 
water spiked with 25@4 Cu(I1) (b). 

In contrast, the analytical CME response was 
insensitive to addition of Cu(I1). As shown in 
Fig. 2B, the Bi response obtained from the 
unspiked sample (a) was not significantly differ- 
ent from that obtained after addition of 600@ 
Cu(I1) (b). 

In order to study the CME-performance in a 
practical analytical situation, the CME-pro- 
cedure was used to determine traces of Bi(II1) in 
tap water and in NBS-SRM 1643 b solution. In 
the latter determination, quantitative results 
were obtained first by a standard-additions ap- 
proach, then from a calibration graph obtained 
by CME-analysis of standard Bi(III) solutions. 
The results are shown in Table 3. Clearly, 
despite manual regeneration of the CME the 
results obtained were mutually consistent. Fur- 
thermore, the results for the NBS water agreed 
well with the NBS recommended value. The use 
of calibration plots requires a selective sensing 
device. Thus the agreement of the calibration 
and standard-addition results gave additional 
evidence of a selective analytical approach. 

We conclude that the CME approach is suffi- 
ciently sensitive for nanomolar concentrations 
of Bi(II1) to be determined after chemical depo- 
sition for 60 sec. 

The recommended regeneration method 
requires manual skill on the part of the exper- 
imenter. However, this disadvantage is over- 
shadowed by the discrimination against Cu(II), 
which is considerably higher than that obtained 
by using electrolytic analyte deposition. 



Sample* 

NBS-SRM 
1643 b 

Determination of bismuth(II1) 

Table 3. CME analysis of water samples 

Bismuth concentration Mean concentration 
found, nM found, nM 

52t 
44t 51 
51t 
57-t 

Recommended 
concentration, nM 

53 

105 

Traces Elements 
in Water 

Tap water 

53§ 
445 
485 

;; 

48 

*Acidified to pH 0.75 with concentrated H,SO, and spiked with 5mM KI. 
tstandard-additions method. 
galibration method, 
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AMPEROMETRIC BIOSENSORS FOR GLUCOSE BASED 
ON CARBON PASTE MODIFIED ELECTRODES 
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Summary-The modification of carbon-paste electrodes by incorporation of the enzyme glucose oxidase 
(GOD) is described. The resulting probes can be operated as amperometric glucose sensors in the presence 
or absence of a mediator (1, l’dimethylferrocene) mixed into the paste. Extended linear calibration ranges 
have been obtained up to 90 and 5OmM glucose respectively. The electrode responses were rapid, reaching 
steady-state values within 30-40 sec. Advantages of using a GOD-paste formulation are suggested. Plasma 
glucose assays were correlated with spectrophotometric determinations based on glucose oxidase 
(y = 1.07x - 0.16, r = 0.973, n = 17). 

The characteristics and performances of 
enzyme-based electrochemical sensors for 
glucose measurements have been extensively 
studied and reviewed.lm3 Selectivity, extended 
linearity and short response times are generally 
regarded as the main criteria for the applica- 
bility of glucose probes in “real sample” analy- 
sis. Amperometric detection systems employing 
glucose oxidase (GOD) as, a natural catalyst 
have mainly been developed. 

glucose + 0, ooD - gluconolactone + HzOz (1) 

Non-mediated and redox-mediated systems 
can be considered for construction of glucose 
sensors. The former monitor either oxygen con- 
sumption or hydrogen peroxide production, or 
the electrochemical behavior of the two FADHz 
redox centers of the enzyme.4 The mediated bio- 
sensors generally couple small electron-carriers 
with redox proteins to facilitate electron transfer 
between the enzyme and the electrode material. 
Sensors based on the ferrocene/ferricinium 
couple have been shown to be quite useful in 
this respect. 

glucose + 2Fe(cp)+ + ‘OD gluconolactone 

+ 2FE(cp) + 2H+ (2) 

The ferricinium ion [Fe(cp)+] competes favor- 
ably with the natural mediator oxygen to oxi- 
dize the reduced GOD. The reoxidation of the 

*Author for correspondence. 

reduced ferricinium [Fe(cp)] is monitored at the 
electrode at low potential (+ 160 mV vs. SCE) to 
minimize interferences. These devices require 
close proximity of the mediator to the electrode 
surface and the enzyme redox centers or its 
rapid diffusion between them. Several recent 
strategies, which combine GOD and mediator 
immobilization on or in the electrode material 
have been reported. ‘s6 The enzyme GOD may be 
entrapped in a thin ferrocene-containing poly- 
mer film electropolymerized onto the electrode’ 
or it can be incorporated into a carbon-paste 
matrix (graphite particles in liquid paraffin) 
in the presence of a ferrocene-polysiloxane 
backbone.6 There has been a growing interest 
in incorporating enzymes7-9 or mediator$-13 
into carbon-paste electrodes (CPE) to enhance 
mechanical and electrochemical properties. In 
the present work both the mediated and non- 
mediated systems have been investigated and 
the resulting probes tested for glucose assays. 

EXPERIMENTAL 

Apparatus 

Cyclic voltammetry measurements were per- 
formed with a BAS CV 27 voltamperograph 
connected to a Hewlett-Packard 7090 A X-Y 
recorder. A BAS three-electrode cell was used 
with the carbon-paste working electrode, satur- 
ated calomel reference electrode (SCE) and a 
platinum wire auxiliary electrode. 

Amperometric measurements were made with 
a Bruker E 100 polarograph connected to a 
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Servogor X-Y recorder. The 50-ml electro- 
chemical cell used to test the enzyme electrodes 
was operated in a three-electrode configuration. 
The temperature of the cell was controlled at 
24.0 + 0.2” by a Haake F thermostatic bath. 
The pH of the solution was measured with a 
Tacussel Mini 80 pH-meter. 

Reagents 

All reagents were of analytical grade and 
supplied by Sigma or Merck. The solutions were 
prepared with demineralized water. The sup- 
porting electrolyte was O.lM phosphate buffer 
(pH 7.0). Glucose oxidase, type X-S, activity 
150,000 U/g was from Sigma. Standard sol- 
utions of glucose (1M) were prepared one day 
before use by dissolution in O.lM phosphate 
buffer and stored at 4” for no longer than one 
week. Liquid paraffin was from Sigma (spectros- 
copic grade). Colloidal graphite powder was 
from Marly and purified by lixiviation with 
chloroform. The carbon paste was from 
Metrohm (EA 207C). 

Electrode preparation 

The enzyme electrode was made by pressing 
the active paste into the well of the body of the 
BAS electrode (3 mm in diameter, 2 mm deep). 
The paste surface was manually smoothed on 
clean paper. Paste I was prepared by careful 
mixing of 100 mg of carbon paste (Metrohm) 
and 6 mg of GOD in a mortar. Paste II was 
prepared by mixing graphite and l,l’-dimethyl- 
ferrocene [DMFe(cp)] in a mortar with a mini- 
mum amount of chloroform, evaporating the 
solvent, adding GOD and paraffin oil, and 
blending the mixture into a paste. The best 
mechanical and electrochemical stability and 
signal to noise ratio (amperometric background 
current 300 nA) were obtained with 125 mg of 
graphite, 11 mg of DMFe(cp), 18 mg of GOD 
and 66 mg of oil. The pastes were stored at room 
temperature. 

Procedures 

Enzyme electrodes made with paste I were 
conditioned for 2 hr in quiescent phosphate 
buffer (pH 7.0) containing 1OmM glucose, with 
the electrode at + 1.1 V us. SCE. After con- 
ditioning, the electrodes gave more stable re- 
sponses and extended linear ranges. Between 
experiments the electrode was stored in 1mM 
glucose solution in pH 7.0 phosphate buffer at 
room temperature and at open circuit. Enzyme 
electrodes made of paste II were conditioned for 

12 hr in similar conditions but with the electrode 
at +O. 16 V DS. SCE. Between experiments the 
probe was kept in the buffer, at + 0.16 V vs. 
SCE and at room temperature. 

Assay of plasma glucose. Plasma samples, 
stored in fluoride/oxalate-treated tubes, were 
obtained from a routine clinical laboratory. The 
electrode was covered by a Nuclepore 0.22~pm 
membrane prior to plasma assays. Measure- 
ments were made on 2.5 ml of phosphate buffer 
plus 0.5 ml of plasma. After the potential was 
applied the background current was allowed to 
decay to a constant value before plasma samples 
were added to the stirred solution. 

RESULTS AND DISCUSSION 

The incorporation of GOD alone or GOD 
and ferrocene-linked polymers into graphite 
pastes has already been described.6*7 The pastes 
used were home-made and contained relatively 
small amounts of oil, approximately 8 and 13% 
w/w respectively. Since mechanical instability 
along with large background currents may 
be encountered with such pastes,‘4*‘5 it was of 
interest to prepare carbon pastes with higher 
amounts of binder. 

Paste I modijied electrode (GOD-CPE) 

The amperometric response to glucose was 
investigated in the concentration range l-30mM 
and at three different applied potentials ( + 0.16, 
+0.90 and +l.l V us. SCE). At + 1.1 V, 
evolution of oxygen started to occur. More 
positive potentials were therefore avoided, as 
high background currents and unstable signals 
were observed. No electrochemical response was 
detected at +0.16 V 0s. SCE but currents 
linearly related to glucose concentration were 
obtained at the two other potentials; the slope 
of the response at + 1 .l V was four times that 
at +0.90 V vs. SCE. By studying the ampero- 
metric oxidation of hydrogen peroxide solutions 
at the carbon paste electrode (CPE), it was 
possible to detect its electroactivity at potentials 
higher than +0.60 V trs. SCE. At + 1 .l V us. 
SCE and in the presence of 1mM H202 the 
signal obtained at the CPE was approximately 
10 times that obtained under identical con- 
ditions with 1mM glucose at the GGD-CPE. 
Further experiments at + 1.1 V us. SCE indi- 
cated that the linear range of response at the 
GGD-CPE was extended up to 5OmM glucose 
(r = 0.9992) with 90% response times of 20-30 
sec. Figure 1 shows a typical calibration plot for 
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Fig. 1. Calibration curve for glucose enzyme electrode Fig. 3. Calibration curve for mediated glucose enzyme 
(GOD-CPE). Steady-state current measured at + 1.1 V us. electrode [GOD-DMFe(cp)CPE]. Steady-state current 

SCE, pH 7.0, 24”. measured at +0.16 V us. SCE, pH 7.0, 24”. 

the GOD-CPE. The electrode responded up to 
3OOmM glucose with an analytically useful 
range up to N 13OmA4. The apparent Michaelis 
constant was 75mM. Such an extended range of 
electrode response may be attributed to the 
slight evolution of oxygen at + 1 .l V vs. SCE 
and the presence of a relatively high amount of 
liquid paraffin in the paste formulation (N 30% 

w/w)* l6 The oily phase containing GOD and 
surrounding the graphite particles may act as 
a barrier restricting substrate diffusion at the 
electrod+solution interface. Such effects of the 
CP binder have already been pointed out in 
connection with investigation of organic sub- 
strates at carbon paste electrodes.‘3*14 

Paste II mod$ed electrode [DMFe(cp)-GOD- 
CPE] 

Ferrocene mixed into carbon paste electrodes 
has been shown by cyclic voltammetry to be- 
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Fig. 2. Cyclic voltamperograms taken with the GGD- 
DMFe(cp) modified carbon paste electrode in O.lM phos- 
phate buffer, pH 7.0, scan rate 10 mV/sec: (a) no glucose 
present; (b) with 1OOmM glucose, (c) with 2OOmM ghtcose. 

have reversibly.” Figure 2 shows a typical cyclic 
voltamperogram of DMFe(cp) mixed into the 
Metrohm CPE. By addition of glucose to 
the solution, the quasi-reversible behavior of the 
DMFe(cpkDMFe(cp)+ couple was altered. 
The presence of glucose induced an increase in 
the DMFe(cp) oxidation current and con- 
comitant lowering of the DMFe(cp)+ reduction 
current. This behavior is indicative that the 
regeneration of DMFe(cp) is catalyzed by the 
incorporated GOD. l7 Amperometric measure- 
ments were made with the electrode at +0.16 V 
us. SCE in order to minimize interferences from 
easily oxidized compounds. A typical cali- 
bration graph of the steady-state current vs. 
glucose concentration (Fig. 3) was linear over 
the range 20-90mM (I = 0.9982) then non- 
linear up to concentrations as high as 3OOmM. 
The apparent Michaelis constant was again 
75mM. Variation of the stirring speed had no 
significant effect on the DMFe(cp)-GOD-CPE 
signal. The response times of freshly prepared 
electrodes (90°/ of total current) were 10 set 
during the first 2 days of use and 30 set for older 
probes. The electrode stability was checked 
daily by obtaining calibration plots over the 
concentration range 0.5-1OmM glucose. Linear 
plots were obtained in all cases, with 10, 70 and 
90% decrease in response on days 2, 4 and 8 
respectively. The limited electrode lifetime may 
be related to progressive leaching out of the 
ferricinium ion from the electrode, which is 
permanently kept at +0.16 V us. SCE. The 
extended linearity obtained may again be at- 
tributed to diffusion-limited conditions through 
and within the oily electrode interface. Leaching 
of ferricinium from the electrode was detected 
by recording cyclic voltamperograms in the 
absence of glucose and with and without stirring 
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Fig. 4. Correlation between results for plasma glucose by 
the mediated enzyme electrode [GODDMFe(cp)-CPE] 

method and routine spectrophotometric assay.‘* 

of the solution. The oxidation peak was not 
affected by stirring, whereas the reverse peak 
was completely removed. 

Assay of plasma glucose 

Correlation of the results (y) of glucose as- 
says of plasma samples with probes based on 
paste II with the results (x) from a routine 
spectrophotometric method’* based on glucose 
oxidase gave a linear regression of 
y = 1.07x -0.16 (I =0.973, n = 17) (Fig. 4). 

CONCLUSION 

The incorporation of the enzyme GOD and 
redox mediators into a paste formulation may 
offer significant advantages for construction of 
glucose biosensors. The ease of paste prep- 
aration, handling and storage, along with 
possible miniaturization of the probeP*’ is 
highly advantageous, allowing various probe 
compositions and configurations. Further devel- 
opments, which would additionally mix appro- 
priate phospholipids into the enzyme-modified 
carbon paste,22*23 can be considered. 
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Summary-The potential-response of a microdisk electrode made with a chloride-doped polypyrrole 
(PPY) film on a carbon fibre (CF) has been examined. The effect of the polymerization conditions on the 
response characteristics is discussed. The optimum conditions for preparing the electrode are: cycling 
potential from f0.8 to + 1.0 V in 0.1-0.2M pyrrole (Py) containing O.lM LiCl, electropolymerization 
time 15-20 min. The electrode gives a Nernstian response of 56-58 mV/pCl and a detection limit of 
3.6 x lo-‘M chloride. It has the advantages of low resistance, short conditioning time and fast response. 
It has been used satisfactorily for detection of chloride in serum. 

The development and application of potentio- 
metric chloride sensors remains an active area of 
investigation, particularly in clinical analysis. 
Hansen et al., and Dahms and co-workers2s3 
have used an Ag/AgCl electrode to detect 
chloride in sweat and serum. Coetzee and 
Freise#*’ have developed another kind of 
chloride-sensitive electrode. In recent years, 
several groups have attempted to attach active 
species directly to a polymer to prepare ion- 
selective electrodes. Oka et ~1.~ prepared a 
chloride ion-selective electrode by grafting 
quaternary ammonium groups onto a polymer, 
and Sun and Zhang’ used a polymer doped with 
an alkylpyridine. Dong et al.’ studied a conven- 
tional electrode prepared with a chloride-doped 
conducting polymer. So far, a chloride-selective 
microsensor has not been reported. This paper 
describes such a sensor, prepared by electro- 
chemical polymerization of pyrrole (Py) on 
a carbon fibre (CF) microdisk electrode in a 
chloride solution. This microsensor has been 
used to detect chloride in serum. It has some 
advantages over conventional electrodes, such 
as fast response, short conditioning time and 
lower detection limits. It is expected to be able 
to detect chloride in vivo. 

EXPERIMENTAL 

Reagents 

Pyrrole (Fluka) was purified by distillation 
from calcium hydride and was stored under a 
nitrogen atmosphere at low temperature, and 

*Author for correspondence. 

protected from light. Lithium chloride, sodium 
sulphate, acetonitrile and other reagents used 
were of analytical reagent grade. Serum was 
taken from fresh blood. Doubly distilled water 
was used throughout. 

Apparatus 

All electrochemical experiments were done 
with a PAR model 370 Electrochemistry 
System, and potentials were measured with a 
PHS400 pH-meter. Glass capillaries were 
prepared with a laboratory-made capillary 
puller. 

Carbon fibre (CF) microdisk electrode. Carbon 
fibres, 30 pm in diameter, were washed with 
acetone, dried and cut into pieces 1.5 cm long. 
One such piece was fixed on a copper wire 
(0.3 mm diameter) with solder, and the wire was 
inserted into a dry glass capillary, which was 
then drawn to a tip (diameter 35-50 im) with 
the capillary puller. The other end was dipped 
into epoxy resin, and then cured in an oven at 
70” for 2 hr. The tip where the carbon fibre was 
exposed was cut off and the exposed wire and 
fibre surface was polished with alumina powder 
and cleaned.’ From the microdisk electrodes 
thus prepared, one with low resistance (< 1 m) 
was chosen, and its characteristics were exam- 
ined by cyclic voltammetry in a&o&rile sol- 
ution containing 5 x lo-‘A4 ferrocene and O.lM 
lithium perchlorate. 

Chloride-doped polypyrrole (PPy) film CF 
microdisk electrode. The PPy lihn was prepared 
on the CF microdisk electrode surface by 
constant-potential electrolysis of an aqueous 
solution containing 0.1-0.2M pyrrole (Py) 
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Fig. 1. Cyclic voltamperograms of 5mM ferrocene in aceto- 
nitrile containing O.lM LiClO,, at a CF microdisk electrode 
and various scan rates: (a) 100, (b) 200, (c) 500 mV/sec. 

monomer and O.lM lithium chloride. The film 

thickness was controlled by the electropoly- 
merization time. A conventional single- 
compartment cell equipped with a platinum 
wire as counter-electrode, a saturated calomel 
reference electrode with double salt-bridges 
(external tubes filled with 0. 1M sodium sulphate 

Fig. 2. Scanning electron micrographs of CF microdisk 
electrode (a) and PPy-coated CF microdisk electrode (b). 

0 10 20 30 40 50 60 70 60 90 100 

Time, hr 

Fig. 3. Effect of conditioning time on the response of the 
Cl--doped PPy flm CF microdisk electrode to O.lM Cl-. 

solution), and the CF microdisk electrode as 
working electrode was employed for the electro- 
chemical polymerization, The potential of the 
PPy film CF microdisk electrode was measured 
with the PHS-400 pH-meter. 

RESULTS AND DISCUSSION 

Electrochemical behaviour of the CF microdisk 
electrodes and their surface characterization 

Figure 1 shows cyclic voltamperograms 
obtained with a CF microdisk electrode. At 
slow scan rates (< 100 mV/sec), the voltampero- 
grams exhibit the sigmoidal shape expected for 
steady-state behaviour, with little change of 
current. The limiting current depends only on 
the number of electrons transferred (n), the 
analyte concentration (C) and diffusion 
coefficient (D), and the electrode radius (r), and 
not on time. The results obtained are consistent 
with the equation9 i = 4nFDCr. Figure 2 shows 
scanning electron micrographs of a CF micro- 
disk with and without a PPy film on the surface. 
Many holes are observed on the surface of the 
CF microdisk electrode (Fig. 2a), whereas the 
CF microdisk electrode modified with a PPy 
film has a smooth surface (Fig. 2b). It has been 
verified that a good response to chloride is 
obtainable only when the holes are completely 
covered with the PPy film. 

Chloride-response of the CF microdisk electrodes 

The chloride-doped PPy-coated CF micro- 
disk electrode gives a stable response to chloride 
after conditioning for a sufficient period of time. 
As with conventional electrodes, the response of 
a newly made electrode drops rapidly with 
time,8 but becomes stable after conditioning for 
24 hr, in contrast to the 2-3 days needed for a 
conventional electrode.* Figure 3 shows the 
response curves after different conditioning 
times. The response is also more rapid ( c 30 set) 
than that of a conventional electrode,8 owing to 
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Fig. 4. Potential response of Cl-doped PPy film CF 
microdisk electrodes prepared with a cycling potential of 
+ 1.0 V, in 0.2M Py in 0.M LiCl, and electrochemical 
polymerization for 20 min. Conditioning time: (1) 24, (2) 48, 

(3) 96 hr (three electrodes). 

the low resistance. Figure 4 shows that the 
response of the chloride-doped PPy-coated CF 
microdisk electrode conditioned for >24 hr is 
Nemstian. 

Eflect of preparation conditions on response 

E$ect of the applied potential. The cycling 
potential has a direct influence on the structure 
of the PPy fih~*~‘~‘~ The film electrode prepared 
at 0.5-l .l V shows, a stable Nemstian reponse 
to Cl-, but films prepared at lower (< 0.5 V) or 
higher (> 1 .O V) cycling potential give unstable 
responses, and electrodes prepared at the higher 
cycling potentials show high resistance. Non- 
Nemstian response occurs with electrodes made 
at lower cycling potential if the conditioning 
time is long. The optimum cycling potential is 
0.8-1.0 v. 

Effect of pyrrole concentration. When the Py 
concentration used is low (~0. lM), the PPy 
film formed is thin and the response is not a 
linear function of pCl-. When the conditioning 
time is too long, the film can be lost from the 
surface of the PPy-coated CF microdisk elec- 
trode, resulting in no response at all to Cl-. A 
Py concentration in the range 0.1-0.2M is found 
suitable. 

E#ect of doping chloride concentration. The 
concentration of the doping ion used in the 
electrochemical polymerization is important. At 
1.0 V the polymerization takes 20 min. When 
the chloride concentration used is less than 
O.lM, the response of the electrode is unstable 
and the slope decreases with time. The chloride- 
doped PPy-coated CF microdisk electrode ex- 

hibits good Nemstian response with a low 
detection limit when prepared in 0.M lithium 
chloride. 

Effect of electrochemical polymerization 
time. Provided that the PPy film covers 
the surface of the electrode completely, a 
good response to chloride is obtained. As 
the PPy film thickness is mainly controlled 
by the polymerization time, this needs to be 
long enough. It is found that the PPy 
electrode response is unstable and non- 
Nemstian if the polymerization time is too 
short, and if it is too long (>40 min) the 
electrode shows slow response owing to its 
high resistance, and linear repsonse to chloride 
can be obtained only with a longer conditioning 
time (> 24 hr). Normally, the electrochemical 
polymerization time is 15-20 min. 

The conditions recommended for preparing 
the chloride-doped PPy-coated CF microdisk 
electrode are therefore cycling potential 
0.8-1.0 V, polymerization time 15-20 min, 
Py concentration 0.1-0.2M, and supporting 
electrolyte 0.1 M lithium chloride. 

The PPy-coated electrode thus prepared 
gives a stable Nemstian response to 10-4-0.1M 
chloride, with a slope of 56-58 mV/pCl and a 
detection limit of 3.6 x 10e5M chloride. It also 
has faster response and shorter conditioning 
time than a conventional electrode. It may be 
used to detect chloride in uiuo and in organic 
solvents. 

Figure 5 shows that the response to 10e3M 
chloride is almost constant over the pH range 
3-5-7.0. 

Table 1 gives the selectivity coefficients for 
various anions. The electrode is not particularly 
selective for chloride, and several ions cause 
considerable interference. 
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Fig. 5. Relationship between pH and response of Cl--doped 
PPy film CF microdisk electrode in O.lM LiCl. 
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Table 1. Selectivity coefficients K,, of the Cl--doped 
PPv film CF microdisk electrode 

Interfering 
Selectivity coefficients, Kfj 

SOi- 1.1 x 10-s 
F- 4.0 x 10-l 
CH,OO- 2.2 x 10-2 
10; 10-l 
ClO,- 6.3 x lo-* 
NOT 5.0 x 10-l 
Br- 2.5 x 10-l 
I- 2.8 x 10-l 
HCOO- 5.0 x 10-l 
SCN- 1.3 x 10-l 

Human body fluids contain chloride, gener- 
ally at about 96106mM level in healthy cases. 
Therefore, the determination of chloride is 
important in clinical medicine, and the utility of 
the chloride-doped PPy-coated CF microdisk 
electrode for determination of chloride in serum 
has been examined. 

Table 2 shows the results obtained by diluting 
0.5 ml of serum loo-fold with doubly distilled 
water, and determining the chloride content by 
the standard-addition method. The relative 
standard deviation was 5.6%. 

Analysis of five patients’ serum gave the 
results shown in Table 3, together with the 
results obtained by an independent method, and 
the recoveries for a 1OOmM chloride spike 
added to the serum. 

Table 2. Reproducibility experiments for 1OOmM 
chloride 

No. Found, mM No. Found, mM 

1 99 5 99 
2 94 6 105 
3 104 1 89 
4 96 

Average 98 + 5.6 
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Summary-It is shown that near-Nemstian calibration slopes can be obtained with a Cu,,,Se electrode 
in a range of cupric ion buffers in spite of a high chloride content. Best results are obtained with the ligands 
ethylenediamine, glycine and hi&line. The onset of cupric ion toxicity towards marine organisms falls 
within the pCu calibration range obtained with glycine, and the Cu,,$e electrode could, therefore, be 
useful for monitoring cupric ion activity in bioassays in sea-water media. 

Cupric ion is of great environmental concern in 
natural waters, owing to its high toxicity towards 
aquatic organisms. Bioassays based on a range 
of growth-rate parameters and aquatic organ- 
isms (especially algae) have shown that the 
toxicity is a function of the activity of the cupric 
ion.la Thus, the overall toxicity of copper(I1) 
is generally lowered by complexation, but lipid- 
soluble copper complexes are an important 
exception.5 

Potentiometry with a cupric ion-selective elec- 
trode (Cu-ISE) is the only technique that allows 
selective determination of the cupric ion activity 
without disturbing equilibria in the sample. 
Therefore, a Cu-ISE seems to be the obvious 
choice for monitoring cupric ion activity in 
toxicity studies and environmental control. In 
practice, however, the utility of a Cu-ISE is 
limited by several factors. In media containing 
no bound copper(E), the lower limit of Nemstian 
response towards cupric ion is 10-7-10-6M,6 
which is too high for studies of natural waters. 
However, with cupric ion buffers the electrode 
can be calibrated’ down to cupric ion activities 
as low as 10-‘9M, provided that the total con- 
centration of copper(I1) species is above 10e6M. 
Therefore, a Cu-ISE may still be useful in 
toxicity studies performed with cupric ion 
buffers.2 The other major limitation to the utility 
of a Cu-ISE is the chloride interference,6 which 
researchers hitherto have regarded as an a priori 
obstacle to its use in sea-water studies. Although 
the chloride interference can be suppressed in 
media containing high concentrations of free 
cupric ion by polymer coating of the electrode,* 
no attempts have been made to calibrate Cu- 

ISEs in sea-water media containing cupric ion 
buffers. 

This paper demonstrates that it is possible to 
obtain near-Nernstian calibration slopes for a 
Cu-ISE in a range of cupric ion buffers with 
high chloride content. The experiments were 
done in a manner which could easily be adapted 
to bioassays and the media employed closely 
resembled sea-water. Moreover, the range of 
cupric ion activities within which the onset of 
toxic effects of this ion towards aquatic micro- 
organisms occursi is included in the Nemstian 
calibration ranges obtained. 

EXPERIMENTAL 

Apparatus 

The Cu-ISE was a Radiometer F1112Cu 
Selectrode, which employs a single crystal of 
Cu,,gSe as the sensing element. The reference 
electrode was a Radiometer K701 double- 
junction saturated calomel electrode with 2M 
potassium nitrate as the bridging solution. 
Potential readings were taken with a Radiometer 
PHM64 pH-meter (0.1 mV resolution). The cell 
was kept at 28 f 2” with a water-jacket. Sol- 
utions were stirred with a Teflon-coated mag- 
netic bar during measurement. 

Reagents 

Analytical grade chemicals and triply 
distilled water were used throughout. All 
calibration experiments were performed at pH 
8.4 (10e2M boric acid/2.5 x 10e3M sodium 
hydroxide buffer). The complexing agent sol- 
utions (mostly standardized by complexometric 
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titration with cupric ion, monitored with the 
Cu-ISE) were ethylenediamine (en), diethylene- 
triamine (dien), tris(2-aminoethyl)amine (tren) 
and nitrolotriacetic acid (NTA) at pH 8.4 and 
EDTA at pH 4.7 in O.lM acetate buffer. 
Iminodiacetic acid (IDA), histidine and glycine 
were standardized by acid-base titration. The 
purities of en, dien and tren were checked by gas 
chromatography and found to be adequate. 

Procedure 

Prior to each calibration run, the Cu-ISE was 
polished with Radiometer D709 abrasive agent 
and 0.25 pm diamond paste, followed by rinsing 
with ethanol. Between experiments, the electrode 
was stored in distilled water. 

Calibrations were performed by adding cupric 
ion from [Cu*+],,, = 2 x 10W6M up to the 
stoichiometric equivalent of the ligand concen- 
tration. Concentration increments were chosen 
so that approximately evenly spaced values of 
log[Cu2+]t0ta, were obtained. Calibrations were 
performed with low4 and 10e3M ligand present, 
with and without addition of 0.5M sodium 
chloride to the medium. Potential readings were 
taken when electrode drift was below 0.2 mV/ 
min, which occurred after a waiting period of at 
most 5 min [at low Cu(I1) concentrations]; 
usually, a waiting period of 1 min sufficed. 

After introduction of sample solution, the 
measurement cell was closed with plastic film 
and oxygen was removed by continuous passage 
of argon. In the calibration experiments, 
measurements were made in order of increasing 
copper concentration. The cell and the elec- 
trodes were carefully rinsed twice with 0.02M 
nitric acid and once with water before a solution 
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Fig. 1. Calibration curve for the CU-ISE, obtained by 
titration of IO-‘M dien with Cu(II). Medium: IO-‘M 
boric acid buffer +O.SM NaCl; range of total copper 
concentrations: 2 x 10m6-9 x 10e4M. Arrows indicate the 
part of the calibration curve used for calculation of the 

regression line. 

with a lower copper content than the previous 
one was introduced into the cell. 

The theoretical equilibrium values of [Cu*+] 
were calculated by use of the program MINEQLg 
with equilibrium constants from Smith and 
Martell.‘O 

RESULTS 

Figure 1 shows a typical calibration curve for 
the Cu-ISE in the presence of a Cu(II)-binding 
ligand. Clearly, a highly significant linear 
relationship between pCu and the electrode 
potential holds in most of the pCu range covered. 
The theoretical (Nernstian) slope of the calibra- 
tion line is (RT/nF) In 10 = (29.9 f 0.2) mV/pCu 
at (28 + 2)“. At high pCu values, the calibration 
curve levelled off in most cases, indicating that 
the total concentration of Cu(II) was insufficient 
to give a Nernstian electrode response. This part 
of the curve was always discarded in the calcu- 
lation of the linear regression data. In the 
calibration experiments with NTA and EDTA, 
the electrode potential was almost independent 
of the Cu(I1) concentration and no regression 
data for the calibration curve could be obtained. 
Table 1 summarizes the regression data for the 
calibration experiments. 

It has previously been shown that coating the 
Cu-ISE with the perfluorosulphonate polymer 
Nafion greatly suppresses chloride interference 
in media containing high concentrations of free 
copper(I However, this approach did not 
prove to be feasible for the copper(binding 
media in this study, because the response times 
were too long. 

DISCUSSION 

From Table 1 it can be seen that addition of 
chloride to the media containing Cu(II)-binding 
ligands did not have any large or unequivocal 
effect on the calibration data for the Cu-ISE. 
Moreover, chloride addition did not significantly 
change the absolute values of the electrode 
potential. In the tren system, the slope of the 
calibration line was increased by addition of 
chloride, whereas the opposite effect was ob- 
served for dien. For the other ligands, the slope 
was not significantly affected by addition of 
chloride. The sub-Nernstian calibration data 
for IDA and the unsuitability of the NTA and 
EDTA media for electrode calibration is in 
agreement with previous results.“*‘* The explan- 
ation of the distinctly super-Nernstian slopes 



Calibration of a solid-state copper ion-selective electrode 

Table 1. Effect of chloride on the calibration data for the Cu-ISE in media containing 
copper(R)-binding ligands 

Approximate C,,,, , Range of pcu Slope, Regression 
Ligand concn., M* M IWI)I, t Mt range mV/pCu coefficient n( 
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tren 

dien 

en 

glycine 

histidine 

IDA 

1o-4 0 0.6-8 x 10-S 
1o-4 0.5 1-8 x IO-’ 
lo-’ 0 0.2-8 x lo-’ 
lo-’ 0.5 0.6-9 x 10-d 

1o-4 0 0.4-8 x 10-S 
10-4 0.5 0.1-l x 1o-4 
10-3 0 0.2-9 x 1O-4 
10-3 0.5 0.4-9 x 1o-4 

1o-4 0 0.4-4 x 1o-5 
1O-4 0.5 0.4-4 x 10-S 
lo-’ 0 0.06-4 x 10-d 
10-3 0.5 0.1-5 x 10-d 

1o-4 0 0.2-3 x 10-j 
1o-4 0.5 0.2-2 x 10-S 
10-3 0 0.02-4 x 1o-4 
IO-’ 0.5 0.044 x IO-4 

1o-4 0 0.64 x 10-S 
1o-4 0.5 14 x 10-S 
10-3 0 0.1-4 x 1o-4 
10-’ 0.5 0.24 x IO-4 

1O-4 0 0.46 x 10-j 
1O-4 0.5 0.4-8 x 1o-5 
10-3 0 0.2-6 x 10-d 
lo-’ 0.5 0.2-6 x 1o-4 

14.8-16.7 26.4 
13.8-15.6 30.1 
14.6-17.1 39.6 
13.6-15.9 43.5 

13.0-15.2 31.7 
12.2-14.6 27.4 
12.1-15.8 36.9 
11.8-15.2 33.7 

12.0-14.2 28.6 
11.8-14.1 30.6 
13.0-16.1 32.6 
11.1-15.8 29.4 

8.8-10.6 
8.9-10.3 
9.0-12.7 
8.7-12.0 

11.8-14.1 
11.5-13.4 
12.9-16.0 
12.4-15.2 

10.1-12.1 
8.9-l 1.8 
9.8-13.3 
9.2-13.0 

29.6 
28.9 
32.3 
30.4 

32.8 
28.7 
32.9 
31.6 

21.2 
20.4 
18.0 
24.4 

0.999 6 
0.999 6 
0.997 8 
0.999 7 

0.999 8 
0.998 7 
0.999 9 
0.999 9 

0.998 6 
0.999 5 
0.997 9 
0.998 9 

0.997 6 
0.992 6 
0.998 10 
0.997 9 

0.998 5 
0.999 4 
0.999 8 
0.998 7 

0.985 5 
0.994 6 
0.989 7 
0.999 6 

*Actual ligand concentrations were within 10% of this value. 
tData in this and the following columns refer to the linear part of the E-pCu curve. 
gNumber of data points in linear regression. 

obtained in the 10m3it4 tren medium with and 
without chloride and in the 10m3M dien medium 
without chloride is not known. 

For the ligands en, glycine and histidine, 
near-Nernstian calibration slopes were obtained 
in media having approximately the same 
chloride content as sea-water. This result could 
be of great utility in studies on the toxic effect 
of Cu(I1) towards marine organisms. In particu- 
lar, the onset of toxic effects of Cu(I1) towards 
micro-organisms occurs in the pCu range 
9-11,i4 which lies within the Nernstian cali- 
bration range for glycine, making this ligand the 
most suitable for such studies. 

Non-stoichiometric copper selenide sensors 
are far more sensitive towards copper(I) than 
copper( and the sensitivity towards cop- 
per(I1) is attributed to the exchange reaction6g’3 

Cu, Se + Cu2+ *CuSe + 2Cu+ (1) 

The equilibrium constant for this reaction is 

(2) 

and the electrode potential is given by 

E = E” + $ (acu+ + KP;+,Cu2+ a&+) (3) 

where Kg+, cU2+ = J$‘. Thus, the contribution 
of copper(I1) to the electrode potential will be 
governed solely by the surface concentration of 
copper(I) generated by reaction (l), if this reac- 
tion is fast enough to establish the equilibrium 
at the electrode surface. However, several com- 
plicating factors may contribute to the overall 
response of the CU-ISE,~~‘~ such as reaction (1) 
not reaching equilibrium, the rates of transport 
of copper(I1) and copper(I) species to and from 
the electrode surface, dissolution of the Cu,, Se, 
causing an intrinsic contribution to the copper(I) 
concentration at the electrode surface, the rates 
of the complexation and dissociation reactions of 
copper(I) and copper species in the vicinity of 
the electrode surface, all of which can produce 
kinetic effects on the response. Although it is 
beyond the scope of this paper to investigate 
these effects in detail, it is interesting to note that 
addition of chloride to the copper(binding 
media did not shift the absolute values of the 
electrode potential significantly. For those 
ligands for which the stability constants of their 
copper(I) complexes could be found (en, glycine 
and histidine), equilibrium calculations showed 
that the activity of copper(I) was dramatically 
reduced by addition of chloride (assuming 
a large excess of ligand). In all cases, the 
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complexes formed between copper(I1) and 
the added ligands are so strong that addition 
of chloride has no effect on the activity of 
copper(I1). On a kinetic basis, it would be 
expected that chloride, because of its smaller 
size, will react much faster with copper(I) than 
the copper(binding ligands do. In view of the 
mechanisms listed it seems likely that transport 
of copper(I) from the electrode surface governs 
the electrode potential in the en, glycine and 
histidine media. 
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Summary-Most FIA applications involve simple unidirectional continuous-flow regimes. This paper 
continues the development of the flow-reversal (frFIA) approach and its applications. Flow-reversal flow 
programming achieves flexibility in operation without requiring manifolds to be refitted. The sensitivity 
of FIA titrations can be increased by use of frFIA. 

Flow-injection analysis (FIA) has demonstrated 
its utility in the automation of serial assays’” 
and sample pretreatment3 and as a method for 
achieving higher orders of analytical infor- 
mation.G A common characteristic of these 
three classes of application is their use of flow 
programming, i.e., the use of pumps and valves 
to propel, manipulate and chemically treat the 
sample according to a preset scheme. Flow-pro- 
gramming techniques range from simple single- 
line, uninterrupted flow systems to much more 
complicated arrangements. For instance, by 
stopping the flow at an appropriate time it is 
possible to measure the rate constants of enzy- 
matic reactions,7 enzymatic activity,%’ or the 
substrate concentration.‘O Flow programming 
can also be used for steps such as dilution,“~‘* 
extraction13 and preconcentration.‘4 

Another technique using flow programming is 
flow-reversal FIA (frFIA), which employs re- 
petitive reversals of flow to achieve various 
tasks.15-lg For example, frFIA can allow a vari- 
able amount of mixing between the sample and 
carrier,‘5*16*‘8 increase the efficiency of solvent 
extraction,17 lead to multiple detection capabili- 
ties’* and allow sampling and preconcentration 
of gaseous analytes.lg 

Two variables are often used separately to 
describe the extent of mixing or equilibration of 
the sample with the carrier/reagent. The dis- 
persion coefficient, D, is the ratio of the concen- 

*Present address: Department of Laboratory Medicine, 
SB-10, University of Washington, Seattle, WA 98195, 
U.S.A. 

TAuthor for correspondence. 

tration of analyte detected to the concentration 
injected, and is therefore indicative of the 
amount of mixing between the sample and 
carrier in the element of fluid on which the 
measurement is made. 

The overall equilibration of sample with 
carrier is often treated by the classical theory 
of mixing,20~21 which relates the degree of 
mixing to the number, N, of mixing stages in 
the FIA system. The length of such a mixing 
state is a fundamental parameter of the type 
and geometry of the FIA reactor and flow 
system (in formal analogy to plate-height 
theory in chromatography). Thus for a par- 
ticular conventional FIA manifold with a 
reactor of length, L, N is flxed since the equiv- 
alent theoretical plate height, H, is also fixed. 
Adjustment of the reactor length is the tech- 
nique most often used to adjust the amount of 
mixing in the FIA apparatus.“-I3 Thus, varying 
L in a flow-reversal experiment provides an 
additional means of varying the number of 
mixing stages. 

An application that benefits from the use of 
frFIA to vary the number of mixing stages is 
FIA titration. The FIA titration theory was 
developed by using the one-tank model.u23 It 
follows, from the equation for FIA titration,% 
that adjusting the number of mixing stages 
allows versatile control of the sensitivity of 
the determination. This paper is concerned pri- 
marily with developing a capillary-based FIA 
titration system which allows easy adjustment 
of the mixing conditions by avoiding the 
need for physical reconfiguration of the flow 
manifold. 
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120 GREGORY D. CLARK et al. 

EXPERIMENTAL 

Apparatus 

A home-made FIA analyzer based in part on 
the FIAlab system (Alitea U.S.A.) was used. 
The design of the components and software is 
discussed elsewhere.2s 

Hardware. A single-line manifold was used 
(Fig. 1). The reaction-coil length, a, was varied, 
typically being 50, 93 or 250 cm, the reactor 
tubing (0.5 mm bore) being coiled round a metal 
framework. FIAlab Teflon spacers served as 
connectors. A Rheodyne pneumatically actu- 
ated injection valve was used, with an injection 
volume of 25 ~1 (0.8 mm bore tubing). 

Alitea C-6V peristaltic pumps were used to 
propel the carrier, reagent and sample streams. 
A Z-shaped flow-cell with a volume of 10 ~1 was 
used. Optical fibers were used to guide light 
from a tungsten lamp into the flow-cell and 
hence to the detector. 

A Milton Roy Spectronic Mini 20 Spectro- 
photometer served as the monochromator and 
detector. The analog signal was amplified from 
50 mV to 10 V full scale by a home-made linear- 
gain amplifier, which employed an Analog 
Devices AD625 programmable-gain amplifier. 
The signal from the amplifier was filtered with 
a 4-pole filter, which removed any periodic 
noise with a frequency above 2 Hz, and was 
then directed to an IBM Data Acquisition and 
Control Adapter (DACA). The amplifier-filter 
and DACA configuration is described else- 
where?’ 

In addition, a Radiometer REA 112 chart 
recorder was connected in parallel with the 
amplifier to provide real-time signal autput. The 
signal was split before entering the amplifier, 
being converted into absorbance by a logarith- 
mic converter before being recorded. 

Sample 

Fig. 1. Flow-reversal single-line flow-injection manifold for 
the titration of strong acids (HCl, H,SO,, H,PO,): a and b 
are coils of Microline tubing. D is the flow cell. An 
IBM-compatible AT computer was used for experimental 

control and data acquisition. 

Automated operation. A computer program 
was used to control operation of the pumps and 
injection valve to acquire data.25 Before the 
beginning of an experiment, the appropriate 
pump sequence was entered into the program. 
The experiment was started by loading the valve 
and injecting the sample. The program, upon 
receiving an interrupt generated from the 
DACA board, read the 1Zbit analog-to-digital 
converter and stored the data in memory. Each 
time the interrupt pulse was received by the 
program, a counter was incremented. This 
counter was used as a timer for control of 
the pumps, with an accuracy of 30 msec for a 
60-set FIA experiment. 

Reagents 

A O.OlM solution of borax (sodium tetrabo- 
rate decahydrate) was used as the carrier for 
part of the study. A Bromothymol Blue (BTB) 
solution was prepared by adding 0.4 g of BTB 
to 25 ml of 96% ethanol and diluting to 100 ml 
with the borax solution; a lOO~g/ml solution 
prepared by further dilution with borax solution 
was used as the test sample in the dye tracer 
experiments. The titrations were done with 
O.OOlM sodium hydroxide as carrier, containing 
100 pg/ml BTB. 

Procedure 

The reactor length was held constant (see 
Apparatus). The flow-rates were measured by 
collecting the carrier for 3 min in a graduated 
cylinder. After injection, the sample was allowed 
to travel part-way in the coiled reactor. At the 
appropriate time the direction of pump rotation 
was instantaneously reversed. After an appro- 
priate period of reversed flow the pump was 
again reversed and the sample propelled in the 
forward direction. The number of flow-reversal 
periods was preset according to the extent of 
mixing desired. After the final flow-reversal 
period, the sample was propelled to the flow- 
cell. Absorbance measurement was made at 
620 nm, at which the base form of the indicator 
is monitored. 

The parameters of the flow program were 
the flow-time up to the first reversal, the 
duration of the reversed-flow cycle, and the 
number of flow-reversal cycles. In general, two 
types of experiments were performed. In one, 
the effect of flow-reversals on the peak shape for 
a tracer dye was examined. In the other, the 
effect of flow-reversals on FIA titrations was 
studied. 
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RESULTS AND DISCUSSION 

Some investigators’s~‘6.‘8 allow the sample 
bolus to pass through the flow-cell before the 
flow is reversed, so that the sample passes 
through the detector twice. This approach has 
several obvious advantages, e.g., the opportu- 
nity to repeat measurement of the analyte 
several times in one run, by repeated reversals. 
If the reaction kinetics is suitable, the rate of 
formation of the reaction product may be calcu- 
lated. However, most flow-cells have flow paths 
greater in diameter than the bore (0.5 mm) of 
the tubing commonly used in FIA systems, so 
passage through the detector on each flow- 
reversal cycle may then cause band broadening. 
In such a case, the flow-cell acts like a gradient 
device. In this study, the effects of changing the 
length of sample travel, L, on FIA titrations and 
on bolus shape were examined by not using flow 
reversal after the sample had passed through the 
flow-cell (and, as far as possible, while it was 
still partly in the injection loop). 

Eflect of $ow reversal on tracer dyes 

An experiment was performed to determine 
the effect of carrier-flow reversal on the peak 
shape. The bolus was retained in the reaction 
and injection loop. A series of flow reversals, 
each lasting 4.5 set in each direction, was used. 
Since the flow-rate was set at 3,36ml/min, the 
volume moved in each pulse was 252 ~1. 
The injection volume was 25 ~1 and the reactor 
was 215 cm long, corresponding to a volume 
of 430 ,ul. Other flow-rates were examined, 
although not systematically, because the pri- 
mary interest was in the effects of flow-reversal. 
Other factors which may contribute to the de- 
gree of mixing, including flow-rate, injection 
volume and reactor length, were held constant. 
The dispersion during each flow-reversal period 
in each direction would be expected to vary with 
the flow-rate, as in conventional flow-injection 
analysis. ’ 

The total volume (excluding the flow-cell 
volume and neglecting the connector dead vol- 
ume) was 455 ,ul, so the bolus was retained 
primarily in the reactor and to a lesser extent in 
the injection loop. The responses for O-4 flow- 
reversal periods are shown in Fig. 2. The time 
axis refers to the duration of the signal measure- 
ment: the recorder was started immediately be- 
fore the calculated appearance of the peak, i.e., 
the separate peaks are not related to the flow- 
reversal periods. It is clear that the peak under- 
goes a transition from a skewed to a more 

10 20 30 

lime, t (aec) + 

Fig. 2. E&t of flow-reversal on peak shape: O-4 flow- 
reversal periods are used in the five runs. 

symmetrical and almost Gaussian form, as 
reported by Betteridge et al.” As would be 
expected, the peak heights are reduced by in- 
creasing the number of flow-reversals, as a result 
of the increased length of travel of the bolus. 
Other experiments (data not shown) demon- 
strated that the residence time of the peak after 
one or several flow-reversal cycles is the sum of 
the residence time in the absence of flow-rever- 
sal, plus the sum of the times of each complete 
flow-reversal cycle. 

The absorbance values at the maxima of the 
peaks are plotted in Fig. 3 as a function of the 
residence time of the peaks. The residence time 
was used since it is one of the contributing 
factors in the dispersion of the analyte bolus. It 
is important to remember that the same reactor 
was used, and the number of flow reversals was 
increased. The peak height decreased as the 
residence time increased. Rule 3 of Rt%Eka and 
Hansen’ states that “the dispersion of the 
sample zone increases with the square root of 
the distance travelled through the tubular con- 
duit.” Therefore, D is proportional to the 
square root of the residence time, 2, since 
L = rUaVc, where U,, is the linear flow velocity. 
The dispersion coefficient was plotted as a func- 
tion of the square root of the residence time and 
the linearity was confirmed by a regression 
coefficient, R2, of 0.996. 

Eflect of flow-reversal on titrations 

The effect of the flow-reversal on peak shape 
and dispersion is clear. The sample bolus under- 
goes dispersion proportional to the square root 
of the length of travel. Another feature is the 
transition from the skewed peak, which is 
characteristic of a system with a single mixing 
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Fig. 3. Absorbance at peak maximum as a function of the 
total residence time for O-5 flow-reversal periods of 4.5~~ 

duration. 

stage, to a curve which is more symmetrical, 
because of more complete axial mixing. The 
question is whether data generated by using 
frFIA will be as useful as data generated by 
traditional techniques. 

Number of flow-reversal periods. A simple, 
unidirectional FIA titration of hydrochloric 
acid with sodium hydroxide solution gives peaks 

Ii 10 15 
Time, t (set) 

Fig. 4. Effect of O-4 flow reversals on the titration of O.lM 

which increase in width with increasing acid 
concentration.26 With the single-line manifold 
shown in Fig. 1, the effect of flow-reversal on the 
titration of 0.M hydrochloric acid with O.OOlM 
sodium hydroxide was examined; the results are 
shown in Fig. 4. The peak width was measured 
at a constant absorbance (half the steady-state 
absorbance).** As expected, increasing the num- 
ber of flow-reversal periods increased the time 
corresponding to equivalence (peak width, At). 

Five concentrations of hydrochloric acid 
ranging from 0.01 to O.lM were titrated, with 
O-4 flow-reversal periods. The results are plot- 
ted in Fig. 5 and the regression data are given 
in Table 1. The salient features of the graph are 
the increasing slope and the increased intercept 
at log[HCl] = 0, with increasing number of re- 
versals. It is also seen that increasing the num- 
ber of flow-reversal periods increases the peak 
width for a given acid concentration, and hence 
the sensitivity. 

Other experiments, in which the length of the 
flow-reversal cycle was varied, confirmed that 
the increase in sensitivity was due to the increase 
in total residence time. The flow-reversal time of 
4.5 set was the longest which allowed the sample 

WHCII, W) 

Fig. 5. Plots of peak width, Ar, US. log[HCl] for different 
numbers of flow-reversal periods: (0) 0; ( + ) 1; l 2; A 3; 

HCI with O.OOlM NaOH. n 4. 
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Table 1. Regression data for peak width as a 
function of log[HCl] for different numbers of 

flow-reversals 

Number 
of reversals Intercept Slope R2 

0 9.3 2.70 0.998 
1 10.4 2.96 0.999 
2 11.3 3.28 0.997 
3 12.4 3.68 0.996 
4 16.5 4.08 0.996 

bolus to remain within the reactor used, thereby 
yielding the largest enhancement of sensitivity 
(while excluding mixing effects from the detec- 
tor and injector) and was therefore used in the 
remainder of the experiments. 

Concentration dependence. Intuitively, the 
frFIA titration of a strong acid would be ex- 
pected to behave similarly to the “normal”, 
unidirectional FIA titration. Figure 7 shows the 
titration curves for several concentrations of 
hydrochloric acid, ranging from 0.01 to 0.144. 
They are very similar to those for unidirectional 
titrations.26 Figure 6 shows that the peak widths 
in Fig. 7 are linearly proportional to the logar- 
ithm of the acid concentration. 

Dependence on neutralization stoichiometry. 
Polyprotic acids are often titrated by use of FIA 
titration devices. The effect of neutralization 
stoichiometries on the titration curve was exam- 
ined. Strong acids of equal concentration but 
different proticity would intuitively be expected 
to give identical FIA titration curves for a given 
degree of neutralization. In a potentiometric 
FIA titration, the steps for the titration of the 
first two protons of phosphoric acid can be 
differentiated. In a dye-based FIA system, how- 
ever, where the dye changes color at a fixed pH, 
the two steps cannot be distinguished. If the dye 
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Fig. 6. FIA traces for the titration of 0.01-O). IM HCI with 
one flow-reversal period. 
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Fig. 7. Plots of the peak width, AI, us. log[H,SO,] for the 
titration of H,SO, with different numbers of flow-reversals 

(key as for Fig. 5). 

has a sufficiently low pK, only the first step will 
be observed, and if it has a high enough pK, the 
sum of the two steps will be obtained. The latter 
is the case with sulfuric acid titrations. Figure 7 
shows excellent linearity for the relation of peak 
width to the logarithm of the acid concen- 
tration. The plots also exhibit the expected 
increase in slope for increasing number of flow- 
reversal periods. Titrations of phosphoric acid 
showed similar behavior. 

Empirical equation. The equation” for 
the titration of an analyte was derived by 
using the single mixing-tank model. It has been 
shown here that both the slope and intercept 
of the calibration line increase with increasing 
number of flow-reversal periods (Table 1). 
Thus an appropriate empirical equation might 
be: 

At = 2.303k,( VJQ) log(CO,/CO,n) 

+ 2.303k,(vm/Q) h@v/~,d 

= 2.303k,( V,/Q) log C; + 2.303( l’,,JQ) 

x [kr log&/v,) - k, log( (1) 
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where V, is the volume of the mixer/reactor, Q 
is the volumetric flow-rate, Ci is the concen- 
tration of the analyte, CO, is the concentration of 
the titrant and S,, is the sample volume. The 
different slopes and intercepts for different 
numbers of flow-reversal cycles are reflected by 
change in k, and in both k2 and k, , respectively. 
Since these variables are an integral part of the 
calibration curve, the calibration is accom- 
plished by plotting the peak width against the 
logarithm of the analyte concentration. 

CONCLUSIONS 

The primary advantage cited by Betteridge et 
al.” for the use of frFIA was the increased travel 
length of the sample, which in turn increases the 
sample dispersion. Increasing the dispersion be- 
yond that attainable by unidirectional flow al- 
lows alteration of the reaction conditions 
without reconfiguration of the entire system. In 
this work, it is demonstrated that the use of 
flow-reversal enhances FIA titrations by allow- 
ing the analyst to control the amount of mixing. 
In flow-reversal FIA, the dispersion and extent 
of axial mixing are increased, leading to greater 
sensitivity of FIA titrations. 

Both the capillary and gradient-chamber ap- 
proaches have benefits and difficulties. The cap- 
illary-based system has the advantage of speed, 
but lacks the dispersive power for dealing with 
highly concentrated solutions, whereas gradi- 
ent-chamber devices permit the necessary ex- 
pansion of concentration range, but often 
provide too large a dilution, causing the analyte 
concentration to be indeterminate.‘O By its 
nature, the gradient chamber also has a long 
wash-out time, which lowers the sampling 
frequency. I5 Neither approach is particularly 
easily adjustable to allow optimization of the 
technique. 

Flow-programming is a fairly novel FIA tech- 
nique. So far only six papers”*‘s’g utilizing 
flow-reversal FIA have come to the attention of 
the authors. The reasons for this scarcity are as 
follows. 

(1) Many FIA practitioners have used chro- 
matographic intuition in their design of FIA 
manifolds and techniques and, except for 
column back-flushing, *’ chromatographic tech- 
niques do not utilize flow reversal. 

(2) The technique requires the use of pumps 
designed for instantaneous flow reversal, and of 
computer programs or sophisticated timers to 

control them. Until recently, these tools were 
not readily available. 

The motivation for employing flow-reversal is 
that, as with chromatographic flow program- 
ming,** it provides another adjustable exper- 
imental parameter. Control of the analyte bolus 
and its dispersion is critical in FIA and this 
technique supplies another means of manipulat- 
ing the sample zone. 

5. 

6. 

7. 

8. 

9. 
10. 
11. 

12. 
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Summary-A new, very useful application of open-closed configurations to kinetic studies is reported. 
The multipeak recordings provided by the manifold used, which features a single conventional photo- 
metric detector, were used to calculate the rate constants and reaction orders of a chemical system, namely 
the l&and displacement reaction between the cobalt(IIkEGTA complex and PAR. 

Since its inception, flow-injection analysis 
(FIA) has gained increasing popularity, both 
for routine analyses and for research purposes. 
Among the latter, the determination of different 
physicochemical constants (e.g., viscosity,’ 
diffusion coefficients,2 kinetic parameters3) 
makes the technique a very useful tool for 
scientific research. 

Flow-injection analysis combines the advan- 
tages of continuous-flow mixing methods and 
stopped-flow methods4*5 and overcomes their 
disadvantages, e.g., it allows faster reactions to 
be investigated and ensures continuous flushing 
of the measuring cell (it resembles the continu- 
ous-flow mixing methods in this respect), and a 
single experiment provides information on the 
reaction kinetics through the recorded concen- 
tration/time curve. The main disadvantages 
of the traditional open manifold are the high 
reagent consumption and the limited amount 
of information that can be obtained from 
development of the reaction in a single injec- 
tion. These drawbacks could be efficiently elim- 
inated by using an open-closed system.6‘8 In 
this way, multipeak detection could be accom- 
plished without the need to install a series of 
detectors along the manifold, which could prove 
rather expensive. An additional advantage of 
open-closed systems is the possibility of reach- 
ing reaction equilibrium, which is not always 
feasible with open systems. Because of the inten- 
sive mixing in open-closed flow systems when 

*Permanent address: Department of Analytical Chemistry, 
Faculty of Sciences, University of Sofia, 1126 Sofia, 
Bulgaria. 

the system volume considerably exceeds the 
injected volume, static reaction conditions (i.e., 
constant concentration of one of the reactants), 
which otherwise require sophisticated equip- 
ment,4 can be readily accomplished. 

Open-closed systems have already been 
applied for determination of partial reaction 
orders and rate constants of different reactions 
widely used in chemical analysis.- The results 
are most likely to be affected by the hydrodyn- 
amic regime of the flow system and cannot be 
considered “pure” chemical kinetic parameters. 
One approach to the determination of true 
reaction orders and rate constants irrespective 
of the flow pattern in the manifold involves 
finding a relation between the signals obtained 
under the same hydrodynamic conditions in the 
absence and presence of the chemical reaction 
investigated. 

This paper reports on the theoretical develop- 
ment of such an approach and its application to 
the study of the ligand-displacement reaction 
between the cobalt(IIEEGTA complex and 
PAR. 

THEORETICAL FOUNDATION 

The dispersion of the analyte in traditional 
open FIA systems can be described on the basis 
of an axially-dispersed plug flow model,g which 
is represented mathematically by the equation: 

dC/dt = DLd2Cldx2 - udC/dx (1) 

where t is time, x the axial distance, C the 
concentration, u the mean linear flow-rate and 
D, the axial dispersion coefficient. This last 
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parameter depends on the extent of convective 
mixing and on the molecular diffusion, and can 
be calculated theoretically when this type of 
mixing is prevalent.‘O 

When the analyte is involved in a first 
or pseudo-first order reaction, equation (1) 
becomes: 

dC/dt = DLd2C/dx2 - udC/dx - kC (2) 

However, it can be shown that substitution of 
Co exp( - kt) into equation (2) yields equation 
(l), with a new dependent variable, Co replacing 
C. Obviously, Co is the analyte concentration 
which would be detected in the absence of 
chemical reaction. On the basis of the reasoning 
above, if the injected analyte is involved in a first 
(or pseudo-first) order reaction, the actual rate 
constant can be determined by processing the 
data obtained by injecting the analyte into the 
carrier without [CO(t)] and with reactant [C(t)] 
according to the equation: 

C(t) = CO(t)exp( -kt) (3). 

If the reaction product rather than the analyte 
itself is monitored, then we may write: 

dC,/dt = DLpd2Cp/dx2 - udCJdx + kC (4) 

where C, is the concentration of the product and 
DLP its axial dispersion coefficient. 

If, in addition, we assume the axial dispersion 
coefficients of the analyte (DL) and the product 
(DLP) to be similar, then the following relation- 
ship will hold: 

c,+c=c;=co (5) 

where CE is the concentration of product that 
would arise if all the analyte reacted immedi- 
ately after injection. 

By using the equations 

c =(C”,- C,) = CO,exp(-kt) (6) 

and 

C, = Cz [l - exp( - kt)] (7) 

equation (4) can be transformed into a form of 
equation (1) in which the variable Ci replaces C. 
Further, if the product is monitored, the rate 
constant can be calculated from equation (6) 
provided the shape of the concentration/time 
curve obtained by injection of the product or the 
analyte in the absence of chemical reaction is 
known in advance. The assumption that the 
axial dispersion coefficients of the analyte and 
the product are very similar imposes no substan- 
tial limitations as long as the dispersion pro- 

cesses in the flow system are governed by 
convective mass-transfer, since any difference 
between the diffusion constants of the analyte 
and the product would result in no substantial 
differences between the corresponding axial 
dispersion coefficients. In fact, the flow pattern 
of an open-closed flow system is convectively 
controlled because of the intensive mixing 
resulting from the use of the peristaltic pump. 

According to these considerations, the con- 
centration of the monitored chemical species 
(i.e., the analyte or the product) at the detection 
point in the absence of a chemical reaction can 
be taken as the initial or final (steady-state) 
value under batch conditions, while the concen- 
trations monitored in the event of a chemical 
reaction can be regarded as the transient con- 
centrations corresponding to these initial or 
final concentrations. 

It may be assumed that, if the condition 
involving the equality of the axial dispersion 
coefficients of all the chemical species taking 
part in the reaction is valid, this reasoning could 
also be applied to reactions other than those of 
first or pseudo-fist order. In this respect, the 
following reaction stoichiometry and kinetic 
equation are a representative example: 

R,+R,&P (8) 

dC,/dt = kc, C, (9) 

where C, and C, are the concentrations 
of reactants R, and R2, respectively. If the 
concentration/time curves for at least two of the 
chemical species involved in the reaction in 
the absence of chemical interaction (e.g., Cy 
and Ci) are known, then, taking into account 
that C, = Cy - C,, and C, = Ci - Cr, , the corre- 
sponding solution of equation (9) allows the rate 
constant to be calculated. Assuming the product 
is the chemical species monitored: 

If only the stoichiometry is known and both 
the rate constant and the reaction orders are to 
be determined, then the following approach 
could be applied: (i) the time-dependence of Cy, 
Ci and Cp should be obtained; (ii) among the 
kinetic equations with solutions similar to 
equation (lo), i.e., f (Cy , C;, C,) = kt, that 
yielding the same k value for all time points 
should be selected as the most likely kinetic 
equation; (iii) such an equation should be 
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Fig. 1. Scheme of the open-closed FIA manifold. R, , R,, 
reagents; P, peristaltic pump; V, , selecting valves for chan- 

nels (1) and (2); V,, injection valve. 

checked at different initial concentrations (i.e., 
Cy and Ci should be varied). 

EXPERIMENTAL 

Reagents 

Aqueous solutions of ethyleneglycol bis-(/?- 
aminoethyl ether)-N,N,N’,N’-tetra-acetic acid 

(EGTA), 4-(2-pyridylazo)resorcinol mono- 
sodium salt monohydrate (PAR), cobalt(H) ni- 
trate (guaranteed reagent grade) and boric 
acid/sodium hydroxide buffer” (pH = 8.8) were 
used. 

Apparatus 

A Hewlett-Packard 8452A diode-array spec- 
trophotometer furnished with a Hellma 
178.12QS flow-cell (18 ,ul) and interfaced to a 
Hewlett-Packard Vectra ES/12 personal com- 
puter was used. A Gilson Minipuls-2 peristaltic 
pump, Tecator L 100-l and Rheodyne 5041 
injection valves, and a Tecator TM-III chemi- 
fold were also used. 

Manifold 

The manifold used is depicted in Fig, 1. 
Valve V, is an ordinary valve that can be 
switched between channels 1 and 2, while the 
other channels lead to waste. The sample con- 
taining both reagents, mixed at a confluence 
point upstream of the injection valve V,, is 
introduced into the flow system previously 
closed by valve V, . The reagent concentration in 
the carrier stream, and the pH, are the same 
as in the injected sample. Pump P ensures the 
flow circulation in the closed system. The 
lengths of the two reactors are 75 and 360 cm, 
respectively. Teflon tubes of 0.5 mm bore are 
used. The flow-rate in the closed system is 
measured from its total volume (2.08 ml) and 

the mean residence time is taken as the time 
difference between two adjacent peaks. The 
volume of sample injected is 77 ~1. All volumes 
are determined from the weight of doubly 
distilled water required to occupy them. The 
volume of the sample loop is also checked on 
the basis of the injected analyte concentration, 
the volume of the closed system and the equi- 
librium analyte concentration in the absence of 
chemical reaction. 

Chemical reactions and spectral data 

Under the experimental conditions, viz. 
pH = 8.8, the predominant species of PAR 
is the singly charged species, HR-,12 and the 
complex of cobalt(H) with EGTA occurs in 
the forms CoY2-, CoHY-, and CoH2Y, the 
stability constants of which are 1012.3, 1W9 and 
lo’.‘, respectively.i3 Cobalt(I1) forms a red com- 
plex with PAR with a metal-ligand ratio of 1: 2 
in slightly alkaline media.i4 The stability con- 
stants of the complexes CoHR+ and Co(HR),+ 
are 10’“.o and 107~‘,L5 respectively. It should be 
noted that magnetic susceptibility measure- 
ments have revealed that cobalt occurs as 
cobalt(II1) in its complexes with PAR and 
PAN.16 According to Funahashi and Tanaka,i3 
the oxidation of cobalt(H) occurs immediately 
after the incorporation of the second PAR 
molecule. 

The ligand-substitution reaction can be rep- 
resented schematically in two stages: 

CoY’+HRLCoHR+Y (11) 

CoHR + HR 2 COG (12) 

where Y’ denotes all forms of EGTA, irrespec- 
tive of their extent of protonation. 

The overall reaction can be obtained by 
adding equations (11) and (12): 

Coy’ + 2HR -% Co(HR), + y (13) 

The electrical charges of all chemical species 
in equations (11)-(13) have been omitted for 
clarity and simplicity. The proton mass-balance 
has not been taken into account, because all the 
chemical reactions take place in a buffered 
medium. 

The kinetics of reaction (11) on the one hand, 
and of reactions (12) and (13) on the other, can 
be elucidated if COY’ is in excess in the first case, 
and PAR in the other two. Calculations based 
on the stability constants of CoHR and 
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Fig. 2. Spectra of 2.50 x 10m5M solutions OE (1) PAR, (2) COY’; (3) CoHR, (4) EGTA (coinciding with 
the spectrum of COY’); (5) Co(HR),. The spectrum of Co(HR), was recorded with excess of PAR present. 

Co(HR), showed that if equal volumes of equi- 
molar solutions of cobalt(I1) and PAR are 
mixed, the 1: 1 complex obtained is predomi- 
nant ( > 99.9%), whereas if the concentration of 
PAR is twice that of cobalt(I1) the Co(PAR), 
complex should predominate. On the basis of 
this, solutions of CoHR and Co(HR), were 
prepared. By mixing equal volumes of equi- 
molar solutions of cobalt(I1) and EGTA, the 
corresponding complex (COY’) was obtained. 

The spectra of COY’, PAR, CoHR, Co(HR), , 
and EGTA are shown in Fig. 2. All solutions 
were prepared in boric acid/sodium hydroxide 
buffer (pH 8.8). 

The ligand-displacement reaction was investi- 
gated by monitoring the absorbance of the 
flowing solution at 410 nm (A,, for PAR), 
448 nm (isosbestic point for PAR and CoHR), 
505 nm (maximum for CoHR) and 515 nm, 
where the absorbance was due almost exclu- 
sively to CoHR. Concentration DS. absorbance 
plots obtained at these wavelengths over the 
concentration range O-5.00 x 10eSM for PAR, 
CoHR, and Co(HR), were all linear. 

Procedure 

During the experiments, the following injec- 
tions were made: 

(i) 5.00 x 10e4M solutions of PAR and 
CoHR into a carrier containing only buffer. 

(ii) 5.00 x 10W4M solution of CoHR into a 
carrier containing 2.50 x 10m4M PAR or 1.25 x 
10W5, 2.50 x 10e5, 5.00 x 10m5, 1.25 x 10e4 or 
2.50 x 10-4M Coy’. 

(iii) 5.00 x 10v4M solution of COY’ into a 
carrier containing 1.25 x low4 or 2.50 x 10m4M 
PAR. 

In all cases, the corresponding confluent 
solutions of COY’ and PAR were twice as 
concentrated as the carrier. This resulted in a 

reagent concentration in the sample loop of 
valve V2 (Fig. 1) equal to that in the carrier. 

The experiments were repeated for three 
different carrier flow-rates (1.7, 2.5 and 
3.1 ml/min). 

RESULTS AND DISCUSSION 

In the first series of experiments the ligand- 
displacement reaction was investigated under 
pseudo-fist-order kinetic conditions. For that 
purpose, solutions of CoHR (Fig. 3B) and COY 
(Fig. 3C) were injected into carrier solutions in 
which PAR was in large excess. The axial 
dispersion coefficients of all reagents and prod- 
ucts of the reactions studied were assumed to be 
equal, and the absorbances for individual 
species were assumed to be additive. The dis- 
persion of CoHR was calculated from the 
recordings shown in Fig. 3A. The recordings in 
Fig. 3B allowed calculation of the extent of the 
reaction CoHR + HR e Co(HR)*, by solution 
of the simultaneous equations for the total 
absorbances at 510 and 550 nm, and the corre- 
sponding molar absorptivities of CoHR and 
Co(HR),. The extent of the displacement reac- 
tion was similarly calculated from Fig. 3C. 

Under the experimental conditions above, 
only reaction (12), the interaction of CoHR with 
excess of PAR, and reaction (13), the overall 
ligand-displacement reaction, again in excess of 
PAR, were investigated. In both cases, the rate 
law could be expressed by means of first-order 
kinetic equations. 

dCc~,,ldt = - kz CcoHR (14) 

dC,,. /dt = - k,,zCcou, (15) 

This was supported by the good linearity of 
the corresponding first-order plots (Fig. 4). The 
k2 and klez values, determined by the least- 
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Fig. 3. Recordings obtained upon injection of CoHR into a carrier containing buffer only (A) or 
2.50 x lo-‘M PAR (B), and of CoY’ into a carrier containing 2.50 x 10e4M PAR (C). The flow-rate was 

1.7 mi/min in all cases. 

squares method, were 8.85 x 10m3 and 
2.41 x 10m3 set-‘, respectively. 

A PAR solution (5.00 x 10b4M) was injected 
into a carrier containing only buffer or COY’ at 
various con~ntratio~s (1.25 x 10-5-2.50 x 
10-4M) for investigation of reaction (11). The 
concentration/time curve obtained by injecting 
PAR into a carrier containing buffer only was 
alrnost identical to that obtained on injection of 
CoHR into the same carrier. This shows that the 
assumption involving the equality of the axial 
dispersion coefficients of the reagents, on which 
the proposed method relies, is valid for 
the CoHR/PAR/CoY’/EGTA system. Con- 

centrations of COY’ in the carrier above 
2.50 x 10V5M ensured completion of the ligand- 
displacement reaction in a few seconds, and 
the recordings showed only the dispersion of 
the already obtained CoHR complex (Fig. 3A). 
The absorbance/time recordings obtained for 
2.50 x lo-’ and 1.25 x 10-SM COY’ in the 
carrier solution are shown in Fig. SA and B, 
respectively. In both cases, the concentrations of 
CoHR, COY, and PAR were of the same order 
of magnitude, so the pseudo-tit order simplifi- 
cation may not be applied. The concentrations 
of PAR and CoHR at each peak maximum were 
determined from the molar absorptivities of 
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Fig. 4. First-order plots corresponding to equation (14) (0) 
and equation (15) (a), where A =ln(C’&,,,/C,,,) and 

E = In (C&,/C,,.). 

PAR and CoHR (Table 1) at the wavelengths 
monitored and the absorbance values at the 
same wavelengths. Only the first five peaks were 
processed. As only the data for 2 wavelengths 
were required, 410 and 448 nm were chosen. 
Good agreement with the data found at 5 10 and 
550 nm was observed. The data obtained were 
processed by using the kinetic equations listed in 
Table 2. First, an initial COY’ concentration of 
1.25 x 10e5M in the carrier was used, as it 
allowed the first four peaks to be processed. The 

reaction was completed before the appearance 
of the fifth peak. At an initial COY’ concen- 
tration of 2.50 x lo-“M, the reaction was com- 
pleted by the time the third peak was recorded, 
so only the first two peaks could be used. For 
all calculations, the initial concentration of 
PAR at each peak maxims was determined 
by injection into a carrier containing buffer 
only, while the initial concentration of COY 
was assumed to be that in the carrier prior to 
intr~u~tion of the PAR sample. 

The results obtained are plotted in Fig. 6. 
Parameter R is the term on the left-hand side in 
the solution of a given kinetic equation 
(Table 2), divided by its maximum value (i.e., 
that co~esponding to the last peak used in the 
calculations). Parameter T is the time, divided 
by that of the appearance of the last peak 
maximum used. According to this normaliza- 
tion, the co-ordinates of the last peak used in the 
calculations will be T = 1; R = 1, irrespective of 
the kinetic equation used. The following kinetic 
equation provided the best fit to the experimen- 
tal data at a COY’ concentration in the carrier 
of 1.25 x lo-‘M: 

dCJdt = k m (16) 
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Fig. 5. Recordings obtained for injection of 5.00 x 10-‘M PAR into a carrier containing COY’ at a 
concentration of 2.50 x lo-‘M (A) and 1.25 x 10-sM (B). The flow-rate was 3.1 ml/min. 
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Table I. Molar absorptivities (l. mole -I. cm -I) of PAR CoHR and Co(PIR), 

410 448 510 550 

PAR 3.23 x 10’ 1.54 x 10’ 1.26 x lo) 650 
CoHR 6.31 x IO” 1.59 x 10’ 2.84 x 10’ 1.67 x lo’ 
Co(HR),* 5.57 x 10’ 2.36 x 10’ 

*The spectral features of Co(HR), were investigated with excess of PAR present. 
Under such conditions, the molar absotptivities of Co(HR), could not be 
determined at 410 and 448 nm because of the very high absorbance of the PAR. 

No. Equation 

Table 2. Kinetic equations used for the calculations 

Solution 

(1) dC,/dt = kc, C, 

(2) dC,/dr = /CC, C; 

(3) dC,/dt = kC,C;‘2 forA >O: 

A=@-C: 

x=cy-c, for A < 0: &[arctanE-arctiE]= -kt 

(4) dC,/dt = kC;‘2C2 
A=C:-C; the same as the solution for equation (3) but Cq replaced everywhere by Cy 
x=c;-c, 

(5) dC,/dt = kC;‘2C; (m-fi)(fi+&) 

(FX + fi)(fi - fi) 

=_kt 

A=Cp-C; 

x=cq-c, 

Subscripts 1 and 2 refer to PAR and CoEGTA, respectively. 

where C, and C, are the concentrations of PAR be much faster in the presence of excess of COY 
and COY’ respectively. than excess of PAR. This was experimentally 

However, the equation confirmed, which is an additional proof for the 

dC,Jdt = k &C; 
- 

(17) 
validity of equation (16). 

cannot be completely discarded as a possible 
approximation to the true kinetic equation 
for the ligand-displacement reaction studied. 
The values of both rate constants obtained 
by a least-squares method were 6.53 
lo,‘. male-0.5. set-’ for equation (16) and 
1.15 x 10” Fs. male-1,5. set-’ for equation (17). 

Processing the results obtained with a 

1.0 7 

R 0.5 

COY’ concentration of 2.50 x 10-SM in 
the carrier solution yielded the following 
values for the two rate constants above: 
5.11 1°,5. mole-0.s . set * for equation (16) and I 
2.55 x lo5 F5. mole-‘.5. set-’ for equation (17). 0 0.5 1.0 

These results allow us to conclude that the T 

most likely kinetic equation for reaction (11) is 
equation (16). Accordingly, the reaction must 

Fig. 6. plots of R DS. T for equauons (1) 0; (2) .; (3) 0; 

(4) 0; and (5) 0. 
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CONCLUSiONS 

The proposed method for the determination 
of kinetic constants and reaction orders of 
chemical reactions can be successfully applied to 
kinetic studies, and can be implemented most 
efficiently in open-closed flow-injection systems 
where several peak maxima can he obtained 
from a single injection, and where the course of 
the chemical reaction from the beginning to 
eq~~b~urn can be monitored with a single 
detector. These two major advantages make 
open-closed systems superior to traditional 
open flow-injection systems for this purpose. 
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AUTOMATED DETERMINATION OF TOTAL 
PHOSPHORUS IN AQUEOUS SAMPLES 
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Smutoary-The determination of total phosphorus in an automated microbatch analyzer system is 
described. The procedure combines persulfate digestion of the sample and calorimetric detection of 
orthophosphate by the ascorbic acid reduction of phosphomolybdate in a single processing chamber. 
Approximately 9 min are required per sample; m 1.7 ml of sample and 0.17 ml of total reagent are 
consumed. The limit of detection is C 10 rg/l. phosphorus. The method is tolerant of variations in salinity 
of the sample. Good agreements with ASTM procedures are shown for a variety of test compounds, lake 
water, wastewater and urine samples. 

The microdetermination of phosphorus is of 
major importance in clinical and environmental 
contexts. Two publications on this topi@ are 
among the ten most cited papers in the analyti- 
cal literature.3 

Conversion of phosphorus into inorganic or- 
thophosphate enables its straightforward deter- 
mination. The first option listed in the current 
American Society for Testing and Materials 
(ASTM) standards4 is the ascorbic acid re- 
duction of phosphomolybdate to molybdenum 
blue, originally due to Chen et al.’ It is, how- 
ever, the conversion of other forms of phos- 
phorus into orthophosphate that is the tedious 
and time-consuming step. Acid-hydrolyzable 
phosphorus is operationally defined by ASTM 
as that which can be completely converted into 
orthophosphate by boiling for 30 min in dilute 
sulfuric acid; The acid-hydrolyzable phosphorus 
compounds are most notably inorganic meta-, 
pyro- and polyphosphates. Total phosphorus 
also includes the organically bound element; its 
conversion into orthophosphate is accom- 
plished by including persulfate in the sulfuric 
acid digestion medium. 

Determination of total P rather than ortho- 
phosphate or acid-hydrolyzable phosphorus is 
the parameter usually required by regulatory 
agencies. The persulfate digestion method for 
total phosphorus in sea-water was introduced 
by Menzel and Corwin’ and subsequently devel- 
oped for general application by Gales et aL6 In 
lieu of boiling on a hot-plate, autoclaving the 

*Author for correspondence. 

digestion mixture (30-60 min at 120”) is fre- 
quently advocated, 7-g but is not easily auto- 
mated. Attempts to automate continuous flow 
systems have been made with a W-aided in-line 
flow digestor (85’) in an air-segmented systemlo 
or with a 10-m long PTFE capillary digestor (at 
160”, with an inserted platinum wire of equal 
length serving as a catalyst) in a flow-injection 
system. I’ Although both of these methods have 
advantages and their applicability to the deter- 
mination of total phosphorus in natural waters 
has been demonstrated, complete conversion of 
certain degradation-resistant compounds, e.g., 
thiophosphorus insecticides, into orthophos- 
phate has not been established, and this can 
often only be achieved by conventional block- 
or autoclave-digestion methods as required by 
the ASTM. 

We have recently introduced the automated 
microbatch analyzer (AMBA) and demon- 
strated its utility for a number of different 
applications. 12-15 The present work describes a 
unique application of the AMBA system-the 
determination of total phosphorus by adap- 
tation of the ASTM procedure. Digestion at 
elevated temperature and pressure is followed 
by calorimetric measurement in the same cavity, 
requiring less than 9 min per sample. 

EXPERIMENTAL 

Apparatus 

The AMBA system was similar to that in 
previous descriptions14~‘5 except as detailed 
below. The cavity was machined from lf in. 
diameter poly(vinylidene fluoride) (Kynar@, 
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Pennwalt Corp.) and has a rounded bottom, 
9.2-mm inner diameter and a 34.6~mm deep 
well. The heater element is contained within a 
1.2-mm diameter, 16-mm long ceramic sleeve 
and is capable of generating 25 W at 30 V 
(Watlow Inc., St. Louis, MO). This is inserted 
within a thin-walled Pyrex tube (ca. 1.8~mm 
outer diameter) sealed at one end, and packed 
with magnesium oxide as heat-transfer agent. 
The heater is inserted through a hole in the 
cavity lid, offset from the center, to such a depth 
that its bottom tip is several mm above the 
stirrer bar when the cavity is sealed with the lid 
and its attendant O-ring, and the top of the 
heating element is several mm below the sample 
level. The glass tube encasing the heater is sealed 
into the lid with a compression fitting. The light 
source is a high radiant-intensity infrared light- 
emitting diode (LED) (CN-305, 8 mW at 880 
nm and 50 mA, Stanley Electric, Tokyo, Japan) 
coupled to a silica fiber as shown in the inset of 
Fig. 1. The LED is inserted within a i-28 to 
1 O-32 compression-fitting union commonly 
used in liquid chromatography (an all-plastic 
black version is available from Dionex Corp., 
Sunnyvale, CA). A small infrared photodiode, 
R, is placed immediately behind the LED, L. 
The leads are suitably insulated from each other 
with sleeves and the assembly is fixed in place 
with a a-28 fitting (not shown). The silica fiber 

Nitrogen(l3pSig) 

F (l-mm core, Ensign-Bickford Optics, Avon, 
CT) butts against L (the connecting passage 
between the two sides of the fitting is enlarged 
by drilling) and is held in place by a plastic 
compression fitting. L is powered by a constant- 
current source at 50 mA and the photodiode R 
receives enough light reflected off the front 
surface of L to make the arrangement practical 
and avoid the need for a bifurcated fiber optic. 
The receiving and transmitting optical fibers are 
both sealed into the cavity with compression 
fittings, diametrically opposite to each other, 
and both protrude slightly into the cavity, re- 
sulting in an optical path-length of N 6 mm. The 
receiving fiber optic is coupled to an infrared 
photodiode and the output of this and the 
reference detector R are in turn processed by a 
log ratio amplifier (AD757N, Analog Devices, 
Norwood, MA) to provide an output of 1 V for 
an absorbance of 1.0. 

The fluid system is also schematically shown 
in Fig. 1. All liquid reservoirs are pressurized by 
the same nitrogen supply at 15 psig. The differ- 
ent flow-rates of the individual liquids are 
achieved by use of appropriate lengths and 
diameters of the standard wall thickness (SW) 
PTFE tubing (Zeus Industrial Products, Rari- 
tan, NJ) connecting the liquid reservoirs to the 
cavity. The sample and pressure/vent lines enter 
the cavity through 23 gauge tubes, and the 

From 
Rutorampler 

Reaction Chamber 

wdste 

Fig. 1. Schematic of AMBA. Vl, Sample valve; P, peristaltic pump; R2, digestion reagent; R3, wash water; 
Rl, color reagent; V447, liquid dispensing valves; V2, V3, cavity closure/vent/pressuriaation valves; V6, 
bottom outlet valve; H, heater; F, fiber optic; T, thermistor; B, stirrer. Inset shows IR light-emitting diode 
L, reference photodiode R and fiber optic F in a chromatography union; retaining nuts are not shown. 
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acid/per&fate, color reagent and wash 
lines have N 30 cm of 30 gauge, w 15 cm of 30 
gauge and -40 cm of 20 gauge tubing, 
respectively, as primary restrictions. Only the 
color development reagent enters through 
the side of the cavity (below the digested 
liquid level), and all the other connections, 
except for the waste line, are made through 
the cavity lid as shown. The sample loop was 
made from 18 gauge tubing and the volume 
delivered was found gra~met~cally to be 
1.66 f 0.09 ml. 

Reagents 

Except as mentioned below, all chemicals 
were obtained from Aldrich. Adenosine-5’- 
monophosphate and o[ -D-glucose- 1 -phosphate 
were obtained from Sigma, sodium metaphos- 
phate from Fisher Scientific, analytical-reagent 
grade potassium dihydrogen phosphate from 
Mallinckrodt, disodium phenyl phosphate 
dihydrate from Fluka and O,O-methyl-O- 
(3,5,6- trichloro - 2 - py~dyl)phosphorodithioate 
(Chlorpyrifos@) was obtained as an analytical 
standard from the Dow Chemical Company. 
The pesticide Dursban@’ (Gro-Tee Inc.) was 
purchased locally. 

The acid/~~ulfate reagent contained 2.5 g of 
ammonium persulfate dissolved in 10 ml of 
2.75M sulfuric acid. The mixed reagent, as used 
here, is unstable and should be prepared daily. 
A 66.0~~1 volume of this reagent is dispensed 
under our operational conditions. If the acid 
and the oxidant are kept separate, the usable 
lifetime can be greatly improved. The color 
development reagent was prepared by dissolving 
390 mg of potassium antimony1 tartrate (J. T. 
Baker), 16.8 g of ammonium heptamolybdate 
tetrahydrate (Fisher) and 106 ml of con- 
centrated sulfuric acid in water and diluting to 
1000 ml, and then dissolving 1.50 g of ascorbic 
acid (Merck) in 100 ml of this solution. A loo-p1 
aliquot of the reagent is dispensed. The 
formulations of the acid/per&fate and the 
color development reagents are adaptations of 
the ASTM recipes to provide the same acidity 
and reducing power in the present method. Note 
that if the sample contains very substantial 
amounts of acid or base, this recipe will need 
adjustment. 

Aqueous solutions of all compounds were 
directly used except for the DursbanQP, for which 
an aqueous extract was used. Recovery of total 
phosphorus from the test compounds was inves- 
tigated in the concentration range 100-1000 

,ug/l., with 2-8 replicates per sample for the test 
compounds as well as for the urine and environ- 
mental samples. 

Operat~~~l procedure 

The timing and functional sequence of the 
analyzer are shown in Table 1. The operational 
status is described by an 8-bit number (1 = ON, 
0 = OFF), the first (most significant) through to 
the seventh bit representing valves VI-V7 [2- 
way valves allow fluid Sow when on; for 3-way 
valves, the common port (solid line) is con- 
nected to the dashed-line port when the valve is 
on], and the last bit representing the heater 
status. A major time-consuming step is the 
cool-down period; this is necessary to avoid the 
loss of ebullient liquid that would occur if the 
cavity were vented at temperatures > 100”. Con- 
ceivably, this period can be reduced by using a 
thinner-walled cavity that will allow faster 
cooling. 

RESULTS AND DISCUSSION 

The system gives linear response in the range 
O-l pg/ml phosphorus, and may be described 
by the equation A = (0.187 + 0.002) C + (0.002, 
f 0.001 i), r* = 0.9991, where A is the ab- 
sorbance and C the phosphorus concentration 
in pg/ml. The standard error of estimate for 
A is 0.0022. Because the color reagent is 
added when the solution is still very hot, color 
development is very rapid. As may be evident 
from the system output shown for blanks and 
samples containing 0.025 pg/ml P (Fig. 2), the 
analytical signal is best taken as the sharp 
absorbance change that occurs immediately 
upon addition of the color reagent when 

Table 1. AMBA operational sequence for total phosphorus 
determination 

Time, 
set 

System 
status Function 

OOo-012 

013-312 
313-460 

461-475 
476-483 
4W93 
494-498 
499-50 1 
502-506 
507-5 11 
511-515 

11010000 Deliver sample (1.66 ml) and diges- 
tion reagent (66 al) 

OOOOOOOl Heat sealed enclosure to 140” 
OOOOOOOO* Let sealed enclosure cool to < 100 

Load next sample in loop 
01000000 Pressure release 
01001000 Add color reagent (100 pl) 
01OOOOOO Develop and measure color 
01100100 Discard contents 
01~10 Add wash water (2 ml) 
01100100 Discard contents 
01000010 Add wash water (2 ml) 
01100100 Discard contents 

*Sampling pump is set to turn on under this condition. 
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Blank 

t Reagent addition 

Fig. 2. Recorder trace showing the system output from a 
sample containing 25 rg/l. P and from a blank. 

phosphorus is present. The detector signal drifts 
for thermal reasons. When the heater is turned 
off, the temperature decreases continuously and 
the associated change in refractive index causes 
the signal drift, especially with the more sensi- 
tive detector settings. The drift rate is increased 
further upon addition of the relatively cool 
reagent. However, as may be obvious from Fig. 
2, the drift is slow relative to the sample-induced 
signal and no significant problems are encoun- 
tered in interpreting the results. 

Table 2. Recovey of total phosphorus from test compounds, 
with reference to the ASTM method 

Compound 

Recovery 
fs.d., 

% 

Table 3. Results for natural water and wastewater samples 

P, uglml 

!Jample ASTM AMBA 

Lake 1 0.067 f 0.002 0.063 f 0.001 
Lake 2 0.141 * 0.002 0.13s * 0.001 
Lake 3 0.056 f 0.002 0.055 f 0.0 
Wastewater 

City of Post 0.976 f 0.012 1.000 f 0.007 
Treatment plant influent, 

City of Levelland 1.52 f 0.29 7.76 f 0.03 
Raw sewage, 

City of Wolfforth 4.00 f 0.06 4.13 f 0.00, 

Interestingly, this procedure obviates the need 
for using calibrants that are exactly matrix- 
matched with the sample, e.g., sea-water, to 
prevent the refractive index effects common to 
flow-through detectors. The limit of detection in 
our system may be estimated from Fig. 2 to be 
d 10 &l. phosphorus. 

Recovery of phosphorus from a number of 
disparate test compounds is shown in Table 2, 
relative to the value obtained by the ASTM 
method (assumed to be 100%). With the excep- 
tion of Chlorpyrifos@ (this is also the active 
ingredient in Dursban@), the recovery is 
>95%, adequate for most purposes. If the 
digestion time is increased from 5 to 9 min, 
the recovery for the more difficult samples 
increases considerably, that for metaphosphate, 
for example, to 98.3 f 1.0%. The presence 
of sodium chloride at salinities typical of 
ocean water has no marked effect on the 
result, nor is there any major interference 
from organic compounds or surface-active 
agents, which have been reported to cause 
problems. *i The results for a number of en- 
vironmental samples appear in Table 3 and 
those for urine samples in Table 4; in all cases 
good agreement with the ASTM method is 
observed. 

Sodium pyrophosphate 
Sodium metaphosphate 
Sodium tripolyphosphate 
Disodium phenyl phosphate 
Diethyl phosphate 
Trimethyl phosphate 
Trimethyl phosphite 
Adenosine-S’-monophosphate 
a -~-Glucose- 1 -phosphate 
Ethyldichlorothiophosphate 
a Carboxyethylphosphonic acid 
Hexyltriphenylphosphonium bromide 
ChlorpyrifosQD 
Dursban@ 
Potassium dihydrogen phosphate 
KH,PG, in 0.6M sodium chloride 
KH,PG, in 200 mg/l. sucrose 
KH,PG, in 200 mg/l. Triton X-100 

98.1 f 0.4 
95.9 f 1.0 

102.8 f 0.8 
98.7 f 1.0 
98.2 f 0.4 
97.2 f 0.4 
99.6 f 0.4 
99.2 f 0.8 
97.8 f 0.8 

102.9 f 1.7 
98.8 f 0.4 
94.6 f 0.8 
87.0 f 3.4 
90.2 f 2.4 

100.0 f 0.7 
97.5 f 1.8 
96.6 f 2.5 
93.0 f 0.2 

Table 4. Results for urinary phosphorus* 

TM = male; F = female. 

Samplet ASTM AMBA 

M 754 f 18 760&27 
M 114*6 107 f 3 
M 145*4 144f6 

2: 
330 f 7 338 f 10 
890&29 885 f 5 

; 
403 f 25 380 f 8 
475 f 5 452 f 5 

F 531 f 9 535 f 2 

: 
416 f 12 417 f 5 

1410 f 18 1403 f 25 
M 800&14 820 f 29 

*Large dilutions, up to a factor of 2500, 
were used for these samples. 
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SIMULTANEOUS DETERMINATION OF CALCIUM AND 
MAGNESIUM BY USING A FLOW-INJECTION SYSTEM 
WITH SIMULTANEOUS INJECTION OF TWO SAMPLE 

PLUGS AND A MASKING AGENT PLUG 
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Summary-A flow-injection system is described for the simultaneous determination of calcium and 
magnesium with simultaneous injection of two sample plugs and a masking agent plug and with a single 
detector. The system utilizes the simultaneous injection of an ethylene glycol-bis(2-aminoethyRther)- 
N,N,N’,N’-tetra-acetic acid plug and two small sample plugs into the same carrier stream and which are 
merged downstream with 3,3’-bis[N,N-bis(carboxymethyl)aminomethyl)]-ocresolphthalein solution for 
spcctrophotometric determination of calcium and magnesium. The results for the analysis of natural 
waters by the proposed method correspond well with those obtained by the conventional titration method 
with ethylenediaminetetra-acetic acid, and showed good reproducibility. The rate of analysis is about 15 
samples/hr. 

Calcium and magnesium are often determined 
for environmental and biological monitoring. 
Titrimetry, spectrophotometry and atomic- 
absorption spectrometry are the most frequently 
used techniques for such determinations. 

Flow-injection analysis (FIA) has proved 
to be a suitable tool for rapid, simple and 
reproducible analysis with rather inexpensive 
apparatus. FIA has also been found useful 
for simultaneous determination of two or 
more components in a sample. Reviews of such 
determinations and speciation measurements 
with FIA have appeared in the literature.‘,’ We 
previously reported an approach to a simple 
FIA system which allows the simultaneous 
determination of two components with a single 
detector.3 

This paper extends this FIA system to the 
simultaneous determination of calcium and 
magnesium in natural waters. Several FIA 
methods with spectrophotometric detection 
have been proposed for calcium&’ or mag- 
nesiumsq9 with various chromogenic reagents. 
These are, however, focused on single com- 
ponent determination, with the exception of the 
total hardness determination. FIA spectro- 
photometric methods with one detector, with 
Chlorophosphonazo III’O or murexide and 
Eriochrome Black T (EBT),” so far described 

*Author for correspondence. 

for the simultaneous determination of calcium 
and magnesium, should be better described as 
sequential,’ because two consecutive injections 
are required along with switching of the reagent 
solution for the determination of the two com- 
ponents. Such methods also require a switching 
valve and therefore would lead to a complicated 
and troublesome system. A sequential FIA 
determination of calcium and magnesium with 
EBT as reagent has also been reported.‘* The 
FIA system described here exploits a simple 
configuration which does not need switching or 
splitting of the flow stream, and allows a simple 
and rapid simultaneous determination. Natural 
waters such as river water, ground water and 
sea-water were satisfactorily analysed by the 
proposed method. 

EXPERIMENTAL 

Manifold and procedure 

A Jasco UVIDEC-320 spectrophotometer 
equipped with a flow cell, a Hitachi 655A-13 
pump, and a Hitachi K- 1600 16-port valve were 
used. All pieces of tubing, including a 4-m long 
separation coil (SC), a 15-cm masking agent 
loop (R, 3 1~1) and two 15-cm sample loops (Sl, 
S2, 3 1 ~1) which were connected to a ldport 
valve, were made of Teflon (0.5 mm i.d.). The 
flow-injection manifold used is shown in Fig. 1. 
Two small sample plugs and a masking agent 
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(A) 

mllmin 
- 

RC BC 

vw+ko++ 

D W 

Pump 

(B) 

S S 

INJECT LOAD 

Fig. 1. (A)-Schematic diagram of FIA system for simul- 
taneous determination of calcium and magnesium; (B)-16- 
port valve and loop configuration. For further details see 
text. C, Carrier (water); CPC, 0.050% CPC solution; 
BF, ammonia buffer solution (pH 10.1); V, Idport valve 
with two sample loops, separation coil and a masking 
reagent loop; sl, s2, sample loop (15 cm long, 31 ~1); SC, 
separation coil (4m); RC reaction coil (l-m long); RL, 
masking reagent loop (15 cm long, 31 ~1); R, 3.0 x lo-‘M 
GEDTA solution; S, sample loading; D, spectrophotometric 
detection (575 nm); BC, back-pressure coil (0.25 mm i.d., 

2.5 m); W, waste. 

plug are simultaneously injected into the same 
carrier stream by making effective use of the 
16-port valve. In one of the sample plugs 
(sl), calcium is complexed with ethylene glycol- 
bis(2-aminoethylether)-N,N,N’,N’-tetra-acetic 
and (EGTA) by penetration of the sl and R 
plugs during transport to the reaction coil (RC). 
Calcium and in the other sample plug (s2), are 
kept as they were in the original sample. The 
mixing of these sample plugs with the 3,3’- 
bis[N,N-bis(carboxymethyl)]+cresolphthalein 
(CPC) solution causes two peaks to be observed 
in the spectrophotometric measurement at 575 
nm, as shown in Fig. 2(b). The first peak 
corresponds to magnesium and the second to 
the sum of calcium and magnesium. The con- 
centration of calcium can be calculated by 
difference. The peaks in Fig. 2(b) were recorded 
for a single injection of a mixture of calcium and 
magnesium. Calibration graphs, two for mag- 
nesium (one for the first peak, the other for the 
second, which is more dispersed) and one for 
calcium, were prepared separately. 

Reagents 

Unless otherwise noted, all reagents were of 
analytical grade and were used as received. The 
standard solutions of calcium and magnesium 
were prepared from 100~pg/ml stock solutions 
(Wake Pure Chemical Industries, Osaka, 
Japan). The CPC solution (0.05%) was pre- 
pared by dissolving the reagent (Dojindo Lab- 
oratories, Kumamoto, Japan) in water, adding 
50 ml of ammonia buffer solution (pH 10.1) and 
diluting to 100 ml with water. The EGTA 
solution (1.0 x 10-2M) was prepared by dis- 
solving the reagent (Dojindro Laboratories) in a 
dilute solution of ammonia and then diluting to 
volume with water. More dilute solutions were 
prepared by dilution of this stock solution with 
water. The ammonia buffer solution was pre- 
pared by mixing 2.OM ammonia solution (50 
ml) and l.OM ammonium chloride solution (25 
ml), adding one of the components to adjust the 
pH to 10.1 and finally diluting to 100 ml with 
water. 

RESULTS AND DISCUSSION 

FIA manifold for simultaneous &termination 

In the present approach, a long coil (separ- 
ation coil) filled with carrier solution between 
two sample plugs was used. This configuration 
prevents any overlap of the two zones. The 
effect of the length of the separation coil on the 
efficiency of peak separation was investigated by 
injecting a 20qg/ml magnesium solution, with 
use of the manifold in Fig. 1. Good separation 
of the two peaks was observed with separation 
coils longer than 2 m. Longer coils resulted in 
better separation but caused a decrease in peak 
height and an increase in the width of the second 
peak. The height of the first peak was indepen- 
dent of the separation coil length, as expected. 
A 4-m coil was used in this study to avoid any 
penetration of the reagent R into sample plug 
s2. With a 4-m coil the height of the second peak 
for calcium and/or magnesium did not change 
when the 3.0 x 10e3M EGTA solution in R 
was replaced by water. This indicated that 
EGTA did not affect the complex formation of 
calcium and magnesium with CPC in plug s2. 
The length of the reaction coil is important for 
controlling the dispersion of the sample zone 
(sl) and the masking reagent zone (R), because 
there must be effective penetration of these 
zones. A l-m reaction coil was found to be 
suitable both for the masking of calcium and for 
obtaining good separation of the two peaks as 
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concentration in the range 0.025-0.075%, but 
it slightly decreased at 0.010%. The baseline 
absorbance increased almost linearly with 
increase in CPC concentration. The 0.050% 
solution was chosen for this study. 

(a) 

4 min 

Fig. 2. Typical recordings for calcium and magnesium with 
injection of the solutions containing (a) 10 pg/ml calcium 
alone and (b) 10 fig/ml calcium and 20 pg/ml magnesium 

in a mixture. 

shown in Fig. 2. It is of interest to note that 
increasing the sample coil length (sl) from 
15 cm to 30 cm improved the peak height 
about twofold, but the masking capacity of 
3.0 x 10W3M EGTA was limited to 20pgg/ml 
calcium in the sl plug. 

Detection of calcium and magnesium with CPC 

CPC reacts with both calcium and mag- 
nesium in alkaline medium to form red com- 
plexes which have similar absorption spectra, 
with broad maxima at about 570 nm for 
magnesium and 575 nm for calcium. Thus, a 
wavelength of 575 nm was chosen so that 
both analytes could be detected with a single 
detector. For this simultaneous determination, 
it was desirable for the signal for one com- 
ponent to be obtained separately, in addition to 
the signal for the sum of the two components. 
It was decided to mask one component (cal- 
cium) in the sample with EGTA, because there 
is a considerable difference between the log K 
values for the EGTA complexes of calcium and 
magnesium. I3 Experiments at p H 10.1 with 
ammonia buffer solution indicated that calcium 
(up to 30 pg/ml) could be masked by addition 
of 3.0 x 10m3M EGTA since only one peak 
was found when the solution containing only 
calcium was injected [Fig. 2(a)]. A smaller con- 
centration (1 .O x 10e3M) of EGTA resulted 
in incomplete masking. Thus, a 3.0 x 10V3M 
solution was adopted. 

The effect of the CPC concentration on the 
peak height was studied by injecting a lo-pgg/ml 
calcium solution and 0.010, 0.025, 0.050 and 
0.075% CPC solutions. The peak height was 
found to be almost independent of the CPC 

The pH dependence of the complex formation 
of calcium and magnesium with CPC was 
studied. The pH was adjusted with ammonia- 
ammonium chloride buffer solutions. The peak 
height for calcium increased gradually from pH 
9.5 to 10.7, whereas a maximum peak height 
was observed for magnesium at about pH 10.4 
(Fig. 3). This effect may be due to the hydrolysis 
and precipitation of magnesium in more alka- 
line media. Experiments with higher concen- 
trations of buffer solutions at constant pH or 
with more alkaline solutions buffered with am- 
monia or borate-sodium hydroxide caused too 
much baseline disturbance. As a result, a pH 
of 10.1 for complex formation and a buffer 
solution of 1 .OM ammonia-O.25M ammonium 
chloride were employed in this FIA system. 
Only small changes in the baseline caused by 
changes in refractive index still appeared in the 
first peak region under these conditions (Fig. 2). 
This, however, is not a serious drawback in 
measuring the peak height, because of the low 
noise and good stability in the baseline. 

Calibration 

Under the conditions described, calibration 
graphs were linear up to at least 30 pg/ml for 
each analyte as shown in Fig. 4. Slopes obtained 
by least squares for two series of solutions with 
successively increasing magnesium concen- 
trations (5.0, 10, 20, and 30 pg/ml) and fixed 
10 pg/ml calcium concentration and solutions 

50 c 

10.0 
PH 

11.0 

Fig. 3. Effect of pH on the second peak for 10 pg/ml of 
calcium and magnesium. 
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0 10 20 30 

Co, Mg lppm 
Fig. 4. Calibration graphs for calcium and magnesium. Mgl 
and Mg2 indicate the heights of the first and second peaks, 

respectively, for magnesium. 

containing successively increasing calcium (5.0, 
10,20, and 30 pg/ml) and fixed 10 p g/ml mag- 
nesium were in good agreement with those of 
the corresponding calibration graphs for the 
individual elements. This indicates good recov- 
eries of calcium and magnesium in synthetic 
mixtures even at differing ratios. The relative 
standard deviations for 10 pg/ml of both cal- 
cium and magnesium in a synthetic mixture were 
0.4 and 0.8%, respectively. The limit of detec- 
tion (signal three times the standard deviation of 
the average blank signal) was 0.2 and 0.3 pg/ml 
for calcium and magnesium, respectively. 

At a flow-rate of 0.5 ml/min for each channel 
in Fig. 1, an injection rate of 15 samples/hr 
could be achieved. 

Interferences 

The interference study involved focusing on 
some metals that may be found occasionally at 

levels up to several ,ug/ml in natural waters, and 
some anions that might cause precipitation of 
calcium and magnesium. Solutions were 
prepared which contained 10 pgg/ml of both 
calcium and magnesium, together with the other 
ions to be examined. These were injected exactly 
as in the experiments described above. In order 
to investigate interferences in the calcium deter- 
mination in more detail, solutions from which 
magnesium was omitted were injected. No 
significant interference was observed for the 
following ions @g/ml); Fe(II1) (5), Al(II1) (5), 
Cu(II) (5), Zn(II) (l), Ni(II) (l), Mn(II) (l), 
Co(I1) (l), PO:- (20), SO:- (500), tartrate (500), 
citrate (20), oxalate (20). Significant interference 
was defined as causing a deviation of more than 
3%. Phosphate, citrate and oxalate at levels of 
several hundred pg/ml affected the determi- 
nation of both analytes, especially that of 
calcium (negative interference). This interfer- 
ence is probably caused by the formation of 
complexes or low solubility species. The concen- 
trations of these ions in most natural waters is 
usually low enough for no interference in the 
present method to be expected. It is important 
to note that the sample solution to be injected 
must be nearly neutral, or at least have a 
pH > 4, because the colour development for 
detection with CPC is sensitive to pH variation. 

Analysis of natural waters 

The proposed FIA method was applied to the 
analysis of natural waters such as river water, 
ground water and sea-water. The ground water 
and sea-water were diluted until the concen- 
trations would fit into the linear range of the 
calibration graphs. As shown in Table 1, the 
results obtained by the FIA method compare 
well with those found by the conventional 
EDTA titration method. Differences in most 

Table 1. Analysis of natural waters by the proposed FIA method 

Metal ion found, pgglml 

FIA method Titration method 

Sample Dilution Ca Mg Ca Mg 

Ground water 
Tohkohji 
Kunado 

River water 
Fuefuki river 
Kamanashi river 

Sea-water 
Numazu coast 

215 29.6 (0.5)’ 9.8 (1.3)’ 31.3 10.1 
l/5 57.3 (1 .O) 9.6 (2.5) 61.0 9.6 

7.8 (0.6) 1.4(2.0) - - 
13.3 (0.5) 2.1 (7.0) 14.6 2.2 

l/l00 435 (0.5) 11.6 x 10’ 436 12.0 x lo2 
(1.0) 

*Values in parentheses are the relative standard deviations of 3-5 determinations. 
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results for calcium are less than 6%, and better 
agreement is observed in the magnesium deter- 
mination. The concentrations of calcium and 
magnesium obtained by the FIA method for the 
sea-water sample are comparable with the aver- 
age concentrations published in the literature. 
The reproducibi~ties of this method are satisfac- 
tory for both calcium and ma~esium, with 
relative standard deviations of less than 3% for 
most water samples, except for a value of 7% in 
the determination of magnesium in river water. 
These results indicate that the proposed FIA 
approach can provide a simple and rapid pro- 
cedure for simultaneous determination of calcim 
and magnesium, with good precision and accu- 
racy. Although the sensitivity of the proposed 
method is lower than for flame atomic-absorp- 
tion spectrometry (but much higher than that for 
conventional titrimetry), it should be applicable 
to the analysis of most common natural waters. 
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Summary-In the determination of free and combined chlorine, the reaction of permanganate standards 
with ~,~-die~yl-~-phenylen~iamine (DPD) exhibits nonlinearity presumably because both the colored 
~miq~noid product and the colorless quinoid product are both formed. The ti~met~c DPD method 
titrates both of the products while the calorimetric method monitors only the colored semiquinoid 
products. This results in a nonlinear response for the calorimetric method above 1.0 mg/l. as Cl,. Under 
FIA conditions, the nonlinearity of the DPD calorimetric method is eliminated in the 0.1-5.0 mg/l. (as 
Cl,) range and the linear range is expanded to O.l-g.0 mg/l. as Cl,. Also, relative standard deviations are 
improved by 0.5-l 1% relative to the calorimetric method and 1.5-4.0% relative to the titrimetric method. 
The FIA method was developed further to sequentially determine both free and combined chlorine, since 
chloramine was found to have a negligible interference in the free chlorine d~e~nation. 

Although the 1986 Safe Drinking Water 
Amendments will reduce the use of chlorine for 
disinfection of water and wastewater, an accu- 
rate spectrophotometric method for the deter- 
mination of free chlorine (Cl,, HOCl, OCl-) 
and combined chlorine (chloramines) is needed, 
especially as the use of mon~hlommine 
(NH, Cl) as a disinfectant residual may increase. 
Because free and combined chlorine have differ- 
ent germicidal capabilities and health effects, it 
is important to differentiate these species in 
order to assess contact time (CT) values prop- 
erly. I-3 

The most widely accepted methods for 
measuring free chlorine (Cl,, HOCl, OCl-) and 
combined chlorine (NH,Cl, NHCI,) are based 
on use of NJ-diethyl-p-phenylenediamine 
(DPD).“y5 DPD can be used as an indicator for 
both acid-base and oxidation reactions.&’ The 
initial oxidation products formed are highly 
colored semiquinoid free radicals which are 
relatively stable owing to resonance stabiliz- 
ation,’ but are susceptible to further oxidation 
to less stable colorless quinoid products.’ This 
oxidation of the ~miquinoid product is respon- 
sible for the apparent “fading” in the DPD 
calorimetric reaction. 

DPD undergoes oxidation by both free chlor- 
ine and monochloramine to form the colored 

semiquinoid free radical. The semiquinoid rad- 
ical may be reduced to the colorless diamine by 
titration with ferrous ammonium sulfate (FAS) 
or its absorbance may be measured. 

Because monochloramine also reacts with 
DPD, it is considered to be a major interferent 
in the free chlorine measurement.6 However, 
whereas free chlorine species react almost in- 
stantaneously with DPD, chloramines react 
much more slowly. At pH 6.3, the monochlor- 
amine reaction has a rate constant of about 10 
1 .mole-’ . sect.* However, if potassium iodide 
is added in a catalytic amount, mon~hlora~ne 
will react with it to produce iodine, which in 
turn reacts with DPD to produce the colored 
semiquinoid product almost instantaneously.4 
The kinetic difference between the reactions of 
free chlorine and monochloramine with DPD 
can be exploited by flow-injection analysis 
(FIA). 

The highly reproducible mixing and timing in 
FIA allow analytical measurements to be made 
before equilibrium is reached, and the free 
chlorine species can react with DPD and be 
measured before the monochloramine has had 
time to react.9 

This paper describes a method for the deter- 
mination of free chlorine and total chlorine, and 
hence also the amount of combined chlorine. 

145 
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EXPERIMENTAL 

Reagents 

Reagent grade chemicals and triply distilled 
water (resistivity 18.6 Ma/cm) were used 
throughout. The DPD titrimetric method and 
calorimetric method were followed as described 
in the literature4 except where otherwise stated. 

A standard permanganate stock solution was 
prepared, and standardized with dried sodium 
oxalate.” Anhydrous DPD sulfate (Sigma) was 
used to make DPD solutions of various concen- 
trations. A 137 mg/l. ammonium chloride sol- 
ution was prepared and used to make the 
chloramine solutions. A 50 mg/ml solution of 
sodium hypochlorite was used as a free-chlorine 
stock solution. 

Apparatus 

An HP 8450A spectrophotometer was used to 
measure absorbances at 510 nm, with l-cm 
fused-silica cells. Metrohm Herisau Dosimat 
E535 and Multi-Dosimat E415 autoburets were 
used for all titrations and to make the standard 
permanganate solutions. The flow-injection sys- 
tem was made up of a Tecator 5020 FIA unit 
with an internal dual injector, and two Tecator 
5023 detectors with l-cm flow cells and 520 nm 
filters. Teflon tubing with 0.5 mm bore was used 
throughout. 

FIA manifold and experimental conditions 

A CHEMIFOLDTM type II manifold was 
used throughout. For the free chlorine determi- 
nation, the DPD stream (1.2 ml/min) was 
merged with pH 6.3 buffer (1.2 ml/min) in a 60 
T-piece. The mixture was pumped through a 
lo-cm coil and merged with the water carrier 
stream (2.2 ml/min) and sample in a second 60” 
T-piece. The sample (200 ~1) was injected into 
a water carrier stream to minimize reagent 
depletion. The reaction mixture then went 

,_.____________________.-------------___...--.-. 
mllmln 

Fig. 1. Schematic diagram of FIA system for free and 
combined chlorine. The free chlorine system includes all 
components in the portion enclosed in the broken line. The 
KI and second detector, D2, are for the determination of 

total chlorine. 

; 0.6 

5 

I 0.4 

5: 
2 0.2 

0 

KMnOI (mg/l. as Clp) 

Fig. 2. Nonlinear response curve of pezmanganate standards 
in the DPD calorimetric method, 4.29 x lo-“M DPD. 

through a 30-cm mixing coil to detector Dl. 
The portion of Fig. 1 enclosed in a dashed line 
shows the FIA system used for the free chlorine 
determination. 

For the determination of total chlorine, the 
flow from detector Dl was merged with potass- 
ium iodide solution (1.2 ml/mm) in a 90” T-piece 
before going on to detector D2 (Fig. 1). 

RESULTS AND DISCUSSION 

Permanganate standards were made that 
were equivalent to a concentration range of 
0.100-4.000 mg/l. Cl2 and analysed by the DPD 
titrimetric and calorimetric methods. For the 
titrimetric method a plot of concentration of 
permanganate found US. the known concen- 
tration was linear with a slope of 1.005, a 
y-intercept of -6 x 10e4 mg/l., and a corre- 
lation coefficient of 0.99998. 

For the calorimetric method the concen- 
tration of permanganate found by titration was 
plotted us. absorbance. The plot was nonlinear 
at concentrations equivalent to > 1 mg/l. Cl, 
(with a DPD concentration of 4.29 x lo-‘M.) A 
typical plot is shown in Fig. 2. Table 1 lists the 
linear regression data for different concen- 
tration ranges of permanganate standards. The 
DPD calorimetric method is reported4 to be 
applicable up to 5 mg/l. CIZ, but true linearity, 
without a significant y-intercept, is observed 
only up to 1 mg/l. C12. 

Table 1. Linear regression data for different concentration 
ranges of permanganate standards 

Concentration 
range, Slope, Correlation 

w/l. Cl, I&? y-Intercept coefficient 

0.10400 0.1891 0.032, 0.9948 
0.10-3.00 0.2070 0.018, 0.9977 
0.10-2.00 0.2212 0.009, 0.9987 
0.10-1.00 0.243 1 0.001, 0.9993 
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Table 2. Linear regression data for increasing DPD concentration 
(calorimetric method) 
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Slope, Correlation Linear 
[DPDI, M I&g y-Intercept coefficient range, mg/l.CIJ 

4.22 x lo-’ 0.1817 0.034, 0.9936 0.10-1.50 
4.52 x 10-l 0.2287 0.031e 0.9950 0.10-2.50 
4.51 x 10-I 0.2417 0.003, 0.9999‘ 0.10-4.00 

To find the reason for the deviation from 
linearity, an additional study was made with 
DPD solutions of different initial concen- 
trations. In the calorimetric method, as the 
DPD concentration was increased, the response 
became linear with a smaller y-intercept 
(Table 2). Figure 3 shows that in the FIA 
system, as the concentration of the DPD sol- 
ution increased, the linearity range of the re- 
sponse curve also increased. 

The results indicate that in the standardiz- 
ation procedure, permanganate reacts with 
DPD to form both the semiquinoid product and 
the quinoid product. The formation of the 
quinoid product occurs if the semiquinoid is 
further oxidized, and the formation of this 
quinoid product explains the decolorization. In 
the titrimetric procedure with ferrous am- 
monium sulfate, both the semiquinoid and 
quinoid forms are titrated. As a result, an 
accurate determination of oxidant concen- 
tration can be made in the titration method. In 
the calorimetric method only the absorbance of 
the semiquinoid is measured, but if any of the 
quinoid product is present owing to further 
oxidation by the oxidizing species as described 
above, the calibration plot will not be linear. 

However, if the FIA method is used, even 
with concentrations of DPD (4.29 x 10e3M) 
that cause error in the manual procedure, the 
curvature is eliminated because in the FIA 
system the DPD to sample ratio is much higher, 
so the oxidant is less likely to react with the 

0.4 r 

Khln04 (as q/l. cl21 

Fig. 3. Effect of increasing concentration of DPD 
with KMnO, standards: 0 4.29 x 10e3M DPD; + 

4.29 x lo-‘M DPD; n 4.29 x 10-5M DPD. 

colored radical to form the unwanted quinoid 
product, and the calibration is linear. This 
problem with nonlinearity in the calorimetric 
batch standardization procedure with per- 
manganate should be considered as a potential 
source of error in the determination of free and 
combined chlorine at higher concentrations. 

Measurement of free chlorine 

The FIA system for the free chlorine measure- 
ments is shown in the dashed portion of Fig. 1. 
A linear response, with a slope of 3.28 x 10e3 
l./mg, a y-intercept of 0.042 mg/l. and a corre- 
lation coefficient of 0.9999, was obtained in the 
FIA method for the permanganate concen- 
tration range equivalent to 0.1-8.0 mg/l. CIZ. 
Solutions of varying concentrations of NaOCl 
were used to compare the standard titration 
method4 with the FIA method. As expected, the 
FIA method was more precise and the results 
agreed well with those from the titrations 
(Table 3). A plot of titration data against FIA 
data was linear with a slope of 1.007, a y-inter- 
cept of -0.037 mg/l., and a correlation co- 
efficient of 0.9997. 

In additional experiments, chloramine was 
introduced into the FIA system in order to 
determine the extent of chloramine interference 
in the free chlorine reading. By varying the 
starting ratio of the 137 mg/l. ammonium ion 
solution to the OCl- solution, different pro- 
portions of free chlorine to chloramine were 
obtained. These solutions were also titrated to 
determine the concentrations of free chlorine 
and chloramine. Once the concentrations of 
each were known, appropriate dilutions were 
made to achieve the desired concentrations of 
each species. A series of solutions was made 
with a constant free chlorine concentration (1.83 

Table 3. Mean f standard deviation of free chlorine concen- 
tration (mg/l.) for the titration (n = 3) and FIA (n = 10) 

systems 

Titration FIA Titration FIA 

5.65 f 0.07 5.63 f 0.02 0.95 f 0.03 1.03 f 0.01 
4.37 f 0.03 4.36 f 0.02 0.64 f 0.02 0.67 f 0.01 
1.89 f 0.03 1.98 f 0.01 0.36 f 0.01 0.31 f 0.00 
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Table 4. Data (mg/l. Cl,) from sequential detection (n = 10); Table 5. Comparison of detection limits and rsd for DPD 
methods6 

Detection limit, 

“actual” values are from triplicate titrations’ 

Free chlorine Combined chlorine 

Measured Actual Measured Actual 

5.63 + 0.02 5.65 & 0.07 3.88 f 0.04 3.89 f 0.02 
4.36 + 0.02 4.37 f 0.03 1.55 f 0.03 1.53 f 0.04 
1.98 + 0.01 1.89 f 0.03 1.32 f 0.02 1.35 f 0.02 
1.02 f 0.01 0.95 f 0.03 1.05 f 0.03 1.04 f 0.02 
0.31 f 0.00 0.36 f 0.02 0.09 f 0.03 0.10 f 0.01 

Method 

Titration 
Calorimetric 
FIA 

mg/. Cl, 

0.05 
0.05 
0.07 

rsd, % 

2-7 
l-14 

OS-3 

mg/l. as CIZ) and a steadily increasing concen- 
tration of monochloramine (O-l.86 mg/l. as 
Cl,). The absorbance values, when measured 
with the FIA system, were constant 
(0.383 + 0.001). Thus, no significant mono- 
chloramine interference was observed. 

ine and calculated chloramine concentrations 
from sequential detection are given in Table 4. 
The detection limits and relative standard devi- 
ations are shown in Table 5. 

CONCLUSIONS 

Measurements of free and total chlorine 

The FIA system for free and total chlorine 
determination is also shown in Fig. 1. Chlora- 
mines react with iodide to produce iodine, which 
is reactive with DPD.4 A potassium iodide 
stream was added to the system to allow deter- 
mination of total chlorine concentration. After 
measurement of the amount of free chlorine and 
total chlorine, the amount of chloramine in the 
solution could be calculated. In the context of 
our experiments, introduction of the iodide 
stream to catalyze the chloramine reaction with 
DPD produced correspondingly more of the 
colored semiquinoid radical but also diluted the 
sample as it came from the free chlorine deter- 
mination. Therefore, the absorbance reading at 
the second detector was not simply the sum of 
the free chlorine absorbance reading and the 
chloramine absorbance reading. The ab- 
sorbance reading at the second detector re- 
quired correction by a dilution factor dependent 
on the volume of iodide solution added to the 
reaction stream from the first detector. 

The ferrous ammonium sulfate titrimetric 
method reduces all the oxidation products. 
Therefore, both the quinoid and semiquinoid 
are titrated, giving an accurate measure of oxi- 
dant. However, in the calorimetric method, any 
colorless quinoid present is not detectable but 
causes the absorbance to be lower than that 
corresponding to the amount of oxidant than is 
actually present. When using the DPD colori- 
metric method to measure the amounts of free 
chlorine and monochloramine in solution, it 
must be recognized that if the concentrations of 
these species are high (i.e., 2 1 mg/I. as Cl,) or 
if the initial mixing is poor, there may be 
formation of the unwanted quinoid product, 
resulting in nonlinearity of the response curve, 
and low results. 

Absorption measurements were made for per- 
manganate standards at both the first and sec- 
ond detectors in order to determine the degree 
of dilution in the system. The response curves 
that correspond to the absorbances at each 
detector can be used to calculate the dilution 
factor from the ratio of the slopes. Once the 
dilution factor is known, it can be applied for 
correcting the second absorbance measurement. 
The absorbance (y) measurements at the first 
detector gave a line with the equation 
y = -0.0059 + 0.0667x; r = 0.998, where x is 
the equivalent CIZ concentration (mg/l.). The 
ratio of the slopes is 0.0667/0.0420, which gives 
a dilution factor of 1.59. Results for free chlor- 

The use of FIA, with a thorough understand- 
ing of the chemistry involved, has been shown 
to improve the DPD chlorine method by mini- 
mizing the formation of the colorless quinoid 
species and by minimizing the interference of 
monochloramine in the free chlorine reading, by 
kinetic discrimination. The FIA method has a 
much higher throughput than either the titra- 
tion or calorimetric method because there are 
no sample-transfer steps and all mixing is done 
during flow through the FIA system. This abil- 
ity to analyze more samples in a short time 
period and hence run more replicates in a given 
time allows for greater statistical confidence in 
the results. The FIA system also exhibits a 
greater linear range than either of the other 
methods (0.1-8.0 mg/l.). 
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THE SPECIATION OF ARSENIC(V) AND ARSENIC(III), 
BY ION-EXCLUSION CHROMATOGRAPHY, IN 

SOLUTIONS CONTAINING IRON AND SULPHURIC ACID 

M. J. HEMMINGS* and E. A. JONES 
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Summary-Arsenic(V) and arsenic(II1) can be separated, by ion-exclusion chromatography, in solutions 
containing iron and sulphuric acid. Iron is removed by ion-exchange before the speciation of arsenic, with 
phosphoric acid as the eluent. The separated arsenic(V) and arsenic(III) are measured spectrophotomet- 
rically in the ultraviolet region at a wavelength of 195 mn. Arsenic(V) and arsenic(II1) can be determined 
at concentrations 33 mg/l. The relative standard deviations are 1.3% for arsenic(V) and 0.9% for 
arsenic(III), at the 10 mg/l. level. The time required for the separation of the inorganic arsenic species 
is I1 min. 

The measurement of inorganic arsenic species in 
metallurgical solutions allows the easy monitor- 
ing of their oxidation levels in various processes. 
In several commercial processes, such as the 
Giammarco-Vetrocoke and Thylox processes,’ 
arsenate is used to oxidize hydrogen sulphide 
to elemental sulphur and as an intermediate 
oxygen-transfer reagent. 

The behaviour of arsenic species during the 
leaching of sulpharsenide materials such as ten- 
nantite (CU,~AS$,~) and arsenopyrite (FeAsS) 
is relevant from both the processing and en- 
vironmental points of view. The presence of 
arsenite in solutions that result from the bio- 
leaching of arsenopyrite samples slows down the 
autocatalytic reaction caused by Thiobacillus 

ferrooxydans, which is the most common ore- 
leaching bacterium. 

There is a great variation in the toxicological 
activity of the various arsenic species present in 
foodstuffs and therefore a knowledge of the 
actual forms present is required in order to 
assess the dietary risk. Of the two arsenic 
species, arsenite is considered to be a potentially 
far greater hazard than arsenate.* 

The determination of these species by ion 
chromatography in simple matrices is already 
well established3 but a different approach is 
required for more complicated matrices. Ana- 
lytical methods using ion chromatography (IC) 
with conductivity detection have been reported 
previously for the determination of arsenic 

*Author for correspondence. 

species. 43 In solutions containing large amounts 
of iron and sulphuric acid,4 a preseparation of 
cations is performed; the arsenic species are then 
separated on an ion-exchanger, and arsenic(V) 
is detected by conductivity detection. A second 
portion of the sample is oxidized with aqua regia 
so that the arsenic(II1) can be determined by 
difference. A similar system is described for the 
separation of arsenic species in the presence of 
iron and hydrochloric acid.’ The same authors 
describe the simultaneous detection of both 
arsenic species by the combination of electro- 
chemical and conductivity detection.6 

The use of ion-exclusion chromatography 
(IEC) for the separation of weak-acid anions 
from strong-acid anions is an old technique that 
has been attracting renewed attention. As a 
result of Donnan exclusion, strong inorganic 
mineral acids are not retained by the stationary 
phase, and are eluted as a single peak within the 
dead-volume time. Weakly dissociated species 
can penetrate through the solid resin network 
into the resin bead; this retards their passage 
through the column, and allows separation to 
take place. Ion-exclusion work has been exten- 
sively documented elsewhere.7-g Butler” deter- 
mined arsenic(II1) species in bottled mineral 
water by use of ion-exclusion chromatography 
coupled with amperometric detection. Total ar- 
senic was determined as arsenic(II1) after ar- 
senic(V) had been reduced by sulphur dioxide. 

The main disadvantages were that arsenic(V) 
and arsenic(II1) cannot be determined simul- 
taneously and the detection system is complex, 
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i.e., two detectors in series are required. In 
addition, Tan and Dutrizac4 established that the 
pH value of the solutions containing ferric 
sulphate and sulphuric acid affects the conduc- 
tivity measurements. The presence of large 
amounts of chloride and sulphate in solutions to 
be analysed could result in overloading of the 
column, and an exact knowledge of the concen- 
tration of the matrix is therefore required before 
the analysis. 

The suitability of ultraviolet detection for 
inorganic ions, even for those without suitable 
chromophores, has been demonstrated repeat- 
edly.**‘i-‘3 Williams’3 describes the application of 
variable-wavelength detection in series with a 
conductivity detector. He highlights various 
advantages, such as the ability to detect anions 
that cannot normally be detected by conduc- 
tivity (sulphide and arsenite), the elimination of 
problems associated with the carbonate “dip”, 
the identification of unknown peaks, and the 
resolution of overlapping peaks. 

The present investigation describes the 
separation and determination of arsenic(V) and 
arsenic(II1) in solutions containing iron and 
sulphuric acid at levels as high as 30 g of iron 
and 100 g of total sulphate per litre. The iron 
was removed by a cation-exchange procedure 
before the separation of the arsenic species. 
After the separation, the species were monitored 
by means of an ultraviolet detector. 

EXPERIMENTAL 

Apparatus 

Chromatographic separations were obtained 
by use of a Dionex model 201Oi ion chromato- 
graph fitted with a 50 ~1 sample loop and an 
HPICE-AS1 ion-exclusion column. The photo- 
metric detector (Linear WIS 200 detector) was 
set at 195 nm, and the absorbance output data 
were recorded with a Spectra-Physics SP4200 
computing integrator. 

Reagents 

All the solutions were prepared from analyti- 
cal-grade reagents, and distilled water was used. 
A standard stock solution of 1 g/l. arsenic(II1) 
was prepared by dissolving 0.1320 g of arse- 
nious oxide (As,O,) in 10 ml of 10% sodium 
hydroxide solution. The solution was acidified 
with dilute sulphuric acid and diluted to 100 ml. 
A stock solution of 1 g/l. arsenic(V) was pre- 
pared by dissolving 0.4160 g of sodium arsenate 
heptahydrate in water and diluting the solution 

to 100 ml. These solutions were standardized by 
standard atomic-absorption spectrophotometric 
measurements. The eluent was O.OlM phos- 
phoric acid. 

Sample preparation 

On dilution, to avoid the precipitation of 
matrix cations and hence co-precipitation of 
arsenic, which would produce low results, the 
acidity had to be maintained at 0.05M sulphuric 
acid. A sample clean up procedure is rec- 
ommended to prevent the poisoning of the 
separation column by cations. 

A series of Monoject 20-ml plastic syringes 
(20 mm x 85 mm), the ends of which were 
sealed with a borosilicate disc, were filled to the 
lo-ml mark with a slurry of Bio-Rad AG 5OW- 
X8 H+ form (SO-100 mesh) resin, and assem- 
bled in clamps in a rack. The resin beds were 
equilibrated with 0.05M sulphuric acid, and 
each syringe was placed above a suitable stan- 
dard flask. The required volume of sample was 
transferred to the resin bed in the syringe (care 
being taken not to disturb the surface 
of the resin), and iron and other cations were 
sorbed. The arsenic species and other anions 
were eluted by washing the resin with three 
lo-ml portions of 0.05M sulphuric acid. 

Between samples the resin was regenerated by 
passing three lo-ml portions of 1M sulphuric 
acid through the syringe, followed by equili- 
bration with 0.05M sulphuric acid. 

Chromatographic procedure 

A flow-rate of 0.7 ml/min was selected for the 
eluent, and the Dionex ion-exclusion column 
was equilibrated with O.OlM phosphoric acid 
until a stable baseline was obtained. The chart 
speed was set at 2.5 mm/min, and a suitable 
attenuation was selected. The sample was then 
injected, and the arsenic species were separated. 
The eluted species were monitored at 195 nm. A 
set of calibration standards was run, ranging 
from 10 to 30 mg/l. for arsenic(V) and from 5 
to 10 mg/l. for arsenic(II1). Calibration graphs 
were constructed. Arsenic(V) and arsenic(II1) 
were identified by their retention times, and 
their concentrations were determined by 
measuring their peak heights, and comparing 
these with those in the calibration graphs. 

RESULTS AND DISCUSSION 

The separation of the arsenic species was 
initially attempted by means of a Dionex AS4A 
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anion-separator column, which was coupled to 
a conductivity detector and an electrochemical 
detector in series. After separation, arsenic(V) 
was determined conductometrically, and the 
weakly dissociated arsenic(II1) was determined 
amperometrically. Owing to the complex matrix 
of the samples that had to be analysed, this 
approach presented a number of problems, 
most notably the overlap of the arsenic(V) peak 
by that of the large amounts of sulphate present. 
Arsenious acid is a very weak acid and, as a 
result of its low dissociation constant, cannot be 
detected at low levels by conductivity measure- 
ments. When electrochemical detection was 
used, the electrode surface used for the detection 
of arsenic(II1) showed a dark coating, indicating 
that the electrode was susceptible to poisoning. 
This was accompanied by ,a reduction in peak 
size when consecutive injections of the same 
sample were made. 

Instead, it was decided to use ion-exclusion 
chromatography with photometric detection for 
the determination of arsenic species. Ion- 
exclusion columns for use in the separation of 
weak-acid anions contain totally sulphonated 

As(lI. 

I I I I I I 
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cation-exchange resins consisting of beads of 
polystyrene cross-linked with divinylbenzene. 
The proportion of divinylbenxene cross-linkage 
determines, to some extent, the rate of diffusion 
into the resin beads.’ Arsenic species, as well as 
weak-acid anions such as sulphide and sulphite, 
enter the resin phase, whereas strong-acid 
anions such as sulphate, nitrate and chloride are 
excluded, passing through the column and being 
eluted with the solvent front. 

At a wavelength of 195 nm most anions- 
including chloride and, nitrate--absorb light. 
Since phosphate does not absorb at the wave- 
length used, phosphoric acid was chosen as the 
eluent. 

A chromatogram of the separation of 
arsenic(V) and arsenic(III) is shown in 
Fig. 1. The two species are clearly separated, 
with arsenic(V) and arsenic(II1) eluted with 
an adjusted retention time of 1.2 and 4.8 
min, respectively. Interfering anions such as 
chloride and nitrate are elute with the solvent 
front in 5 min. Use of ultraviolet detection 
showed that arsenic(II1) was more sensitive than 
arsenic(V). 

As(W) 

UL 

r I I 1 I I 
0 2 4 6 8 10 

Min 
Sample containing sulphate 

Fig. 1. Separation of arsenic(V) and arsenic(II1) with a DIONEX AS- 1 ion exclusion column. Elution with 
O.OlM H,PO, at 0.7 ml/min. Defection at 195 nm. 

TAL W-D 
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Table 1. Retention times for ar- 
senic(V), arsenic(III) and various 

sulphur species 

Adjusted 
retention time, mix 

Species (tn = 5.3 min) 

AsOl) 1.2 
SO:- 2.5 
As(II1) 4.8 
S- 13.3 
SOi- Not detected 
SCN- 
s,o:- 

> 

Eluted with the 

s,o:- 
solvent front 

The presence of sulphate in quantities equal 
to or less than 120 g/l. did not pose a problem 
when an ion-exclusion column was used. 

Sulphate is eluted with the solvent front and 
does not absorb light at the wavelength used for 
speciation of arsenic. Therefore, it will not 
interfere with the detection of the arsenic 
species. Sulphur species known to have absorp- 
tion characteristics at 195 nm, such as thio- 
cyanate, thiosulphate, and tetrathionate, do not 
affect the speciation of arsenic since they are 
eluted with the solvent front. Both sulphide and 
sulphite absorb at the same wavelength, but 
have retention times different from those of the 
arsenic species (Table 1). 

Several common anions were tested. Nitrate 
was eluted with the solvent front. Under the 
conditions chosen, cyanide was not detected, 
and chloride was detected but with very low 
sensitivity. 

The preseparation of iron(I1) and iron(III), 
and other cations, such as cobalt(II), nickel(I1) 
and copper( that are present in the sample, 
is required to avoid the co-precipitation of 
arsenic during dilution, which would cause low 
arsenic results, The removal of hydrolysable 
cations also prevents the deterioration of the 
column. Iron was removed by means of a 
cation-exchanger in the hydrogen form. 

In order to establish the validity of the pro- 
posed method, samples containing arsenic 
species in a high-sulphate matrix were analysed 
by ion-exclusion chromatography, and total ar- 
senic was determined by atomic-absorption 
spectrophotometry. Table 2 gives a summary of 
the results obtained for samples with a matrix 
consisting of approximately 30 g/l. iron, 10 g/l. 
sulphuric acid, and a total sulphate concen- 
tration ranging from 50 to 100 g/l. The agree- 
ment between both sets of results is good at both 
the mg/l. and the g/l. levels. 

The arsenic species can be determined in the 
concentration range 10-30 mg/l. for arsenic(V) 
and 5-20 mg/l. for arsenic(II1). Linear cali- 
bration graphs were obtained over these ranges. 

The relative standard deviation for the 
method, which was calculated from 13 replicate 
analyses of a synthetic sample containing 
10 mg/l. arsenic(V) and arsenic(III), was found 
to be 1.3% for arsenic(V) and 0.9% for 
arsenic(II1). 

RECOMMENDATIONS 

The coupling of the chromatographic 
separation of inorganic anions with instrumen- 
tal techniques other than conductimetric, 
amperometric, or UV/VIS detection is not a 
new concept. 2~3 Because of the lack of sensitivity 
of the ultraviolet detector for the determination 
of arsenic species at trace levels, atomic-absorp- 
tion spectrophotometry (AAS) could be con- 
sidered for their low-level detection, Since AAS 
does not suffer interference from common 
anions, the separation of the arsenic species can 
be achieved on a less efficient, but much faster, 
column (250 mm in length and 5 mm in diam- 
eter), packed with conventional cation-exchange 
particles. At an eluent concentration of 0.005M 
phosphoric acid and a flow-rate of 0.4 ml/min, 
the separation time for the arsenic species could 

Table 2. Comparative results for arsenic(V) and arsenic(III), obtained by 
ion-exclusion chromatography and atomic-absorption spectrophotometry 

Ion-exclusion chromatography 
Atomic-absorption 
spectrophotometry 

Sample 

1 
2 
3 
4 
5 
6 

As(V) As(II1) Total As 
gll. gll. gll. 

5.10 4.51 9.61 
2.30 2.19 5.09 
2.09 2.40 4.49 
- 0.003 0.003 

9.1 0.18 9.88 
1.88 2.50 4.38 

Total As 
gll. 
9.93 
4.90 
4.09 
0.003 
9.70 
4.22 
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As(III) be reduced to less than 4 min (Fig. 2). Because 
of its speed, such an arrangement can be easily 
coupled to an AAS instrument, and both arsenic 
species can be conveniently, and much more 
sensitively, determined in the hydride form. 
Acknowledgement-This paper is published by permission 
of Mintek. 

As(V) 
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Min 

Fig. 2. Separation of arsenic(V) and aresenic(II1) with a 
250 x 5 mm Bio-Rad AG 50-X8 (200400 mesh) column. 

Elution with O.OOSM H,PO, at 0.4 ml/mm. 
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Summary-Activation energy plots drawn by use of various Arrhenius-type equations for atomization 
reactions in graphite-furnace atomic-absorption spectrometry (GFAAS) do not give reliable kinetic 
information about the atomization mechanism of the analyte element beyond a few data-points located 
near the very beginning of the absorbance signal profile. These plots are non-linear if they are drawn with 
data points near the maximum of the absorbance signal profile. This paper presents two Arrhenius-type 
equations which give linear plots over a long range of data-points, and hence reliable values for the 
activation energy. Also, a simple method is proposed for calculating the activation energy from the 
data-points anywhere from the initial appearance of the absorbance signal to its maximum. Activation 
energy values given by these two equations and by the method of calculation are compared with each other 
and with those given by the commonly used methods. The calculated activation energy values obtained 
can be used to verify those obtained experimentally. The three proposed methods also provide reliable 
kinetic information on atom-formation reactions in GFAAS. A mechanism for the atomization of copper, 
based on the experimentally determined activation energy and reaction order is proposed. 

Arrhenius plots constructed from absorbance 
data from electrothermal atomization have been 
widely used since their introduction by Tessari 
and co-workers,‘-3 and the more extensive study 
by Sturgeon et LZ~.,~ and later by Smets.’ Frech 
et uZ.,~ and Chung7 compared several methods 
for extracting kinetic parameters. Recently, 
Yan Xiuping et al.” have reported an improve- 
ment of the Smets method. Holcombeg and Bass 
and Holcombe” have reported that the use of 
Arrhenius-type plots, which are often non-lin- 
ear, to obtain energies characterizing the atom 
formation reaction in graphite-furnace atomic- 
absorption spectrometry (GFAAS) is likely to 
be erroneous and have attributed the non-lin- 
earity in Arrhenius plots obtained at 1 atm 
pressure to the finite residence time of analyte 
atoms. 

Most commercially available electrothermal 
atomizers have a common feature in that the 
atom formation in the analysis volume and the 
atom removal from it are temperature-depen- 
dent. It may therefore be possible to determine 
rates of atom formation from the effect of 
temperature on the atom release in these atom- 
izers. According to the Arrhenius law, the rate 

*Author for correspondence. 

constant, k, for atom formation can be ex- 
pressed as 

k = k, exp(-EJRT) (1) 

where k, is the pre-exponential factor, E* is the 
activation energy, R is the gas constant and T 
is the absolute temperature. The activation 
energy is determined by plotting In k vs. l/T; the 
slope ( - Eu/R), yields the activation energy, E.. 

The methods reported in the literatures*7*‘1 for 
obtaining the Arrhenius plots do not satisfac- 
torily account for the noticeable curvature in 
these plots when data points are taken near the 
absorbance maximum. The problem of large 
uncertainties in the determination of activation 
energy,6~g~‘0 and the possibility that atomization 
reactions do not necessarily follow first-order 
kinetics” have hindered progress in the 
application of activation energy for elucidating 
atomization mechanisms. Most studies on at- 
omization mechanisms have been done by using 
data points near the very beginning of the 
absorbance signal profile, and have ignored the 
later part of the absorbance signal profile, which 
also contains useful information on atomization 
mechanisms. Also, the widely used Smets 
method5 does not provide reliable kinetic infor- 
mation on atomization reactions except near 
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the appearance of the absorbance signal 
profile.‘*” 

The objectives of this work were to provide a 
method for activation energy calculation that is 
valid for any order of reaction; to develop 
Arrhenius-type equations that are useful for 
extracting kinetic parameters such as the acti- 
vation energy, and to increase the range of data 
points usable for Arrhenius plots, utilizing data 
from the appearance of an absorbance signal to 
the absorbanee maximum. 

THEORY 

Arrhenius-type equations 

The following s~plif~ng assumptions are 
made: (a) all unatom~ed analyte atoms are at 
the same temperature at the time of atomiza- 
tion; (b) the rate of atom removal in the gas flow 
mode of atomization is faster than the rate of 
atom supply; (c) there is no activation energy 
for the analyte atom diffusion through the gas 
phase; (d) the rate constant for atom formation 
is approximated by the Arrhenius law at a 
constant heating rate and (e) atomization of the 
sample occurs at a constant, low heating rate. 

With these assumptions, the time-dependence 
of the analyte atom ~p~ation in a graphite 
furnace can be described by consecutive reac- 
tions as follows:‘3 

kl ki 
Xv + (n - l)%--+--+&M (2) 

where n is the order of reaction (assumed con- 
stant), iV, is the number of analyte entities left 
unatomized at time t, Ns is the number of 
analyte entities that are in the gas phase at time 
t (not to be confused with the number of analyte 
atoms in the analysis volume), N;,, is the num- 
ber of analyte atoms lost from the atomizer at 
time t, and k, and k2 are the temperature- 
dependent rate constants for the supply and 
removal functions, respectively. The time- 
dependent variation of N8 is expressed as a 
convolution: r4 

[&I= ’ 
s 

S(a’)R(t - 1’) dt’ (3) 
0 

where S(t) is the supply function defining the 
supply rate of analyte atoms, R(t) is the 
mass transport or removal function for analyte 
atoms and 1’ is a variable of integration. The 
square brackets in equation (3) and subsequent 
equations have been used simply to enclose 
certain terms in the equations, and do not stand 

for molar concentrations of the enclosed terms. 
If the removal rate is very rapid compared to the 
supply rate,14 then 

O” &I = S(t) 
i 

R(t) dt = S(t) rr (4) 
0 

where r, is the overall time constant of the 
removal function. Thus the shape of a plot of NB 
or absorbance A OS. time will reflect the time-de- 
pendence of the supply function. Conversely, if 
the removal rate is very slow compared to the 
supply rate the shape of the absorbance signal 
profile is determined by R(t).14 

From reaction scheme (2), we may write the 
following for the release of analyte atoms N8: 

4&W = nk, Wwl” - M~J (9 

Equation (5) has been reported earlier for 
n = l.15 With forced convection at low heating 
rates and no activation energy for the removal 
of analyte atoms, the loss by diffusion and 
conv~tion is fast and therefore cannot be the 
rate-determining step. We wit1 discuss this in 
greater detail in the Results and Discussion 
section. Under these conditions, the supply 
function is approximated by: 

A = /9Q d[~~]/d~ = - BQ d~~~]/d~ 

= BQnk, NJ = BQs(t) (6) 

where Q is a proportionality constant which 
relates the absorbance, A, to the number of 
analyte atoms present in the analysis volume at 
time t, and /I is the atomization efficiency, 
defined by Smets5 as the fraction of analyte 
atoms which are atomized. 

The next step in developing the new method 
is to find a mathematical relationship between 
the rate constant for atom fo~ation and the 
absorbance. This can be done by integrating 
both sides of equation (6) to find an expression 
for [NJ, which is then substituted back into 
equation (6) subject to the boundary condition 
that the number of unatomized analyte atoms is 
[A$,] at t = 0 and [N,] at time t : 

- 
I 

;[iVJ” d[N,] = j-nk, dt 
0 

which can be solved for n # 0 and n # 1 to 
yieldI 

N.81” = WI1 

1 + (n - l)[N;“-’ ‘nk, dt 
s ) 

n/(1 - n) 

(7) 
0 
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and, for n = 1 to yield 

I 

[NJ = Ptlexp - (S > k, dt (8) 
0 

Substituting equation (7) into equation (6) and 
‘arranging terms yields 

A = j@nk, [N;] where 

x 1 + (n - l)[N;l”-’ 
( 

t 

s > 

n/u - 4 
nk, dt (9) 

Substituting equation (8) into equation (6) gives 

A = /3Q~1[ZV~]exp[~~~~i dt> (10) 

At the very beginning of the absorbance 
signal profile bk, dt -0. Hence, applying the 
Arrhenius law to k, in equations (9) and (10) 
and taking natural logarithms of both sides 
of the resulting two equations we obtain the 
following expression (for n # 0): 

c=?J -‘(BQ)“-’ 

It is of interest to note that /I will appear in 
equation (14) only for n # 1. We will describe 
later in this paper how equation (14) can be used 
to determine E, from the absorbance signal 
profile by a method (named the method of 
calculation) without recourse to Arrhenius 
plots, provided that the value of n is known. The 
value of n can be determined at the absorbance 
maximum by the method reported in another 
publication from this laboratory.16 For n = 1, 
equation (14) reduces to: 

lnA= -E,/RT+Z (11) 

where Z = ln(/IQ[Ni] k,) and is a constant, R 
is the gas constant, and T is the absolute 
temperature. By use of the transition-state 
theory Sturgeon et aL4 have derived equation 
(11) from a general relationship between k, and 
T”exp(- AGoX/RT), where AGO* is the stan- 
dard free energy change of activation and a = 1. 
Equation (11) is valid for any order of reaction 
for atom release except for n = 0, whereas 
the other methods are valid only when atom 
formation follows a first-order reaction. 

L’vov” has reported that with the Mass- 
mann-type graphite furnace integrated ab- 
sorbance has a much greater potential than 
peak-height absorbance for giving absolute 
measurement of absorbance, Use of integrated 
absorbance in an Arrhenius-type equation will 
increase the temperature range usable for col- 
lecting absorbance data for Arrhenius plots. For 
this, equation (6) is used to obtain integrated 
absorbance. Rearranging and integrating this 
equation, subject to the boundary condition 
that [N,,,] = 0 at t = co and [NW] at time t, gives 

which is another form of the Smets equation.’ 
Other forms of equation (15) have been devel- 
oped by Frech et a1.,6 Bass and Holcombe,” 
L’vov et al.,” and Guerrieri et al.” Application 
of the Arrhenius law equation (1) to kl in 
equation (15) allows E, to be determined from 
a plot of ln(A/j;” A dt) vs. l/T; the slope equals 
- EJR, yielding the value of E, . 

Absorbance projile obtained with a constant 
heating rate of the atomizer. Mathematical treat- 
ment of atomization under non-isothermal con- 
ditions is simplified if the atom release process 
follows first-order kinetics and the temperature 
is increased at a constant heating rate, tl, from 
an initial temperature, Ti (kelvin) to the final 
temperature T (kelvin): 

T = a(to+ t”) = at V-5) 

where to is the time when the temperature of the 
tube wall is T, t” is the time required for the 
temperature to increase from T to T, and t is the 
time that would elapse if the heating were 
started at absolute zero. 

Substituting equation (16) into equation (1) 
(the Arrhenius law) gives 

Wwl=(l/BQ) s ODA dt 
I 

(12) 

Similarly, equation (6) can be integrated, subject 
to the boundary condition that [N,]=[iVO,] at 
t = 0 and [iv,,,] at time t, to yield 

(13) 

Equations (13) and (14) were also derived by 
SmetsS and used by Bass and Holcombe.‘O Sub- 
stituting equation (13) into equation (6) gives: 

co 

(I > 

-n 
k,=cA A dt 

I 
(14) 

k,=A *Adt 
u > 

-1 

I 
(15) 

where 

k, = k, exp( -c/t) 

6 = EJuR 

(17) 

(18) 
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In the integrated form equation (17) becomes 

I 

s s 

f 
k, dt = k, exp( -c/t) dt (19 

0 0 

If high heating rates are excluded, the integral 
Jhk, exp( -c/t) dt in (19) can be approximated 
by the expression (see Appendix A): 

s 

I 
k, dt = t*c-‘k, exp(-c/t) (20) 

0 

Substituting (15) into (20) and taking into 
account equations (16) and (18) yields 

-ln( j:A dt/J:A dt) 

= T*(a*c)- k, exp( - EJRT) (21) 

which can be rearranged to give 

where 

y = v exp(-EJRT) (22) 

y = -ln(I,-A dt/j:A dt)/T* (23) 

and v = k,(a*c)-‘, which is a constant. 

The terms on the right-hand side of (23) are 
experimentally measurable. Taking natural 
logarithms of both sides of (22) gives 

lny = -E,/RT+lnv (24) 

A plot of In y US. l/T should be linear with a 
slope - E, /R and an intercept In v . 

Determination of activation energy. As a by- 
product of the mathematical formulation above, 
the activation energy, E,, can be determined 
directly with any data points from the initial 
appearance of the absorbance signal to its maxi- 
mum, by using equation (21), provided that 
atom formation follows first-order kinetics. This 
method allows a cross-check of the activation 
energy values that are obtained graphically 
from Arrhenius plots. From equation (21) for 
a constant heating rate of the atomizer, the 
activation energy, E,, can be expressed by (see 
Appendix B): 

E, = -(ART*)(r In Y)-’ (25) 

where 

y=a *Adt 
s f 

and 
co 

Y= 
s is 

cc 
A dt A dt 

f 0 

A, T and the other terms (except R, which is 
the gas constant) on the right-hand side of 
equation (25) are experimentally measurable. 

An Arrhenius-type equation developed by taking 
atom redeposition into account 

The following approximations are used to 
simplify the mathematical treatment: (a) all 
unatomized analyte atoms are at the same tem- 
perature at the time of atomization; (b) atom 
formation and redeposition of gaseous atoms on 
the graphite surface follow first-order kinetics; 
(c) the rate of release and the redeposition of 
analyte atoms in the gas flow interrupt mode of 
operation are equal;lg (d) rate constants of both 
atom formation and redeposition are approxi- 
mated by the Arrhenius law; (e) the atomization 
occurs at a constant low heating rate. 

With these assumptions the following reac- 
tion scheme is proposed: 

(26) 

where N, is the number of analyte entities on 
the graphite surface at time t, and NB is the 
number of gaseous analyte atoms, k, and k2 are 
first-order rate constants for atom release from 
and redeposition of atoms on the graphite sur- 
face, respectively, NlO,, is the number of analyte 
atoms lost from the analysis volume at time t, 
and k3 is the first-order rate constant for analyte 
atom loss. In the gas flow interrupt mode of 
operation we assume that the transformation of 
NB into N,ost is much slower than the rate of 
formation of NB and the rate of the reverse 
reaction (back to N,). Hence, as a first approxi- 
mation, kj may be ignored in the rate equation 
for NB: 

W,lldt = h Wwl -k,Wgl (27) 

Using assumption (c), at equilibrium we can 
rewrite (27) as 

~=k,PL1-MNgl 
or, 

k lkz = P’gII[W (28) 
For the gas flow interrupt mode of operation, 

[NJ and [N,] can be expressed by the following 
two equations: 

W,l=WQ)(W 
s 

‘A dt (29) 
0 

and 

NJ = WBQ)M 
s 

m A dt 
, 

(30) 
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where (k,) and )k2( are the mean values of k2 
over the indicated time interval. Substituting 
(29) and (30) into (28) and rearranging terms 
gives 

k,/kt= 
s is 

‘A dt 
01 

A dt (31) 
0 f 

Here it is assumed that (k2) = )k,( as done by 
Smets.5 Applying the Arrhenius law [equation 
(l)] to k, and k2 in (31), and taking natural 
logarithms of both sides of the resulting 
equation, yields 

where 

lncp= -AEJRT+X (32) 

and 

cp =(J;A dt/],‘A dt) 

X = ln&, lk2,, 

and AE, is the difference between the energy of 
activation for release of analyte atoms from the 
graphite surface and the energy of activation for 
redeposition of analyte atoms on the graphite 
surface, and k,, and k,, are pre-exponential 
factors in the Arrhenius law corresponding 
to rate constants k, and k,, respectively. A plot 
of In cp us. l/T should be linear with a slope of 
- AEJR and intercept X. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer model 503 atomic-absorp- 
tion spectrophotometer, equipped with a deu- 
terium-arc background corrector and a model 
76B heated graphite atomizer (HGA) was used. 
The atomic-absorption spectrophotometer was 
modified in our laboratory to allow signals to 
be registered with a time constant of 20 msec. 
The graphite furnace was heated with a labora- 
tory-made power supply capable of supplying 
variable heating rates up to 7 K/msec. Pyro- 
lytically-coated graphite tubes (Perkin-Elmer 
part No. B0091-504) were used. The signals 
were measured with a programmable model 
4094 digital oscilloscope (Nicolet Instrument 
Corporation, Madison, WI, USA). The inte- 
grated absorbance was measured by use of a 
software package provided by Nicolet Instru- 
ment Corporation. A copper hollow-cathode 
lamp (Perkin-Elmer) was used and operated at 
a lamp current of 10 mA. The experimental 
parameters are given in Table 1. 

Table 1. Experimental and instrumental parameters 
for atomization of copper from a pyrolytically- 

coated graphite-tube surface 

Wavelength 
Charring temperature 
Atomization temperature 
Heating rate 
Mass of copper (interrupt mode) 
Mass of copper (flow mode) 
Volume of test solution 

324.8 nm 
8ooK 

2300 K 
471 K/set 

5ng 
200 ng 

10 111 

Standard solutions 

A stock 1000 pg/ml copper solution was 
prepared by dissolving 0.5005 g of copper foil of 
99.90% purity in 10 ml of Baker “Ultrex” nitric 
acid (1 + 1); the solution was boiled, cooled and 
diluted accurately to 500 ml with ultrapure 
water. Ultrapure water of resistivity 18.3 
MR.cm was obtained direct from a Mill&Q2 
water purification system (Millipore Corpor- 
ation). Test solutions containing 5.00 ng/ml 
copper were prepared by serial dilution of the 
stock solution just before use. In all cases, 10 ~1 
of the test solution were injected into the graph- 
ite furnace with an Eppendorf micropipet fitted 
with a disposable plastic tip. 

Argon (99.995% pure) was used as sheath gas 
and purge gas for the graphite furnace. 

RESULTS AND DISCUSSION 

Figure 1 shows a plot of the absorbance 
signals, both the peak-height and the integrated 
absorbance, given by 200 ng of copper as a 
function of the flow-rate argon (purge gas) 
through the graphite furnace. The signals fall 

O-9 , F 
0.45 

0.004 Corn0 
0 300 600 900 

FLOW - RATE, ml I fIIln 
Fig. 1. Absorbance signals of 200 ng of copper (as the 
nitrate) at a constant heating rate as a function of the 
flow-rate of argon: (A) peak-height absorbance; (B) inte- 

grated absorbance. 
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Fig. 2. Arrhenius-type plots from this work compared with 
those of Sturgeon et al! and Smetss The ordinate, Inn, 
stands for: (A) In cp W. l/T, equation (32); (B) In y IX l/T, 
equation (24); (C) In (A/j? A dt) us. l/T, equation (15); 

(D) In A OS. l/T, equation (11). 

rapidly before levelling off at high flow-rates, 
which can be explained as follows. At low 
flow-rates of argon, the supply function is much 
larger than the removal function; at high flow- 
rates of argon, the removal function is much 
larger than the supply function. Therefore, at 
the high argon flow-rate of 625 ml/min (i.e., 
under the increased forced convection) the 
supply of atoms is much slower than their 
removal, and hence is the rate-determining step. 

Figure 2 shows curves of two Arrhenius-type 
plots (curves A and B) from this work compared 
with those of Sturgeon et aL4 curve C, and 
Smets,’ curve D. The plots from the four 
equations [(l l), (15), (24) and (3211 were drawn 
by normalizing all data points to equation (15). 
Figure 2 shows that curves A and B obtained 
from equations (24) and (32) are closer to 
linearity over a greater range of data points 
(from the beginning to the maximum of the 
absorbance signal profile) than curves C and D 
obtained from equations (11) and (15). How- 
ever, the data points (near extreme right of 
Fig. 2) taken at the beginning of the absorbance 
signal profile give practically linear curves for all 
four equations. 

In Fig. 2, the plot of In A vs. l/T, curve D, was 
drawn by using data points from the very 
beginning of the absorbance signal profile to its 
maximum. In order to test the reproducibility, 
three replicate determinations of the activation 
energy were made from Fig. 2, by use of the first 
few data points taken from the very beginning 
of the absorbance signal profile. The choice of 
these data points was based on the assumption 
that this plot (In A vs. l/T, curve D) was valid 
only for these data points, as explained in the 
theory section (equation (1 l)]. Table 2 (first 
horizontal row) summarizes the E, values from 
these three replicate determinations. 

The activation energy determined from the 
plot of ln(A# A dt) us. l/T, (Fig. 2) curve C, 
with the data points taken from the very begin- 
ning of the absorbance signal profile are also 
shown in Table 2 (second horizontal row) for 
three replicate determinations. It should be 
noted here that in Fig. 2, both methods i.e., In A 
us. l/Tand ln(A# A dt) vs. l/Tplots, curves D 
and C, respectively, have been developed with 
the same mathematical treatment except for 
the order of reaction. In spite of the different 
assumptions for the order of reaction, good 
agreement between the two plots is observed, in 
Fig. 2, at the onset of the Arrhenius-type plot. 
The activation energy values obtained by the 
two methods above lead to the following con- 
clusion about the order of reaction for the 
atomization of copper. Since both plots give 
closely agreeing values for E,, and the order of 
reaction for one plot is assumed to be unity, the 
order of reaction for the other plot must also be 
unity. Thus, it may be concluded that the order 
of reaction has no effect on the determination of 
activation energy for atomization of copper by 
these two equations under these experimental 
conditions provided that the data are taken 
from the very beginning of the absorbance 
signal profile. It should be noted that one of the 

Table 2. Activation energy values for atomization of copper calculated by using different 
Arrhenius dots 

Equation used for 
Arrhenius dot 

Fig. 2, 
curve Test No. 1 

E, , kJ/mole 

Test No. 2 Test No. 3 

Equation (32) 
Equation (24) 
Equation (15) 
Equation (11) 
Reference 7 

A 348,* 274t 339,* 269t 346,* 286t 
B 346,’ 238t 342,+ 224t 339,’ 2297 
C 344* 338’ 340’ 
D 348’ 326’ 346” 
- 329’ 316” 323* 

*Calculated by using data from the initial segment, i.e., near the appearance temperature 
of the absorbance signal. 

tcalculated by using data from the top segment of the absorbance signal, i.e., long after 
the appearance temperature of the absorbance signal. 



Arrhenius plots in GFAAS 163 

serious limitations of using the In A US. l/T 
plots, curve D (Fig. 2) to obtain activation 
energy is that the condition that the integral 
&k, dt + 0 in equations (9) and (10) is fulfilled 
only by the data points near the very beginning 
of the absorbance signal profile, where the value 
of the integral is extremely small and can be 
taken as equal to zero. Activation energy plots 
drawn with data points corresponding to longer 
times do not fulfhl this condition, and hence 
such plots bend towards the abscissa soon after 
the initial data points (i.e., after the very begin- 
ning) of the absorbance signal profile. However, 
the method based on the In A us. l/T plot can 
be used to obtain activation energy for an 
atomization reaction of any order provided that 
the data are taken near the very beginning of 
the absorbance signal profile. The method is 
also useful when the order of reaction for the 
atomization reaction is not known. 

The activation energy values obtained from 
the three replicate determinations by using a 
plot of In y us. l/T, curve B (Fig. 2) are also 
given in Table 2 (third horizontal row). The 
increase in the range of data points for linear 
plots for obtaining the activation energy by 
using In y VS. l/T, curve B, results from using 
integrated absorbance in developing the 
method. The reliability of the activation energy 
values obtained from curve B can be tested by 
using the proposed method of calculation by 
equation (25). The activation energy values 
from the two methods [equations (24) and (25)] 
should be comparable. Table 3 shows the repro- 

ducibility [of activation energy values obtained 
from equation (25)] of three replicate determi- 
nations; these values may be compared with 
those obtained graphically (Table 2). The fol- 
lowing conclusions can be drawn from Tables 2 
and 3: the data taken from the very beginning 
of the absorbance signal profile to the ab- 
sorbance maximum and used in the Arrhenius 
plots give activation energy values in agreement 
with those obtained graphically; the results 
marked with a superscript dagger (and obtained 
from the data points from the high-temperature 
parts of the Arrhenius plots) agree among them- 
selves. These results show the usefulness of 
equation (25) for obtaining the activation 
energy by using any data points from the begin- 
ning of the absorbance signal profile to its 
absorbance maximum. 

The plot of In cp us. l/Z’, curve A, Fig. 2, 
shows a longer linear range of data points than 
that of the other Arrhenius plots. This improve- 
ment is probably the result of taking atom 
redeposition into account. Analyte atoms in- 
itially generated from the sample are rede- 
posited onto the graphite surface, and are 
subsequently released at higher temperatures, as 
reported by Black et al? This may cause a 
curvature in the Arrhenius plot if the atom 
redeposition is not taken into account. For the 
data points taken from the beginning of the 
absorbance signal profile, this plot agrees very 
well with the other Arrhenius plots (Fig. 2). This 
agreement may be attributed to insignificant 
redeposition of copper, and hence, insignificant 

Table 3. Activation energy values for atomization of copper, obtained by 
using equation (25) 

E, , kJ/mole 

Determination number Location on the absorbance 
signal profile of the data points 

1 2 3 Average used for calculation of E. 

355 325 344 341 

349 343 325 339 
328 35s 338 340 
337 343 343 341 
338 311 343 336 
304 284 321 303 

271 254 296 274 

At or immediately after the appear- 
ance temperature, i.e., at “low” 
temperatures. 

From the “transition region” tem- 
perature, i.e., between the “low” 
and the “high” temperature. 
At longer times after the appear- 
ance temperature i.e., when the 
temperature is “high”, The tem- 
perature to which the data refer 
increases from the top to the bot- 
tom of Table 3. 

242 230 268 247 
217 219 220 216 
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Fig. 3. A plot of ln[A/(A, -A)] us. l/T used by Chung.’ 

desorption of copper atoms near the appearance 
temperature. Table 2, first horizontal row (curve 
A, Fig. 2) shows that closely agreeing values of 
the activation energy are obtained from the data 
points taken at longer times i.e., some time after 
the appearance of the absorbance signal. 

For comparison, a plot of ln[A/(A, - A)] VS. 
l/T is shown in Fig. 3. This kind of Arrhenius 
plot was used by Chung’ for elucidating atom- 
ization mechanisms in GFAAS. Figure 3 shows 
that the slope increases asymptotically for the 
data points taken after the initial few data 
points of the absorbance signal profile, making 
kinetic information on the absorbance signal 
profile after the initial few data points question- 
able. Several research workers4*5g’0*‘9 have re- 
ported that the Arrhenius plots bend towards 
the abscissa as they approach the data for the 
absorbance maxima. However, the activation 
energy values obtained by using the data near 
the very beginning of the absorbance signal 
profile (Table 3) are satisfactory and can be used 
to elucidate atomization mechanisms which are 
valid for atomization reactions occurring near 
the beginning of an absorbance signal profile. 

MECHANISMS OF ATOMIZATION 

From published reports4~5~7~‘0~20*21 on acti- 
vation energy for copper in GFAAS, it is clear 
that the reported activation energy values are 
widely divergent and the reason for this diver- 
gence still remains unclear. The difference in the 
reported values of E, for copper atomization 
is in many cases due to curvatures in the 
Arrhenius plots used by the workers to obtain 
the activation energy values. Arthur and Cho” 
obtained an E, value of 265 kJ/mole under 
vacuum conditions; Smets’ reported 3 10 

kJ/mole; Sturgeon et al.,4 322 and 184 kJ/mole 
(for two different atomization mechanisms) and 
Chung’ 338 and 202 k.I/mole (for two different 
atomization mechanisms) under normal operat- 
ing conditions. Using the Monte Carlo simu- 
lation technique, Black et aLm obtained 126 
kJ/mole for a first-order release process for 
copper from a sub-monolayer coverage on the 
graphite tube surface. 

The E, values above range from the low value 
of 126 kJ/mole obtained from the Monte Carlo 
simulation technique, through 202 kJ/mole ob- 
tained from a higher-temperature region, to a 
still higher value, 338 kJ/mole, obtained from a 
lower-temperature region of the Arrhenius 
plots. This highest value correlates with the heat 
of sublimation of copper, AH, = 338 kJ/mole,** 
whereas the lower values of E,, have been 
accounted for differently by different 
Workers_%5,‘,*0.*’ 

In this work, by deriving Arrhenius-type 
equations that are capable of giving data points 
covering a wider range of temperatures for 
linear activation energy plots, we have attemp- 
ted to eliminate some of factors that cause curv- 
atures in Arrhenius-type plots. Also, we have 
given a method which enables the E, value to be 
determined by using any data points from the 
beginning of the absorbance signal profile to its 
absorbance maximum; this also allows a cross- 
check of the E, value obtained graphically. 

The E, values in Tables 2 and 3 obtained by 
using data points corresponding to the appear- 
ance time of the absorbance signal and some 
later times can be used to elucidate the mechan- 
ism of copper atomization reaction as follows. 
Copper nitrate (taken as an aqueous solution) is 
reduced to free copper metal atoms on being 
heated in the graphite furnace.4~7~20*21 The energy 
required to release copper atoms from the 
graphite tube surface is not known for certain. 
Some authors4 have assumed that this energy is 
the heat of vaporization of the pure copper 
metal, which can be equated with the energy of 
desorption of copper from the graphite tube 
surface. However, the energy of desorption of 
an analyte metal from rough surfaces, such as 
graphite surfaces, may have different values 
because the analyte atoms may be trapped 
inside the surface at different depths and inside 
tortuous channels, resulting in a multitude of 
different energies being required to release them. 
Even though the pyrolytically-coated graphite 
tube possesses a smooth surface on a macro- 
scopic scale, the surface is rough on a 
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Table 4. Correlation of AH’&, for sublimation of copper, carbon reduction of copper oxide, and dissociation of copper oxide, 
with the experimental activation energy 

AH&,, kJ/mole5s22 E., kJ/mole 

cue,,, + C(S) CUOb) + c, 
cu,,, + cu,,, + CL’(,) + co -rcu,+co cue,, + cqq + 0 cue,, + cu(@ + 0 

338 46 389 402 343 338 

microscopic scale, and it is reasonable to con- 
clude that the energies required to release cop- 
per atoms from such a rough surface will have 
different values, depending on the barrier en- 
countered by the copper atoms in diffusing to 
the surface and being released from it. If the 
surface is molecularly flat and there is no signifi- 
cant interaction between the copper atoms and 
the surface, the activation energy for release of 
copper atoms from that surface should have a 
single value. 

Interpretation of activation energy values 

Tables 2 and 3 show that the Ea values 
obtained in this work can be subdivided into 
two classes, depending on the time (i.e., the 
temperature) on the absorbance signal profile at 
which the data for calculating the E, values were 
taken. Regardless of the method for determin- 
ing the activation energy, the E, values corre- 
sponding to data points at or immediately after 
the appearance temperature of copper, i.e., at 
low temperatures, are consistently high, and 
those corresponding to data points at longer 
times after the appearance temperature, i.e., 
at high temperatures, are consistently low 
(Tables 2 and 3). There is also a set of Ea values 
in Table 3 that are shown as corresponding to 
data points which are in between the “low” and 
the “high” temperature region (the so-called 
“transition region”). 

As can be seen from Table 4, the low-tem- 
perature value of the experimental activation 
energy (the median value is 338 kJ/mole, 
Table 3) correlates very well with the sublima- 
tion enthalpy of pure copper metal and also 
with the dissociation energy of CuO,, (343 
kJ/mole), whereas the high-temperature E, 
values are quite different from any values in 
Table 4. In order to consider the possibility of 
the reaction, CuO,, -+ Cu,, f 0, as a pathway 
for Cuo it is necessary to know the energy 
required to sublime CuO,, and the thermal 
stability of CuOo at elevated temperatures. The 
high-temperature decrease in the experimental 
activation energy values may be attributed to 
the desorption of copper from a graphite tube 

surface which was initially clean. Copper has 
been reported s*‘2 to undergo short-range ad- 
sorption-desorption with increasing time (tem- 
perature) of atomization, which is particularly 
important in the long (28 mm), pyrolytically- 
coated graphite tubes used in this work. It 
should be noted that the low-temperature E, 
values have been obtained by using data points 
near the appearance time (i.e., appearance tem- 
perature) of copper, at which the loss of Cu, is 
assumed to be almost nil, whereas the high-tem- 
perature E, values have been obtained by using 
the data points corresponding to much longer 
times, at which the loss of C%) by condensation 
onto the graphite tube surface is substantial. 
The E, values shown in Table 3, which have 
been obtained by using the data points from the 
“transition region” reflect the increasing contri- 
bution of the adsorbed Cu atoms to the Cu,, as 
the atomization time (temperature) increases. 
As rightly pointed out by Holcombe’ and Bass 
and Holcombe” there should be no single value 
for the activation energy except within strictly 
defined limits. 
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APPENDIX A 

Solving the integral Jhk, exp( -c/t) dt in equation (19) 

Let 

then 

x =clt (14 

dx = -c/trdt (2.4) 

Substitute equation (IA) in equation (2A) for t 

dt = -t/x=dx (3A) 

Taking into account (1A) and (3A) gives 

s k, exp(-c/t) dt = ck, x2e-“dx 
0 

From mathematical tables, 

s 

m 
xv-‘e-“dx =p-‘F(v,p) 

‘I 

Therefore, 

I 
k, exp(-t/t) dt 

0 

=ck, 
I 

mx-2e-xdx = ck,f(-1, x) 
x 

Again, from mathematical tables, 

T(-n, x)= 
n-1 

(-l)“/n! E,(x)-e-’ 1 [(-l)“n!/x”+‘] 
“=O > 

where 

E,(x) = f(O, x) 

For n = 1, (7A) becomes 

(4A) 

(5‘4) 

(6A) 

(7A) 

(8A) 

r(-l,x)=E,(x)-x-‘e-’ (9A) 

The solution for E,(x) can be obtained from mathematical 
tables as follows: 

E,(x)=x-‘e-l i ((-lj’J!/x’) 
J-O 

(lOA) 

Substituting (IOA) into (9A) gives 

r(-1,x)=x-ie-xf ((-l~J!/xJ)-x-‘e-~ (1lA) 
J-O 

If x>>l 

F(-1,x)=x-*e-x (12A) 

Substituting (12A) into (6A) and considering (1A) gives 

I 

L 
k, exp(-c/t)dt =(t*/s)k, exp(--c/t) (13A) 

0 

A similar treatment has been published in the literature.u 

APPENDIX B 

Starting with equation (21) in the theory section: 

ln( ImA dt/JomA dt) 

= P(a2a)-‘k, exp(-EJRT) (1B) 

The Arrhenius law is 

k, = k, exp( --E,/RT) (2B) 

All the terms above have been defined previously. Substitut- 
ing (2B) into (1B) for k, exp(- EJRT) yields 

-ln(~Adt/~~dr)=Tz(.‘r)~‘k, (3B) 

k, can be expressed by the following equation [see equation 
(15) in the theory section]: 

m 

U > 

-I 
k,=A A dt 

I 
(4B) 

Substituting (4B) into (3B) for k, 8ives 

ln(~,mAd~/~omAdt)=T2(a2e)~iA(~~Adt~” (5B) 

Taking into account (18) (theory) and rearranging terms in 
(5B) gives the following expression for the activation energy, 
E,: 

E,= -(ART’)(a~Adtl{~;Adt/j;Adt])-’ (6B) 

= -(ART2)(r In ‘P)-’ (7B) 

and 

s m 

“j=o! A dt 
I 

A dt 
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ON-LINE PHOTO-OXIDATION FOR THE 
DETERMINATION OF ORGANOARSENIC COMPOUNDS 

BY ATOMIC-ABSORPTION SPECTROMETRY WITH 
CONTINUOUS ARSINE GENERATION 
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Summary-A method has been developed for on-line conversion of organoarsenicals into arsenate, which 
is readily detected by atomic-absorption spectrometry with continuous arsine generation. The photo- 
reactor consists of a mercury lamp wrapped with 5 m of F’TFE tubing (0.5 mm i.d.). The photo-oxidation 
conditions were optimized, with a flow-injection analysis procedure, for arsenobetaine, monomethyl- 
arsenic acid, dimethylarsinic acid, o-arsanilic acid, and phenylarsonic acid, all organoarsenicals of 
biological and environmental importance. Solutions were continuously pumped at a flow-rate of 2.0 
ml/min and combined with a stream of potassium persulfate (flow-rate 0.6 ml/mm) before entering the 
photo-reactor. With reactor dwell times of 36 set, conversion efficiencies for these compounds were above 
95% under these conditions. Interfacing of this flow-through conversion and detection system with a 
chromatographic inlet permits real-time analysis of mixtures of these organoarsenic compounds, in a 
manner suitable for environmental or biomedical samples. 

Arsine-generation atomic-absorption spec- 
trometry (AG/AAS) offers a highly sensitive, 
selective and simple technique for the determi- 
nation of arsenic in solutions, at the nanogram 
level.’ The technique can be used to differ- 
entiate between arsenic species that form vol- 
atile arsenic compounds,2*3 and can be easily 
combined with continuous flow systems.ti 

In speciation methods where a chromato- 
graphic separation scheme precedes the arsenic 
determination, detection by atomic-absorption 
spectrometry or inductively-coupled plasma 
atomic-emission spectrometry (ICP/AES) based 
on continuous flow is preferable to batch 
methods. Graphite-furnace atomic-absorption 
spectrometry (GFAAS), although permitting 
sensitive determination of all forms of arsenic, 
is not convenient as a detector for use with 
chromatographic eluents, owing to the large 
number of GFAAS measurements that are 
needed for each chromatogram, and the in- 
ability to monitor the separations in real time.’ 

Currently, ICP/AES is the most widely used 
method of detection in liquid chromatography 
arsenic speciation studies,&‘O though this tech- 
nique lacks the high sensitivity of AG/AAS. In 

*Author for correspondence. 

recent studies, liquid chromatography coupled 
with ICP/AES and mass spectrometry 
(LC-ICP-MS) has been used to achieve higher 
sensitivities for arsenic,“-” but because of the 
high cost of ICP-MS equipment the technique 
is still beyond the reach of most laboratories. 

The determination of organoarsenicals in en- 
vironmental and biological samples has been 
of interest to various research group~.‘“‘~ The 
major naturally occurring arsenic compounds 
that can be found in these sample types are the 
two inorganic forms of arsenic, As(II1) and 
As(V), plus organic forms such as mono- 
methylarsonic acid (MMA), dimethylarsinic 
acid (DMA), and other organoarsenicals such 
as arsenobetaine (AsB).‘~ The toxicity of these 
compounds decreases in the order As(II1) > 
As(V) > MMA > DMA. Several studies have 
revealed that arsenobetaine is the major arsenic 
compound found in many sea-foods,” and is 
non-toxic.la Since many of these forms of 
organic arsenic, including arsenobetaine, would 
not be detected in an assay based on arsine, such 
as AG/AAS, the presence of these arsenic 
species in foodstuffs or tissues must be inferred 
by comparing the amount of total arsenic with 
that of arsine-forming species when such 
methods are used. The significance of the ques- 
tion of arsenic species in foodstuffs is illustrated 
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by the U.S. Environmental Protection Agency 
1984 assessment of arsenic exposure in the 
U.S. population, which considered the bulk of 
dietary arsenic intake as being comprised of 
organoarsenic species that are not thought to 
have any toxic properties,14 without citing any 
detailed evidence for this assumption. An ar- 
senic speciation assay having the sensitivity and 
specificity of arsine methods and the ability to 
detect all of the major arsenic species found in 
food and human biological samples is therefore 
of interest. 

In order to utilize the AG/AAS technique for 
the determination of all soluble arsenic species, 
conversion of organoarsenicals into hydride- 
reactive arsenic is required. This might be 
achieved by acid or base batch digestion 
procedures, in which all arsenic species are 
converted into inorganic arsenic,’ but these pro- 
cedures are laborious, slow, and impractical 
when large numbers of samples are to be ana- 
lyzed. In addition, batch digestion is not com- 
patible with speciation assay, and is subject 
to contamination from digestion reagents. 
Andreae has reported16 that some organo- 
arsenicals such as arsenobetaine are unusually 
resistant to acid digestion and require heat- 
ing with magnesium oxide in a mutile furnace 
for complete decomposition. Organoarseni- 
cals have been reported to be completely 
decomposed by wet oxidation with a 
nitric-sulphuric-perchloric acid mixture.‘g 

Previous studies have shown that organo- 
arsenicals can be made to undergo photo- 
oxidation in the presence of different mineral 
acids2’ or a combination of nitric acid and 
hydrogen peroxide. 21 Cullen and Dodd reported 
the batch photo-oxidation of organoarsenic 
compounds to arsenate,2o by ultraviolet 
irradiation in fused-silica tubes for 1 hr with a 
medium-pressure mercury lamp. The samples 
were analyzed by batch hydride generation and 
graphite-furnace AAS. 

On-line ultraviolet irradiation procedures 
have been employed to improve the selectivity 
and sensitivity of detection of many organic 
compounds. The flrst commercially available 
flow-through photo-reactor was recently intro- 
duced.= All of these systems have been used for 
post-column derivatization of HPLC effluents 
to enhance the detection of a variety of organic 
compounds with fluorometric,23*24 and electro- 
chemical detectors.24T25 

The use of continuous flow methods in hy- 
dride generation makes it possible to interface a 
liquid chromatography effluent stream with 
AAS or ICP/AES8 detectors. These systems 
allow continuous and direct transfer of the 
generated volatile arsine products to the 
detector. In previous studies of arsenic species 
distribution, we found that organic arsenic 
species exhibit different responses from those of 
inorganic arsenic in batch or continuous flow 
AG/AAS detection. This is due to differences in 
reaction kinetics, volatilities, and efficiency of 
flame conversion of the corresponding arsines 
into elemental arsenic. Such differences affect 
the sensitivity of detection for each species and 
may introduce bias for some species. These 
considerations led us to develop a procedure 
that would allow the on-line formation of vol- 
atile arsine species from organoarsenicals that 
are resistant to hydride formation. 

In this paper we report the successful on-line 
photo-oxidation of organoarsenicals to inor- 
ganic arsenic. The reaction is used within a 
flow-injection analysis (FIA) system. The arsen- 
ate generated by oxidation of organoarsenicals 
is reduced to arsine and continuously detected 
by AAS. 

Apparatus 

EXPERIMENTAL 

A schematic diagram of the on-line photo- 
oxidation hydride generation/atomic-absorp- 
tion detection system is shown in Fig. 1. 

HELIUM 350 ml/mln 

PHASE 
2% In 1% NaOH SEPARATOR 
HCI L 0.8 mllmin 

d-l 

Fig. 1. On-line photo-oxidation/hydride generation/atomic-absorption system. 
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The components are a flow-injection hydride 
generation manifold, photo-reactor, gas-liquid 
phase-separator, and arsenic detector. 

The FIA manifold is made with PTFE tubing 
and Kel-F T-fittings. Tubing lengths and diam- 
eters are shown in Fig. 1. A six-port Rheodyne 
type 50 low-pressure sample injection valve with 
a sample loop volume of 100 ~1 is used to 
inject samples. Two Ismatec peristaltic pumps 
(Cole-Parmer) are used to pump the sample and 
reagent streams. The glass phase-separator used 
in the continuous arsine generation is similar to 
that described by Vijan and Wood.’ 

The photo-reactor unit is made from the 
mercury lamp of a portable ultraviolet light- 
source used for viewing samples of TLC plates 
(o.d. 1.5 cm, length 20 cm, Alltech). The lamp 
is wrapped with 5 m of 0.56-mm i.d. PTFE 
tubing. The source emits short wavelength light 
with I,, = 254 nm. The unit is enclosed in 
aluminum foil to increase the light intensity 
reaching the coil and to prevent eye exposure to 
ultraviolet radiation. 

The detector is a Perkin-Elmer atomic- 
absorption spectrometer Model 305 B, equipped 
with an arsenic electrodeless discharge lamp, 
monitored at 193.7 nm, and a hydrogen-flame 
combustion detection ~ell.~ Absorption signals 
are recorded with a Hewlett-Packard model HP 
3396A integrator. Peak heights and areas are 
obtained. 

Batch photo-oxidation is perfomed with a 
photo-oxidation unit (Ace Glass, Vineland, NJ) 
which contains a high-pressure mercury lamp, 
1200 W (o.d. 2.5 cm, length 45 cm, Hanovia), 
and an air fan to cool the unit and the sample 
tubes. Samples are placed in 150-ml fused-silica 
tubes and positioned around the lamp at a 
distance of 10 cm from it. 

Reagents 

The oxidizing solution, 20 mg/ml potassium 
persulfate (Fisher, purity 99.9%) in 10 mg/ml 
sodium hydroxide solution was freshly prepared 
before use. The reducing solution, prepared 
daily, was 30 mg/ml sodium tetrahydroborate 
(Alfa) in 5 mg/ml sodium hydroxide solution, 
and filtered before use. 

Calibration standard stock solutions were 
prepared from sodium arsenate (Matheson, 
Coleman & Bell, OH, U.S.A.); sodium 
monomethylarsonate (MMA; Battelle NW, 
Sequim, WA); dimethylarsinic acid, (DMA; 
Sigma); phenylarsonic acid, (PAsA; Alfa); and 
o-arsanilic acid (oAsA; Aldrich). Arsenobetaine 

was synthesized according to the method of 
Edmonds et a1.26 Diluted solutions were stan- 
dardized against an inorganic arsenic(II1) 
standard (NIST, SRM 3103) by graphite- 
furnace atomic-absorption spectrometry. All 
calibration and method development test sol- 
utions were prepared in O.lM hydrochloric acid 
made with distilled demineralized water. 

Method development 

Photo-oxidation conditions were optimized 
by batch reactor tests. In each test, 10 ml of 
2.5 ppm arsenobetaine solution containing the 
appropriate concentrations of oxidizing re- 
agents were placed in fused-silica tubes and 
irradiated with the 1200 W source for 15 min. 
The initial selection of reagents was based on 
the mineral acids and oxidizing agents (such as 
hydrogen peroxide and persulfate) used earlier 
in lengthier batch photo-oxidation pro- 
cedures,20*21 In later experiments, neutral and 
basic solutions were tested in the presence and 
absence of oxidizing agents. Photo-oxidation 
products were identified as inorganic arsenic, 
MMA, DMA, and trimethylarsine (TMA) by a 
previously described arsenic speciation scheme 
based on batch arsenic reduction and sparging, 
cryogenic trapping, thermal desorption and 
AAS detection.3 

Conditions for the continuous flow gener- 
ation of volatile arsines after the photo- 
oxidation were optimized with an arsenate 
solution and held constant throughout the 
photo-reactor optimization experiments. The 
stream leaving the photo-reactor (carrier flow 
2.0 ml/min and oxidant flow 0.6 ml/mm) was 
acidified by merging with a 0.8 ml/min flow of 
8M hydrochloric acid before merging with a 0.8 
ml/min flow of sodium borohydride solution. 
The concentration of sodium borohydride was 
kept high (30 or 40 mg/ml) as it was necessary 
to reduce excess of persulfate as well as the 
arsenate. The reduction reaction occurred in the 
reaction coil (4 m) and the arsine vapor gener- 
ated was stripped with a 350 ml/min flow of 
helium before it reached the gas-liquid phase- 
separator. The separated gas was combined with 
hydrogen and air just before entering the com- 
bustion cell of the AAS detector. The resulting 
transient signals were recorded and integrated. 
In all the following experiments, the values 
obtained were the average peak areas of at least 
three sample injections of each test solution. 

The photo-reactor system parameters were 
optimized with a 1 ppm AsB solution. The effect 
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of potassium persulfate concentration, photo- 
reactor coil length, and flow-rate of the carrier 
stream on the response signal were evaluated 
independently. The flow-rates of potassium per- 
sulfate solution, hydr~hlo~~ acid, and sodium 
borohydride solution were kept constant at 0.6, 
0.8 and 0.8 ml/min, respectively. 

The concentrations of persulfate solutions 
tested were 1, 5, 10, 20, and 45 mg/ml in 10 
mg/ml sodium hydroxide solution. A 45 mg/ml 
solution was also prepared in distilled water. A 
saturated potassium persulfate solution con- 
tains approximately 50 mg/ml. The carrier 
stream flow-rate was kept at 2.0 ml/min; the 
reactor coil length was 5 m. 

The effect of photo-reactor coil length was 
studied by wrapping 0.4, 0.75, 1.5, 2, 3.2, and 
5 m of the PTFE tubing around the mercury 
lamp. The experiment was repeated at overall 
flow-rates of 1.0, 2.2, and 3.2 ml/min, with 20 
mg/ml potassium persulfate. Standard As(V) 
solution was injected for comparison with AsB 
solution to correct for small variations in detec- 
tion system response occurring with changes in 
the photo-reactor parameters. 

The system response for several arsenic 
species under the optimum conditions found for 
the AsB solution was determined by using injec- 
tions of 1 ppm solutions with the following 
conditions: (a) ultraviolet source off, with- 
out persulfate; (b) source on, with persulfate 
solution; (c) source off, with persulfate. 

On-line detection of separated arsenic species 
was demonstrated by merging an ion-~hromato- 
graph effluent with the persulfate stream at 
point T in Fig. 1. AsB, MMA, DMA and As(V) 
were separated on a strong base anion-exchange 
column (Macherey-Nagel, Nucleosil 10 SB 
column, 250 mm x 4.4 mm i.d.) with 0.05M 
sodium phosphate buffer (pH = 7.4) at a flow- 

rate of 1.5 ml/n&. The sample volume injected 
was 200 ~1. 

RESULTS AND DISCUSSION 

The results of batch photo-oxidation reac- 
tion experiments are shown in Table 1. The 
arsenobetaine photo-oxidation products were 
identified as inorganic arsenic, monomethylar- 
sonate, dimethylarsenate, and trimethylarsine. 
Little or no photo~onversion occurred in the 
presence of nitric acid and/or hydrogen per- 
oxide. The best photo-oxidation was obtained in 
neutral or basic solutions with potassium per- 
sulfate present. Persulfate in basic medium con- 
verted AsB completely into inorganic arsenic, a 
specie that can easily be reduced to arsine and 
quantitatively measured. Results from batch 
photo-oxidation of 2.5 ppm solutions of MMA, 
DMA, PAsA and oAsA in 20 mg/ml persulfate 
solution in 50 mglml sodium hydroxide sol- 
ution indicated complete d~omposition of 
these compounds to give arsenate. 

Basic sodium persulfate solution, which gave 
a single product in the batch procedure, was 
selected as the photo-oxidation medium of 
choice. On-line conversion was observed for 
injected AsB solutions mixed with basic persul- 
fate solution when the photo-reactor was 
switched on. No signal was observed for AsB 
when the ultraviolet source was switched off and 
the response was reduced by 90% when the 
persulfate solution was prepared in distilled 
water instead of a basic solution. 

The efficiency of photo-oxidation under the 
given experimental conditions was found to 
increase with increasing persulfate concen- 
tration, reaching a constant response of 97 f 
2% of that of As(V) at persulfate concen- 
trations above 10 mg/ml. The efficiency of the 

Table 1. Arsenobetaine batch photo-oxidation products in different solutions (arsenobetaine 
solutions were irradiated with ultraviolet light for 15 min) 

Yield of arsenic species, % 

Reaction medium IllAS MMA DMA TMA Total 

Distilled water, pH 6 4 4 93 - 101 
HCl, 0.6M - 0.4 1.3 16 18 
H,Oz, 1.4% in H,O - - - - 0 
H,Oz, 1.4% in 0.3M HCl - - - 5 
HNO,, 1.3M - - - - : 
H,O,, 1.4% in l.ZM HN03 - - - 
K&O,, 0.05% in 1.3M HNO, 1 0.3 4 1 

0 
7 

K2S208, 0.05% in 0.3M HCl 1 6X3 1 8 IO 
K,&O,, 0.05% in H,O 3.5 4 - 99 
K,GO,, 0.05% in O.lM NaOH 101 - - - 101 

- Not detected below 0.2% (5 ng/ml in solution). 
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The flow-through photo-reactor conversion 

0 10 20 30 40 50 60 

Residence time (set) 

Fig. 2. Photo-conversion efficiency vs. residence time of 
analyte in the photo-reactor, at three different sample 

flow-rates: 0, 1 ml/min; 0, 2 ml/min; A, 3 ml/min. 

photoconversion reaction decreased when old 
persulfate solutions were used. Throughout this 
work, freshly prepared 10 or 20 mg/ml oxidant 
solutions were found necessary to maintain 
constant and optimal photo-conversion. The 
persulfate solution decomposed with time and 
was stable for only one day. 

The effect of coil length or carrier flow on 
photoconversion efficiency showed a similar 
threshold effect, as shown in Fig. 2. Varying the 
residence time in the photo-reactor had the 
same effect, whether the variation was due to 
changes in reactor coil length or in pumping 
speed. 

As an example, the 36 set residence time for 
the 2 ml/min iow-rate was achieved by using a 
coil length of 5 m. For the experimental con- 
ditions studied, the optimal photo-reactor resi- 
dence time was found to be 20-25 set with coil 
lengths of 2 m or more, and pumping speeds of 
1 ml/min. 

efficiency for five arsenic species is shown in 
Table 2. Some of these species, such as MMA, 
DMA, and PAsA, are capable of direct detec- 
tion by the arsine generation system, with re- 
sponses different from that for arsenate. 
Without the presence of oxidant or the ultra- 
violet light source, the largest response was for 
As(II1) and the lowest for oAsA. Because the 
continuous flow hydride system is optimized for 
rapid conversion of arsenate, arsine-forming 
species that react more slowly with borohydride, 
such as DMA, are detected with reduced re- 
sponse. For this reason, detection of DMA is 
only 23% as efficient as that of an equivalent 
amount of arsenate. oAsA response increased 
by 45% when persulfate was added, even with- 
out the ultraviolet light on. The decomposition 
of this compound to arsenate in the presence of 
persulfate was reported by Ricci et al6 As(II1) 
gave a higher response than As(V), owing to the 
ease of its reduction to arsine. The responses of 
the same solutions with ultraviolet irradiation 
indicated that As(III), MMA, oAsA and PAsA 
were completely converted into arsenate, and 
the DMA response increased from 23% to 92% 
of that for arsenate. Arsenobetaine, a species 
that could not be detected by conventional 
arsine assay, was found to give a response 
297% of that for arsenate. 

The observed differences in the responses of 
the different arsenic species led us to assay the 
photo-reaction products of the different species 
formed by use of photo-reactor coil lengths of 
3 and 5 m and 40 mg/ml persulfate solution. 
This was done by assaying the collected arsenic 
solutions pumped through the photo-reactor, 
for arsenic species. Speciation was achieved by 
means of an ion-chromatographic separation, 
as illustrated in Fig. 3. The results shown in 
Table 3 confirm that As(III), PAsA, and oAsA 

Table 2. Response signals of 1 .O ppm arsenic solutions, with and without ultraviolet irradiation 

Conditions I II III 

NaOH, % 1% 1% 1% 
Persulfate, % 0% 2% 2% 
Light source Off Off on 

Species Detection efficiency [response relative to response for As(V)] 

As(V) 1 .OO + 0.02 I .OO f 0.03 0.99 * 0.01 
As(III) 1.10 f 0.01 1.00 f 0.01 0.99 f 0.02 
MMA 0.96 & 0.01 0.97 f 0.02 0.98 f 0.01 
DMA 0.23 f 0.02 0.25 f 0.01 0.92 f 0.03 
oAsA 0.02 f 0.01 0.45 + 0.01 1.00 f 0.02 
PAsA 0.90 + 0.01 1.00 f 0.01 1 .OO f 0.02 
AsB - - 0.97 f 0.02 

- Not detected below 0.01 pg/ml. 
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Fig. 3. Separation of four arsenic species by strong base 
anion-exchange LC with photo-oxidation/hydride gener- 
ation/AAS. Each peak corresponds to 20 ng of As. Sample 
volume 200 pl; mobile phase O.OSM phosphate buffer 
at a flow-rate of 1.5 ml/min. 1, AsB; 2, MMA, 3, DMA; 

4, As(V). 

are completely converted into arsenate; MMA 
and DMA shows incomplete conversion into 
arsenate, which increases with increase in the 
coil length. Photo-oxidation of AsB produces 
arsenate, DMA and MMA. The different re- 
sponse of these intermediate photo-oxidation 
products during arsine generation can therefore 
account for the differences in detection efficiency 
presented in the last column of Table 2. 

By use of a series of diluted calibration sol- 
utions and the flow-through detection system, 
response curves were obtained for standard 
As(V), AsB, and DMA solutions over the con- 
centration range 0.1-2.5 ppm, as shown in 
Fig. 4. The linearity of response and the good 
precision at each calibration level demonstrate 
the suitability of this technique for quanti- 
tative multi-component analysis. As would 
be expected from the conversion efficiencies 
observed (Tables 2 and 3), the AsB plot over- 
lapped the As(V) line, but the slope for DMA 
was lower. 

Persulfate solution absorbs strongly in the 
ultraviolet region (maximum absorbance at 

6x105 

As(V) 
AS6 

‘ji 
% 6~10~ DMA 

s 

E 
e 
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g 4x105 
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6 
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0 1 2 3 
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Fig. 4. Calibration curves for As(V), AsB and DMA. 

235 nm). It has been reported that persulfate 
solution under ultraviolet irradiation undergoes 
a photo-decomposition reaction giving highly 
reactive hydroxyl radicals which can result 
in the conversion of organic compounds into 
carbon dioxide.” We suggest here that photo- 
induced persulfate oxidation of organoarseni- 
cals, giving arsenate, water, and carbon dioxide, 
is similarly mediated by hydroxyl radicals. A 
decrease in photoconversion was observed when 
ammonium persulfate was used instead of pot- 
assium persulfate. Interference from ammonium 
ions was examined for AsB solution prepared in 
ammonium phosphate solution. Other solutions 
were prepared in methanol and urea solution. 
Decreases of 67, 57, and 42% in signal response 
were observed for 1 ppm AsB solutions pre- 
pared in 0.05M ammonium phosphate, 95% v/v 
methanol and 10 mg/ml urea solutions, respect- 
ively. These results indicate that the photo- 
decomposition reaction is hindered by the 
presence of certain species. Therefore, to apply 
the photoconversion reaction to biological 
and environmental samples, evaluation of the 

Table 3. On-line photo-oxidation products of 5.0 pg/ml organoarsenic 
solutions at two different coil lengths, with 4% persulfate solution: products 

identified by ion-chromatography; carrier flow-rate 1.0 ml/min 

Coil length 3 m, Coil length 5 m, 
% As detected as % As detected as 

Suecies As(V) MMA DMA As0 MMA DMA 

As(II1) 100 - - 100 - - 
MMA 84 16 - 7 - 
DMA 90 5 6 ;: 6 - 
oAsA 100 - - 100 - - 
PAsA 100 
AsB 41 ss 1 

100 - 
90 8 ; 
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sample matrix for possible interferences is essen- 
tial and sample pretreatment to remove these 
interferences may be needed. 

CONCLUSIONS 

Application of the arsine generation tech- 
nique is limited to aqueous solutions of those 
arsenic species that undergo reduction with 
sodium borohydride to form volatile arsenic 
hydrides. Thus, many naturally occurring 
arsenic compound found in biological and 
environmental samples cannot be detected 
by this method. This study has demonstrated 
the feasibility of determination of selected 
organoarsenicals in solution by using on-line 
photo-conversion followed by a continuous flow 
arsine-generation/atomic-absorption system. A 
photo-oxidation conversion efficiency of above 
95% was achieved for all arsenic species tested. 
Efficiencies can be further improved by increas- 
ing the reaction coil length, and using lower 
reagent flow-rates or (possibly) a higher inten- 
sity ultraviolet source. 
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Summary-A simple and rapid method has been developed for the extraction of Fe, Ni, Cr and Mo in 
drinking water samples with a new reagent, peotamethyleoe dithiccarbamate, into methyl isobutyl ketone 
(MIBK) and their subsequent determination by atomic-absorption spectrometry. The extraction has been 
carried out at a high aqueous: organic phase ratio to achieve a 35-fold precooccntration factor. Extraction 
parameters and interference factors are discussed. The precision based on replicate analyses is between 
3 and 10% for a concentration range of 2-250 pg/I. of the four metals. The detection limits (3~) for Fe, 
Ni, Cr and Mo are 0.30, 0.36, 0.40 and 0.22 &l., respectively, ccrrespoodiog to a metal concentration 
of 0.50 /.4g/l. 

The determination of trace elements, particu- 
larly the heavy metals, has received increasing 
attention in pollution studies. The development 
of atomic-absorption spectrometry (MS) by 
Walsh,‘*2 however, provided a technique which 
has been particularly useful in the determination 
of trace metals because of its reduced suscepti- 
bility to interference. A number of techniques, 
including co-precipitation and co-crystalliz- 
ation, chelation-solvent extraction,4-g chelating 
ion-exchange resins’“‘3 and electrolysis”‘6 have 
been used for the preconcentration of metals. 
Solvent extraction of trace metals from water 
samples is a powerful technique for accomplish- 
ing preconcentration of trace metals to levels 
well above the normal instrumental detection 
limit and enhancement factors as high as 100 
can easily be achieved. In addition, this tech- 
nique is simple, fast, easy to manipulate, elim- 
inates matrix effects and provides matrix 
normalization (i.e., making the matrix of 
samples the same as that of the standard). 

Most separation methods in use, however, 
are based on the formation of metal-dithio- 
carbamate complexes and their subsequent ex- 
traction into an organic solvent. The chelating 
agents, ammonium pyroolidinedithiocarbamate 
(APDC) and sodium diethyldithiocarbamate 
(NaDDC) are the two reagents most generally 
used for the complexation. Of these, APDC has 

*Author for correspondence. 

been found to be more suitable than NaDDC 
especially at low pH values.i7*” However, the 
use of APDC has certain disadvantages. Many 
workers have reported that the Mn-complex of 
APDC in MIBK (methyl isobutyl ketone) is 
extremely unstable and recovery is very 
poor.g,‘a21 According to Sturgeon et al.’ deter- 
mination of chromium is most imprecise at low 
concentration when APDC is used as a complex 
reagent, owing to its poor extraction character- 
istics. Hence, we have attempted to overcome 
these difficulties by choosing pentamethylene 
dithiocarbamate (PMDTC), also known as 
piperidine dithiocarbamate (pipDTC), as a 
complexing reagent for the extraction of four 
trace elements (Fe, Ni, Cr, Mn) in natural 
drinking water supplies. 

EXPERIMENTAL 

Apparatus 

Atomic-absorption measurements were re- 
corded on a model 2380 Perkin-Elmer atomic- 
absorption spectrometer equipped with a 
standard burner for use with an air-acetylene 
flame. Standard hollow-cathode lamps were 
used as a line source for all elements. 

An Elico Model LI-120 pH meter with com- 
bined glass electrode was used for pH measure- 
ments. Polyethylene 1-litre screw-cap bottles 
were used as the containers for water samples. 
All extraction studies were done in 500-ml boro- 
silicate glass separatory funnels fitted with 
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Teflon stopcocks and polyethylene stoppers. 
Organic extracts were collected in 15-ml glass- 
stoppered borosilicate glass centrifuge tubes. 
MIBK was added with a lo-ml pipette. Other 
reagents were added with adjustable micro- 
pipettes with polypropylene tips. All the glass- 
ware was cleaned by the method described by 
Danielsson et al.’ 

Reagents and solutions 

High-purity water was obtained by double 
distillation of demineralized water in a quartz 
still. This was used for cleaning and for prep- 
aration of standard solutions used for cali- 
bration. 

Stock metal solutions which contained 
1 mg/ml of each metal, were prepared with the 
pure metal for Fe and Ni. BDH AnalaR potass- 
ium dichromate and manganese sulphate were 
used for preparing Cr(V1) and Mn(I1) solutions. 

Preparation of the sodium salt of pipDTC. 
Carbon disulphide (80 g) was slowly added to a 
solution of piperidine (85 g) in 25 ml of water 
at S’, with constant stirring, followed by 40 g of 
sodium hydroxide dissolved in 20 ml of water. 

Mixed standards were prepared from stock 
solutions by progressive dilution and the con- 
centrations were similar to those in the water 
samples. 

The reagent solution was prepared by dissolv- 
ing 1 g of the reagent in 100 ml of water, and 
contaminants, if any, were removed by shaking 
with 50 ml of MIBK. 

A 0.5M ammonium acetate buffer was pre- 
pared and purified by addition of 5 ml of a 1% 
solution of purified pipDTC and extraction with 
25 ml of MIBK. This was repeated until the 
aqueous layer was free from trace metal impuri- 
ties and it was then stored in a clean 1-litre 
polyethylene bottle. 

Redistilled commercial grade methyl isobutyl 
ketone and analytical reagent grade nitric acid 
were used. 

Preservation and pretreatment of the samples 
were done as described in the literature.‘* 

Procedure 

Water samples (350 ml) were transferred to 
500-ml separatory funnels. Acetate buffer (2 ml) 
was added and the pH was adjusted to 4.0 f 0.5, 
followed by the addition of 5.0 ml of 1% 
pipDTC solution. The funnel was shaken well, 
17 ml of MIBK were added and the mixture was 
shaken for 3 min. At equilibrium 7 ml of the 
solvent entered the aqueous phase owing to its 

solubility, resulting in a 357 : 10 phase ratio. The 
organic phase was separated and analysed by 
AAS. 

Standardization 

Standard solutions were prepared with ex- 
tracted water samples, to match the matrix of 
the standards to that of the samples. These 
samples were extracted two or three times with 
10 ml of MIBK to ensure that the water was as 
free as possible from the trace metals under 
investigation. They were then combined and 350 
ml portions were transferred to each of four 
separating funnels. The pH was adjusted and 
increasing amounts of the four metal solutions 
were added to give concentrations of 0,2,5 and 
10 pg/l. The standards were then extracted by 
the recommended procedure with 10 ml of 
MIBK. The resulting extracts were used for 
calibration. 

RESULTS AND DISCUSSION 

Procedure optimization 

The effect of pH on extraction efficiency was 
evaluated by performing extractions on 350 ml 
of water at different pH values ranging from 1 
to 8 and containing 15 pg of Fe, Ni or Cr, or 
50 pg of Mn the results are shown in Fig. 1. 

The absorbance remains constant over the pH 
ranges 3.0-4.5 for Fe, 3.0-7.0 for Ni, 3.0-5.0 
for Cr and 3.5-6.0 for Mn. Hence, extractions 
have been carried out over these pH ranges for 
the maximum recovery of the metals. A pH 
of 4.0 k 0.5 was chosen for the simultaneous 
extraction of the four metals. 

The solubility of MIBK in the aqueous phase 
was determined from the solubility data used for 
construction of a solubility curve, of the type 
described by Brooks et a1.5 It was observed that 
2.0 ml of MIBK dissolved in 100 ml of the 
aqueous phase on equilibration. 

The stability of the complexes was measured 
by preparing a pipDTC extract in MIBK and 
comparing the absorbance of the “aged” 
samples to freshly extracted samples. The mini- 
mum times for which no appreciable loss of 
absorbance was noted are shown in Table 1. 

Precision and recovery 

The precision (expressed as the RSD) of 
the method was established by individually 
preparing ten solutions each containing the 
same amount of each of the four metals. The 
results are shown in Table 2 for a sample spiked 
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Fig. 1. Dependence of absorbance on pH of extraction. 

with 2, 5, 25 and 250 pg/l. of the metals and 
indicate that the precision ranges from 3 to 
10%. This is comparable to that reported in the 
literature.4-1 l 

The recovery was computed by the method of 
Sturgeon et al.’ The results (Table 3) show that 
the extraction efficiency decreases considerably 
at concentrations of 250 ,ug/l. for all four 
metals. Because a single extraction gives only 
partial recovery, it is essential to apply the 
complete procedure in preparing the calibration 
graph. 

Table 1. Analytical parameters 

Parameter Fe Ni Cr Mn 

Minimum time for 5 9 12 3 
which complex is 
stable, hr 

Limits of 0.30 0.36 0.40 0.22 
detection, pggll. 

Sensitivity, pgcgll. 1.20 1.60 2.80 0.80 

Linear working l-300 1.0-250 1.5-300 0.5-250 
range, pgll. 

Sensitivity, detection limit and range of linearity 

The sensitivity is expressed as the concen- 
tration which produces 1% absorption. The 
linear working range was determined by prepar- 
ing a series of standards (0, 2, 5, 10, 25, 100, 
250, 500 and 5000 pg/l. of the metal) and after 
extraction their absorbance values were 
measured. The results are shown in Table 1. 

The detection limits (based on 3 times the 
standard deviation of the blank) for Fe, Ni, Cr 
and Mn were evaluated for a concentration of 
0.50 ,ug/l. with a scale expansion of A x 10 and 
an instrumental noise suppression of 4. The 
values are given in Table 1. 

Table 2. Precision of the method for a spiked water sample 

Concentration RSD, % 
of spike, 

Irgll. n* Fe Ni Cr Mn 

2.0 10 8 9 10 6 
5.0 10 6 I 9 4 

25.0 10 5 6 I 3 
250.0 10 3 6 3 6 

*Number of observations. 
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Table 3. Recovery from a spiked water sample 

Concentration Recovery*, % 
of spike, 

IGIl. Fe Ni Cr Mn 

2.0 92.0 92.7 92.0 92.5 
5.0 93.0 91.0 92.0 94.0 

25.0 91.0 90.8 91.0 94.7 
250.0 90.4 90.5 90.7 93.4 
500.0 82.7 74.3 78.5 73.7 

*Calculated from R = lOOA,/(A, + A, + A,), where, A,, A, 
and A, are the signals from three successive extractions 
of an aliquot. 

Table 4. Trace elements in drinking water 

Concentration, fig/l. 

Water sample Fe Ni Cr Mn 

1 6.0 1.2 4.0 0.5 
2 4.6 0.8 1.5 - 
3 12.5 - 0.8 0.8 
4 19.0 1.0 1.5 3.0 
5 11.0 1.0 - 
6 8.0 0.5 1.6 1.2 

Eflect of foreign ions 

Interferences were studied for samples con- 
taining 10 and 25 pg/l. of each of the metals. 

No interference is observed from Sti4-, 
HCO;, PO:-, NO;, F-, Cl-, Br- and I- up to 
250 mg/l.; from CN-, EDTA up to 40 mg/l.; 
and from Ca’+, Mg*+, Na+, K+ up to 
300 mg/l. 

Interference from heavy metals, oiz. Pb, Cd, 
Zn, Co and Cu was studied. Up to 3 mg/l. 
concentrations of these do not interfere to any 

significant extent in the determination of Fe and 
Ni. However, in the extraction of Cr and Mn, 
these metals interfere at 2.5 mg/l. level. 

Application of the method 

Six untreated water samples collected at 
different places have been analysed for trace 
metals by the recommended procedure (Table 
4). An alternative analysis for chromium and 
manganese by the method of Brooks et aLs was 
also performed and the results are compared in 
Table 5. 

Table 6 gives some of the physicochemical 
characteristics of the six water samples. 

CONCLUSION 

The results of the present investigation show 
that the reagent pipDTC could be successfully 
used for the quantitative extraction of manga- 
nese into an organic solvent (MIBK) in which 
the chelate is suBiciently stable (3 hr) for a 
routine determination. The determination of 
chromium is more precise with the pipDTC 
method than the APDC method, for all six 
samples. This is an added advantage of the 
method described here. 

Considering the range of precision (3-20%) 
and recoveries (>90%), this method could be 
successfully applied to any water sample in the 
concentration range 2.0-250 ,ug/l of the metals 
being determined in a single extraction, if 
applied under the conditions used here. 

Table 5. Comnarison of extraction methods 

Chromium Manganese 

Present Brooks et al.’ Present Brooks et aL5 

Sample Mean* RSD, % Mean RSD, % Mean RSD, % Mean RSD, % 

1 4.0 9 2.8 16 0.5 14 0.5 37 
2 1.5 11 1.0 36 ND - 
3 0.8 19 ND 

43 
OS 

4 1.5 14 1.0 3:o 
13 0.5 29 

6 1.0 21 
5 1.0 16 0.5 47 ND - ND - 
6 1.6 12 1.0 31 1.2 11 0.5 24 

*Mean value of 10 replicate determinations. 
ND = Not detected. 

Table 6. Phvsicochemical characteristics of the water samnles 

Hardness Total 
as CaCO,, solids, Ca*+, Mgr+, Cl-, F-, NO;, SO:-, 

Sample pH mgll. mgll. mgll. m&l. mgll. mgll. mgll. mgll. 

1 7.1 76 210.0 18.9 5.6 71.5 0.60 22.1 0.66 
2 7.8 249 591.4 72.0 16.2 91.0 0.42 1.3 0.34 
3 7.2 181 298.6 56.0 9.7 116.3 0.46 56.0 0.83 
4 7.4 224 266.0 48.5 24.5 40.8 1.2 5.6 1.3 
5 7.1 259 329.8 48.7 8.4 150.4 0.99 21.0 1.5 
6 7.4 281 420.3 99.4 7.6 50.2 0.36 2.8 0.33 
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The error ranges between 10 and 20% when 8. 
the metal concentration is below 2.0 pg/l., as 
indicated by the results in the Table 5. 
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Summary-Time-resolved molecular fluorescence spectroscopy is presented as a sensitive and selective 
method for the characterization of mixtures of polynuclear aromatic hydrocarbons in the collision-free 
vapor phase at elevated temperature, in the condensed phase at room temperature, and at 77 K in a 
Shpol’skii matrix. This technique is applicable for all three conditions and the quantitative analysis for 
each component in mixtures has a fairly small error. Also the advantages and disadvantages are discussed 
for these different environments. Anthracene, pyrene and fluoranthene are used as model compounds. 

Polynuclear aromatic hydrocarbons (PAH) are 
multi-aromatic ring systems produced at high 
temperatures by the incomplete combustion of 
fossil fuel or as the result of synthesis by some 
plants and formation during natural forest and 
prairie fires. ‘J A high correlation between the 
photodynamic action of certain PAH and their 
ability to induce carcinogenic responses has 
been found,” and recently it was shown that 
PAH can be transformed into reactive cytotoxic 
and mutagenic intermediates by exposure to 
sunlight and other sources of radiation.6 A 
comparison of the mutagenicity of several PAH 
following exposure to sunlight or an artificial 
source of ultraviolet light has been made.’ 

Laser-induced molecular fluorescence (LIMF) 
spectroscopy has been shown to be one of the 
more sensitive techniques for quantifying 
PAH**’ and also allows their dynamic measure- 
ment while they are in the vapor phase.g Because 
many PAH compounds exhibit substantially 
different fluorescence emission spectra, spectral 
interference from other PAH present can be 
minimized through careful selection of emission 
wavelengths. This selectivity can be greatly im- 
proved by fluorescence line-narrowing tech- 
niques such as Shpol’skii spectroscopy.‘0-‘2 

The measurement of fluorescence emission is 
inherently a multiparametric technique because 

*Present address: Department of Chemical Education, 
Kyungsang University, GaJwa-dong, Jin Ju, South 
Korea. 

tAuthor for correspondence. 

even the simplest such measurements involve 
the exploitation of more than one parameter. 
Obviously the introduction of additional par- 
ameters has advantages, increased selectivity 
being cited as the most important benefit. The 
multiparametric approach has been used most 
often in systems where the fluorescence in- 
tensity is observed as a function of excitation 
and emission.‘3-‘g Time-resolved fluorescence 
measurements can also be incorporated into a I 
multidimensional analysis technique. Because 
fluorescent molecules possess a characteristic 
fluorescence lifetime (the time for the decay to 
reach l/e times its initial value), in many cases 
spectral interferences can be substantially mini- 
mized in this way, allowing an individual com- 
ponent in a mixture of PAH to be determined. 

In this paper, we present results for the use of 
time-resolved LIMF (TRLIMF) spectroscopy 
as a sensitive and selective method for the 
determination of PAH in the collision-free 
vapor phase at elevated temperature, in the 
condensed phase at room temperature, and at 
77 K in a Shpol’skii matrix. The advantages and 
disadvantages are also discussed for these three 
different environments. Pyrene, anthracene and 
fluoranthene are used as model compounds. 

EXPERIMENTAL 

The fluorescence emission spectra and the 
lifetime of PAH in a collision-free vapor state, 
a condensed phase at room temperature, and at 
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77 K have been obtained with a system de- 
scribed previously.9920 The excitation source used 
was a laboratory-built pulsed nitrogen laser 
having output at 337.1 nm (29,665 cm-‘) with 
a nominal pulse width of 12 nsec (FWHM), an 
average power of 4 mW and a pulse rate of 10 
pulse/set. A Schott WG360 or GG375 cut-off 
filter was placed in front of the monochromator 
to absorb the scattered light from the excitation 
source. To remove the laser plasma lines, an 
interference filter, with a transmission maxi- 
mum at 337 nm and 10 rnn band width 
(FWHM), was positioned in front of the laser 
output. 

The vapor phase fluorescence cell was oper- 
ated as a dual chamber oven to prevent the 
condensation of PAH on the windows. The 
temperature of the cell’s main body, including 
the windows, was higher than that of the sample 
chamber. The fluorescence cell was connected to 
a vacuum pump (Model 25, Precision Scientific 
Co.) so that a constant back pressure of 0.005 
torr could be maintained within the cell. The 
temperature of the cell was regulated by a tube 
furnace and was measured to &2” with an 
iron-constantan thermocouple. The vapor 
phase cell has an optical path length of 1.90 cm 
and has been described in detail elsewhere.g 

Low concentrations (- 10m5M) were used to 
avoid any solute-solute interaction and self- 
absorption in the condensed phase experiments. 
The samples were held in 6 mm o.d. (4 mm i.d.) 
glass tubes for room temperature and 1.2 mm 
o.d. glass capillary tubes for low temperature 
(77 K) fluorescence measurements. Since Pyrex 
is transparent down to about 320 nm, a shorter 
wavelength than that of the nitrogen laser line 
(337.1 nm), it was not necessary to use fused 
silica vessels. Sample solutions were degassed by 
the freeze-pump thaw method at 0.005 torr a 
minimum of three times. A laboratory built 
Dewar flask with a transparent window was 
used in measurement of the low temperature 
fluorescence signal. 

The fluorescence was focused into an ISA 
Model H-20 monochromator with 2 nm slits 
and detected by an RCA-lP28 photomultiplier 
tube (PMT). The signal from the PMT was 
processed by a PAR model 162/164/165 boxcar 
integrator with a 5 nsec window, in the model 
165 module, and displayed on a X-Y recorder or 
strip chart recorder. A small portion (about 
10%) of the laser output was split off with a 
microscope slide and routed to a fast photo- 
diode to provide a triggering pulse for the 

boxcar integrator. Data were passed to an IBM- 
XT compatible computer (10 MHz MEGA-XT) 
for analysis. Data and graphical analysis and 
three dimensional plotting were carried out with 
ASYSTANT@ software. The time-dependent 
spectra shown in Figs. l-3 were generated by 
acquiring spectra at different delay times and 
laminating them by using matrix manipulation 
routines available in ASYSTANTB. The con- 
centrations of the PAH in the mixtures were 
calculated by the internal standard method. 
Since pyrene had the longest fluorescence life- 
time, it was used the most frequently as the 
internal standard. For the determination of 
pyrene, fluoranthene, which differs from pyrene 
in emission profile, was used as the internal 
standard. 

Reagent-grade anthracene (MC&B) and fluor- 
anthene (Aldrich) were used without further 
purification. These compounds were analyzed 
for impurities by high performance liquid chro- 
matography and were found to contain no 
impurities that would significantly interfere with 
either the spectral emission or decay profiles. 
Reagent-grade pyrene (Aldrich) was purified 
twice by recrystallization from reagent-grade 
toluene (Aldrich). The recrystallized solid was 
then washed with HPLC grade methanol 
(Fisher Scientific). HPLC grade n-hexane 
(Fisher Scientific) was used as the solvent in 
condensed phase experiments. 

The fluorescence lifetimes of the different 
PAH were obtained by the deconvolution tech- 
nique known as least-squares iterative reconvo- 
lution.” All measurements were made at least 
three times. 

RESULTS AND DISCUSSION 

The fluorescence emission spectra of pyrene, 
anthracene and fluoranthene at room tempera- 
ture, at 77 K, and in the vapor phase at elevated 
temperature are shown in Fig. 4. The large 
Stokes loss and broad emission band of fluor- 
anthene have been discussed previously.” For 
all three compounds, no significant shift in 
the emission bands is caused by changing the 
environmental conditions, as is expected since 
the fluorophores and solvents are nonpolar. For 
anthracene there was a small red shift (N 10 nm) 
in the room-temperature solution spectrum 
relative to the vapor phase spectrum, but 
for pyrene, a slight blue shift (-5 nm) was 
observed. The latter is an unusual property and 
needs further investigation, since a red shift, due 



Analysis of PAH mixtures 183 

0 ;s 

( SWUI ~JOl~lqJO) ~%lSUO?UI 



184 ICI-MIN BAX and R. KEN Fmck 



Analysis of PAH mixtures 185 8 
I 

0 

s 

% 
ua 

( sawn AJoJ)lqJD) ~$lSUs~UI 

0 tE 

3 

TAL 3SiZ-F 



186 KI-MIN BARK and R. KEN FOR& 

(I) 

600 - 

1530 - 

1190 - 

650 - 

510. 

170. 

4 . . , . , . , . , 
375 425 475 525 575 

Wavelength (nm 1 

Fig. 4. Fluorescence emission spectra of PAH. (1) An- 
thracene, (A) vapor phase at 150”, (B) low temperature 
(77 K) in hexane, (C) room temperature in hexane. 
(2) pyrene, (A) vapor phase at ISO”, (B) low temperature 
(77 K) in hexane, (C) room temperature in hexane. 
(3) Fluoranthene (A) vapor phase at 150”, (B) low tempera- 
ture (77 K) in hexane, (C) room temperature in hexane. 

to solvent effects, would be expected. For fluor- 
anthene, a small red shift is also expected but 
the band change Observed did not exceed the 
experimental error. At 77 K, pyrene exhibits 
significant vibrational structure due to the 
Shpol’skii effect 1’~‘2 but anthracene does not 
show any significant line-narrowing. Although 
the Shpol’skii effect is due to a reduction in the 
inhomogeneity of the environment for mol- 
ecules trapped in low-temperature n-alkane 
crystals, whether or not highly resolved spectra 
are obtained for a particular combination of 
guest molecule and n-alkane depends on a num- 
ber of experimental parameters. This effect is 
not clearly understood, even though the physi- 
cal interpretation has invariably been based on 
some dimensional and geometrical correlations 
between the solute and host molecules. The 
composition and the mode of preparation of the 
sample appear to be important in this respect.21 

Hexane and heptane are the best solvents for 
pyrene and anthracene, respectively.2’ Some 
vibrational structure was also observed for 
fluoranthene at 77 K. 

In the fluoranthene spectrum at 77 K (Fig. 4) 
the emission between 350 and 400 nm has been 
the subject of much controversy.20-24 These sig- 
nals were not observed in mixtures of the PAH 
at 77 K. Further investigation is required to 
identify the origin of these bands. 

The emission maximum of fluoranthene 
occurs at a different wavelength than the emis- 
sion maxima of pyrene and anthracene. In the 
mixtures of these three compounds, the signals 
are not well resolved, especially for the pyrene 
and anthracene mixture, and each compound 
cannot be identified with any certainty without 
a preseparation step. A new parameter, lifetime, 
was introduced to analyze these mixtures di- 
rectly. The fluorescence lifetimes of anthracene, 
pyrene and fluoranthene are shown in Table 1. 
Figure 1 shows the time-resolved spectrum of 
various PAH mixtures at room temperature. 
The sensitivity for anthracene is about 10 times 
that for pyrene and fluoranthene, mainly due to 
the larger molar absorptivity at 337.1 nm, the 
laser line. Time zero was taken as corresponding 
to the emission maximum in the fluorescence 
decay curve at the principal band wavelength. 
As shown in Fig. lA, at time zero, the two 
components of the mixture cannot be distin- 
guished. When the signal acquisition is delayed, 
the anthracene signal decays very quickly owing 
to the short lifetime. As a result, these two 
compounds become more clearly resolved in this 
time-resolved spectrum. The fluoranthene band 
is separated from that of anthracene or pyrene 
relatively well at time zero because of the differ- 
ent emission band positions. In the time- 
resolved spectra as shown in Fig. 1 B and 1 C, the 
separation becomes much clearer. In Fig. lD, 
the time-resolved spectra of the three-com- 
pound mixture is shown. At time zero, the 
anthracene and pyrene bands are completely 
mixed and the presence of fluoranthene is also 

Table 1. Fluorescence lifetimes (nsec) of PAH; the solvent 
in the condensed phase is n-hexane 

Room 
PAH temperature 77 K Vapor p&e 

Pyrene 430 860 420 (160”) 
Anthracene 8 14 7 (1500) 
Fluoranthene 77 82 *32 (lSO=‘) 

*Refer to reference 20 for more details on this unusually 
small value. 
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not clear because a large part of its band is 
buried by the strong combined bands of an- 
thracene and pyrene. As the time is delayed, the 
anthracene signal disappears, and the pyrene 
and fluoranthene become well resolved. 

The same experiment was repeated at 77 K. 
At this temperature the fluoranthene signal is 
very weak compared to the anthracene and 
pyrene signals, owing to its small molar absorp- 
tivity at 337.1 nm. To observe the fluoranthene 
signal, it is necessary to increase its concen- 
tration by at least a factor of ten relative to that 
of anthracene and pyrene. As shown in Fig. 2, 
the resolution of each component is much 
clearer than in the room temperature spectra. 
This is due to the increased fine structure from 
the Shpol’skii effect. Therefore, it should be 
possible to analyze complex samples, owing to 
the improved selectivity at low temperature. 

In the vapor phase, as shown in Fig. 3, the 
benefit of time-resolved spectra can be seen even 
though the emission bands for each component 
have very little fine structure. With 337.1 nm 
excitation, pyrene gives very weak emission and 
its presence in the mixture is not very evident. 
However, the pyrene signal can be identified 
with careful observation. This phenomenon is 
mainly due to the small molar absorptivity of 
pyrene at 337.1 nm in the vapor phase, since the 
vapor pressures for the three compounds are 
similar at elevated temperature. 

By utilizing the time-resolved signal, the spec- 
trum of each component can be reconstructed 
from the spectra of mixtures and used to calcu- 
late the concentration of each component. A 
representative example is shown in Fig. 5. The 
solid line in Fig. 5A is the spectrum of an 
anthracene and pyrene mixture in hexane at 
zero delay time and room temperature. The 
broken line in Fig. 5A is the spectrum of the 
same mixture at 30 nsec delay, multiplied by 
the decay factor for pyrene at 30 nsec, and is 
actually the pyrene spectrum at zero delay time 
because all of the anthracene signal is gone after 
30 nsec delay. The decay factor (the ratio of the 
relative pyrene fluorescence intensity at the two 
delay times) is derived from the fluorescence 
decay curve for pure pyrene. The spectrum in 
Fig. 5B is obtained as the difference between the 
spectra in Fig. 5A and is the reconstructed 
anthracene spectrum. The intensity ratio of the 
anthracene and pyrene spectra at their principal 
emission wavelengths was used to calculate the 
anthracene concentration in the spectrum of the 
three-component PAH mixture, with the known 

(B) 

I I I 

350 400 450 500 550 

Wavelength ( nm 1 
Fig. 5. Fluorescence emission spectra at room temperature. 
(A) (-): pyrene and anthracene mixture in hexane at xero 
delay time (- - - -): pyrene and anthracene mixture in hexane 
at 30nsec delay. (B) Reconstructed spectrmn obtained by 

subtraction of broken line from solid line in (A). 

concentration of pyrene as the reference. The 
concentrations of other components in the PAH 
mixture were calculated by the same procedure, 
with an appropriate known reference, pref- 
erably a long lifetime component. This tech- 
nique can be applied for all three conditions. 
The results of these calculations are shown 
in Table 2. The uncertainty of this method is 

Table 2. Concencentrations of PAH in mixtures, calculated 
by the internal standard method 

Known Calculated Relative 
PAH concentration concentration error. % 

Room temperature in hexane solution 
Anthracene 1.0 x lo-6M 9.7 x lo-‘M -3 
Pyrene 1.0 x lo-‘M 8.9 x 10-6M -11 
Fluoranthene 1.0 x lo-rM 1.1 x lo-‘M +10 

Low temperature (77 K) in hexane solution 
Anthracene 5.0 x 10-6M 4.1 x lO-+.M -18 
Pyrene 3.5 x 10-6M 2.9 x 10-6M -17 
Fluoranthene 5.0 x 10-SM 5.9 x 10-SM +18 

Vapor phase at 138” 
Anthracene 6.3 x 10-6M 6.0 x 10-6M 
Pyrene 4.4 x 10-6M 4.0 x 10-6M r; 

Pluoranthene 4.3 x IO-6M 4.7 x 10-6M +9 

*The % error is the percentage difference between the 
known concentration and the calculated concentration, 
determined from the time resolved spectra, divided by 
the known concentration. 
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fairly good considering that there was a 510% 
error in the pulse-to-pulse laser intensity. The 
increased error in the low temperature exper- 
iments is due, in large part, to non-reproducibil- 
ity of positio~ng in the Dewar flask which 
results in a decreased reproducibility of the 
spectra low temperature spectra. 

Time-resolved fluorescence measurements 
can be applied to analyze PAH mixtures in all 
three different environments. At room tem- 
perature in hexane, the mixtures can be well 
resolved even though this is relatively unsuitable 
for the analysis of complex mixtures, owing to 
the rather broad emission signals. The exper- 
imental procedures are the simplest and the 
calculated concentrations in the mixture have 
relatively small error. This room temperature 
technique would be effective for the analysis of 
relatively simple mixtures. 

Time-resolved fluorescence spectroscopy in a 
low temperature Shpol’skii matrix would be 
excellent for the analysis of more complex mix- 
tures. Vibrational structure and time-resolved 
spectra can provide highly detailed information 
for the analysis of complex samples, but this 
technique requires more specialized apparatus 
and effort. Also the quantitative analysis has a 
higher uncertainty. If this technique is combined 
with some simple preliminary fractionation, 
PAH in environmental samples should be 
clearly identifiable. 

Time-resolved fluorescence in the vapor phase 
is also more complicated but this method allows 
dynamic measurement of the PAH directly 
while they are in the vapor phase. If this tech- 
nique is combined with use of a temperature 
programmed furnace or any other precise 
vaporization device, rapid characterization of 
many types of samples could be done directly, 
especially samples often difficult to analyze by 
gas chromatographic methods, such as heavy 
oils, tar residues and resinous materials. It also 
holds considerable promise as a technique that 
can be applied to the study of combustion 
dynamics. 

In summary, time-resolved fluorescence 
spectroscopy is a good technique for mixture 

analysis with applicability to the condensed 
phase at room temperature, a solid phase at 
77 K, and the vapor phase. 
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PRECAPACITIVE PROCESSES IN SINGLE 
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Summary-Extremely short-lived anodic currents were observed in the early parts of the transient response 
following the application of a cathodic potential step to a mercury working electrode. It is proposed that 
this phenomenon is due to the existence of a brief precapacitive period, which precedes full development 
of the double-layer charging current, and which allows momentary reaction (reduction) of species present 
at the electrode surface. The observed anodic currents are explained in terms of a re-oxidation of such 
“resident” species that were reduced during this precapacitive period. The subsequent capacitive surge 
produced by the charging of the electrical double layer leads to an anodic shift of the electrode potential 
that can be suihcient for the re-oxidation of the precapacitive amalgam. The anodic peak is linearly related 
to depolarizer concentration and varies with supporting electrolyte concentration, ion mobility and 
potential step size. Cathodic preconcentration of the depolarizer enhances the effect. 

The behaviour of transient faradaic currents 
produced by a single potential step has been 
described theoretically by Miaw and Perone,’ 
and Miaw.2 They used the classical treatment of 
Feldberg3 to develop algorithms that allowed 
them to generate digitally simulated chrono- 
amperometric curves. In subsequent work in 
this laboratory, high-speed instrumentation was 
used to produce experimental transient currents 
in simple reversible electrochemical systems.4 
It was shown that the faradaic peak current 
varied with depolarizer concentration, yielding 
a calibration curve with two distinct linear 
regions. The temperature effect was found to 
be significant, giving a concentration-dependent 
“switch temperature”. 

The application of a potential step to an 
electrode in an electrolyte solution gives rise to 
a relatively high initial current, due to the 
charging of the electrical double layer at the 
electrode-electrolyte interface. This capacitive 
current is given by 

AE / --t \ 

where AE is the size of the potential step, Ru the 
uncompensated cell resistance, t the time, and 
C,, the double-layer capacitance. 

During the charging of the double layer, as 
the capacitive current decays the potential of 

*Author for correspondence. 

the working electrode “scans” toward its final 
value, as indicated by equation (l).’ 

Faradaic processes can only occur when the 
potential reaches the decomposition potential of 
the active species in the course of this “pseudo- 
scan”. Double-layer charging currents are 
normally regarded as interferences in electro- 
analytical work and various steps are taken to 
minimize them. In the present investigation, 
their property of effectively generating a fast 
scan of the electrode potential is utilized as such. 
We have shown in previous work4sS that the 
similarity of this process to ultra-fast linear- 
sweep voltammetry gives it the potential for 
interesting analytical applications. However, the 
fundamental phenomena are not well under- 
stood and further research is needed before a 
feasible technique can be developed. 

Algorithms developed by Miaw’ show that a 
chronoamperometric plot of the faradaic cur- 
rent component flowing during the first 10 time 
constants of the cell is peak-shaped (Fig. l), not 
unlike a conventional linear-sweep voltampero- 
gram. Laitinen and Koltho@ have described the 
transient faradaic response represented by the 
area beyond the peak, which decays with time, 
t, as a function of t-‘12. In this region, the 
current is under diffusion control and is de- 
scribed by the well-known Cottrell equation: 

i = nFA(D/xt)1’2C (2) 

where the symbols have their usual electro- 
chemical significance. During the period 
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Fig. 1. Theoretical shape of a transient faradaic chronoam- 
perogram produced by a single potential step. 

preceding the faradaic peak, the rising current is 
caused by the potential pseudo-scan; to explain 
the peak shape of the chronoamperometric 
curve, it is useful to invoke depolarizer depletion 
effects, commonly discussed with reference to 
linear-sweep voltammetry.4~7 

The previous theoretical treatment’ indi- 
cates that linearity of the current-concentration 
curve should not be expected for relatively 
high-level and wide-ranging analyte concen- 
trations. This leaves the relationships at lower 
concentrations and within narrower concen- 
tration ranges to be investigated. Digital simu- 
lation also predicts that current-concentration 
behaviour will vary significantly at different 
measurement times during the existence of the 
transient. In our previous investigation,4 we 
chose to obtain our measurements at the peak 
of the faradaic transient, which occurs after 
about one cell time constant. This point is 
easily identifiable and does not vary signifi- 
cantly among solutions giving similar time 
constants. 

In the present work, unexpected faradaic 
behaviour manifested itself at the very begin- 
ning of the cathodic potential step, at times less 
than approximately 0.3 times the cell time con- 
stant. A reproducible “dip” appeared in the 
faradaic current curve, indicating an oxidative 
process that briefly precedes the reductive one. 
The magnitude of this reverse current was found 
to be proportional to the depolarizer concen- 
tration in low concentration ranges and to 
increase with supporting electrolyte concen- 
tration. An explanation for the phenomenon is 
proposed. 

EXPERIMENTAL 

Electrodes and control/data system 

A three-electrode cell was used, with a hang- 
ing mercury drop working electrode (Metrohm 
Herisau AG CH-9100), a calomel reference 
electrode, and a platinum counter-electrode. 

The control/data system has been discussed in 
detail elsewhere* and will be described only 
briefly here. It consists of three interactive parts: 
a potential-step generator and a high-speed 
data-aquisition module, both linked to an Apple 
IIe microcomputer. The instrument is capable 
of taking current readings (1Zbit resolution) at 
a rate of 500 kHz after application of the poten- 
tial step. A block diagram is shown in Fig. 2. 

The digital portion of the potential-step 
generator is built around a 1Zbit digital-to- 
analogue converter (DAC) and data are pro- 
vided by the computer through a custom-built 
interface.s 

The data-acquisition circuit comprises a high- 
speed 1Zbit analogue-to-digital converter 
(Date1 ADC-817) with a maximum conversion 
time of 2 psec. The digital data generated by the 
ADC are stored in 768 on-board memory lo- 
cations. After application of the potential step, 
the data-acquisition system cycles at maximum 
speed, the ADC restarting itself after each con- 
version. When 768 current readings have been 
gathered in this way, the system shuts itself off 
and control is returned to the computer for data 
reduction and storage. 

Chemicals 

Distilled, demineralized water treated with a 
Millipore purification system to give lOI 

control 

c 1 digital data 
\ 

data 
"Cqt@$ 

. 2 

Fig. 2. Diagram of instrumentation used for measurement 
of faradaic transients. 



Precapacitive processes in sinale potential-step chronoamperometry 191 

MR. cm resistivity was used for all solutions. All 
electrolytes were of analytical grade from EM 
Science and were used without further purifi- 
cation. The mercury used in the working elec- 
trode was high quality electronic grade 
(Aldrich). Triton X-405 was obtained from 
Sigma as a 70% aqueous solution. 

Procedure 

All solutions were deaerated by passage of 
nitrogen for at least 10 min. A single cathodic 
potential step, from 0.0 to - 1.0 V us. SCE, was 
applied to the working electrode. The length of 
time the electrode was held at the starting 
potential generally varied from 5 to 10 sec. The 
total current readings (capacitive + faradaic) for 
a sample were first recorded in the data module 
memory, then transferred to the computer mem- 
ory and committed to disk. The reported data 
are averages of triplicate determinations and a 
fresh mercury drop electrode was used for each 
experiment. The same procedure was followed 
for a blank solution, containing only supporting 
electrolyte. The latter data, consisting of capaci- 
tive current readings only, were digitally sub- 
tracted from the sample readings, yielding the 
faradaic current produced by the depolarizer. 
Induced charging-current effects may be operat- 
ive during the period of changing faradaic cur- 
rent, but the focus of this investigation is on the 
precapacitive section of the transient, which 
precedes the flow of substantive charging 
current of any type. 

-7501 
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Fig. 3. Actual shape of a faradaic chronoamperogram 
produced by a single potential step from 0.0 to - 1 .O V on 
a mercury electrode in 0.5M KC1 with 2.0 x 10m6M 
Cd2+. Inset: total component currents for; a, blank and b, 

sample. 
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Fig. 4. Variation of anodic peak current with Cd2+ concen- 
tration (0.5M KCI supporting electrolyte). 

RESULT!3 AND DISCUSSION 

In the present study it was noted that at the 
very beginning of the pseudo-scan resulting 
from the cathodic potential step, at times less 
than 0.3 times the cell time constants, the cur- 
rent-time curve showed a brief negative excur- 
sion (Fig. 3). In practical terms, this means that 
the blank (capacitive only) cathodic current 
during that period was greater than the sample 
(capacitive + faradaic) current. This suggests 
that this initial faradaic portion of the current 
was anodic in nature, leading to a smaller total 
current, which was otherwise entirely cathodic. 

The magnitude of the anodic faradaic peak 
was found to be linearly related to depolarizer 
concentration over a limited concentration 
range (Fig. 4). Moreover, the current depended 
on the concentration of the supporting electro- 
lyte, increasing in a non-linear fashion (Fig. 5). 

The data in Table 1 show that the size of the 
anodic peak for Cd2+ in different supporting 
electrolytes varied almost linearly with cation 
mobility. While the data were mostly obtained 
with chlorides, additional work has shown that 
potassium nitrate as electrolyte gave similar 
results. The size and position of the cathodic 
potential step significantly influenced the anodic 
peak: it decreased in magnitude with decreasing 
step size. This was the case when the initial 
potential was kept constant and the final poten- 
tial was changed in the anodic direction and also 
when the initial potential was shifted cathodi- 
tally and the final potential was left at - 1.0 V 
(Fig. 6). 

The addition of 0.0035% Triton X-405 
detergent obliterated the entire transient effect, 
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Fig. 5. Variation of anodic peak current of 5.0 x 10m6M 
Cdz+ with KC1 concentration. 

both anodic and cathodic, in the chronoamper- 
ogram. Only at high concentrations of Cd2+ 
(1 .O x 10w3M and above) were both peaks 
discernible again. 

As pointed out in the procedure section, the 
electrode was normally left at the initial poten- 
tial of 0.0 V for 5-10 set before the potential 
step was applied. The length of this period was 
found to have no significant effect-the final 
chronoamperogram showed no changes even 
when the initial potential was applied for several 
minutes. 

To find further evidence for the origins of 
the anodic peak, the influence of cathodic pre- 
concentration was investigated. A potential of 
- 1.0 V us. SCE was applied to the working 
electrode for a duration of 100 set in Cd’+ 
solutions ranging from 5.0 x lo-’ to 1.0 x 
10-5M. This was followed by the customary 0.0 
to - 1.0 V potential step. In all cases it was 
found that the size of the anodic peak increased 
about fourfold relative to the corresponding 
situation without preconcentration. 

The propagation delay and current settling 
time of the potentiostatic control circuit were 
less than 300 nsec, while the relevant electro- 
chemical responses typically extended to ap- 
proximately 100 msec. This precludes electronic 
artifacts as the causes of the observed effects and 
indicates the presence of electrochemical transi- 
ents, even in the earliest measurements. The 
most plausible explanation of the phenomenon 
involves the time-average resident (not necess- 
arily adsorbed) depolarizer species at the elec- 
trode surface.4 It should be noted that existing 
theory does not specifically address the early 

part of the faradaic transient and does not 
recognize the possibility that the conditions 
created by the double-layer charging current 
require a finite time to develop fully. We pro- 
pose that the slowness of movement of hydrated 
ions in aqueous solution, relative to the move- 
ment of electrons in a metallic conductor, results 
in a brief “precapacitive” period immediately 
following the application of the potential step. 
During this time, the electrode potential is close 
(or even equal) to the applied potential, since 
the potential drop due to the charging current 
has not yet developed. This allows for the 
momentary reaction of the electroactive species 
resident at the electrode surface at that instant, 
provided that the charge transfer is sufficiently 
fast. This contention is supported by our obser- 
vation that the capacitative (blank) current 
initially rises to a maximum, before it decays 
according to equation (1). The rise typically 
lasts 6-8 psec in our system with OSM potass- 
ium chloride solution and is resolved into 3 or 
4 data points. The faradaic processes that occur 
during the precapacitive period, i.e., before the 
capacitive current has risen sufficiently to cause 
an electrode potential drop below the decompo- 
sition potential, are resolved into 1 or 2 data 
points. The bulk of the precapacitive reduction 
probably takes place during the first l-2 psec 
following the potential step and therefore falls 
outside the time resolution capability of our 
instrument. 

The fast reduction and concurrent amalga- 
mation of cadmium and lead ions renders 
them amenable to the precapacitive surface 
reduction described above. The beginning of 
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Fig. 6. Variation of the anodic peak current of 10 x 10e5M 
Cd2+ in OSM KC1 with range of potential step sizes; A, from 
0.0 V to final potential and B, from initial potential to - 1 .O V. 
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the capacitive process therefore sees a quantity 
of amalgam, formed under the influence of the 
precapacitive full applied potential, in the very 
surface layer of the mercury drop. The sub- 
sequent flow of double-layer charging current 
shifts the electrode potential in an anodic direc- 
tion and causes the re-oxidation of this amal- 
gam. The resulting anodic current is effectively 
subtracted from the capacitive current, which is 
overwhelmingly “cathodic” in direction. The 
initially measured cathodic current in a solution 
containing a reversible depolarizer is, therefore, 
smaller than the corresponding current in a 
solution with supporting electrolyte only. The 
various currents involved in the precapacitive 
and early capacitive processes are shown in 
Fig. 7. 

The explanation offered here accounts for the 
observed dependence of the anodic peak on 
depolarizer concentration. The time-average 
presence of depolarizer at the electrode sur- 
face is essentially a bulk effect and the amount 
of precapacitive amalgam formed therefore 
depends directly on the depolarizer concen- 
tration. The loss of linearity observed at higher 
concentrations (Fig. 4) results from surface 
saturation of the electrode by resident species. 
The number density of depolarizer ions suth- 
ciently close to the surface to be available 
for precapacitive reduction has an upper limit 
dictated by the hydrated radius of the ion. 
Further increases in concentration beyond this 
saturation point cannot produce more amal- 
gam for subsequent re-oxidation and the 
anodic peak current therefore reaches a 
maximum. 

Anodac 

rsdlssolutvm 

current 

Fig. 7. Magnified view of earliest measurable portions of 
transient currents. A, double-layer charging current; B, 
faradaic current. First data point approx. 2 psec after 

potential step. 

The enhancement of the anodic peak by an 
increase in supporting electrolyte concentration 
and by greater ion mobility provides further 
evidence for the proposed mechanism. Both 
result in increased capacitive surges upon 
double-layer formation and hence lead to in- 
creased anodic shifts during the process. This, 
in turn, gives rise to a higher re-oxidation 
current. 

As mentioned above, a smaller potential step 
produces a smaller anodic peak, whether the 
initial potential is more cathodic or the tlnal 
potential is more anodic. This is also in agree- 
ment with the precapacitive mechanism; the 
smaller step decreases the capacitive surge and 
hence the anodic potential drop, leading to 
decreased re-oxidation current. If the size of the 
potential step is reduced by shifting the final 
potential anodically, an additional effect is oper- 
ative: the precapacitive electrode potential is 
now less cathodic, so the extent of initial amal- 
gamation is decreased. This leads to a yet 
smaller re-oxidation current. 

The observation that the addition of deter- 
gent to the solution eliminates both anodic and 
cathodic transient peaks is expected in view 
of electrode surface coverage by the detergent 
and disturbances in the extent and speed of 
double-layer formation. 

Strong evidence for the proposed mechanism 
is provided by the cathodic preconcentration 
experiment, especially in contrast with the case 
where non-electrolytic initial potentials are 
used. A separate and prolonged reductive ac- 
cumulation of cadmium and lead in the elec- 
trode leads to a greatly enhanced anodic 
transient, which is no longer dependent on the 
presence of resident species at the electrode 
surface. Since the reduction in this case is not 
limited to the brief precapacitive period and the 
accumulation is therefore significantly greater, 
the amount of amalgam available for re-oxi- 
dation is increased. The anodic potential drop 
during the capacitive surge, however, is still 
effective, and the anodic peak increases in ac- 
cordance with the amount of preconcentrated 
depolarizer. For all bulk concentrations con- 
sidered at the chosen preconcentration time, the 
anodic peak increased linearly, suggesting that 
the mechanism can be likened to an ultra-fast 
anodic stripping procedure. It is worth noting 
that depolarizer adsorption on the electrode 
does not appear to play a major role under the 
conditions of this study, since leaving the elec- 
trode at the starting potential (0.0 V us. SCE) 
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for relatively long periods did not change the Acknowledgemenr-The authors gratefully acknowledge 

eventual anodic peak current. support of this work by the University of Idaho Rem&h 
Council. 

CONCLUSIONS 

The proposed process, involving a precapac- 
itive period during which species resident at the 
electrode surface are reduced and re-oxidized 
during the capacitive surge, accounts for the 
observed anodic component in an otherwise 
entirely cathodic process. The mechanism is 
suggested as a plausible expl~ation of the 
experimental findings. The present investigation 
has dealt with a mercury-drop electrode and 
amalgam-forming depolarizers and further 
studies are needed to determine whether similar 
processes are operative with non-amalg~ating 
depolarizers and at noble metal and carbon 
electrodes. Interesting possibilities exist for ana- 
lytical applications of such fast anodic stripping 
of pre~n~ntrat~ analytes, with speed of 
analysis as the prime benefit. 
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!Sununary-Membrane introduction mass spectrometry has been applied to on-line monitoring of the 
reaction of monochloramine with hydrogen chloride. The detection limit for monochloramine introduced 
by a sheet-membrane direct-insertion probe and measured by electron impact ionization and selected ion 
detection was found to be 0.7 m&l. Formation of dichloramine, trichloramine and molecular chlorine in 
response to the addition of hydrogen chloride to the monochloramine solution was measured on-line. The 
flow-through membrane introduction mass spectrometry method for detection of chloramines and 
characterization of their chemistry has minimal memory effects, high molecular specificity, high speed of 
analysis owing to fast response times, and low detection limits. 

Monochloramine, dichloramine and trichlo- 
ramine are toxic compounds formed during 
chlorination of potable and waste water. Mono- 
chloramine (typical levels 1 mg/l.) is sometimes 
used as a disinfectant in drinking water.‘” The 
standard methods used for measuring these 
compounds are calorimetric, spectrophotomet- 
ric and titrimetric,‘“,’ and sometimes high-per- 
formance liquid chromatography is also 
used.4*8,g All the methods above are susceptible 
to interferences, and differentiation between 
chloramines can be difficult. Savikas et al.‘O 
indicated that membrane introduction mass 
spectrometry (MIMS) might provide a solution 
to these problems. 

Membrane introduction mass spectrometry is 
a well-established analytical technique, which 
has undergone several stages of development”-I6 
since its introduction by Hoch and Kok in 
1963.” An important recent advance was the 
introduction of the flow-through concept1+1s 
which has since been used by various groups. *W 
In the flow-through method the sample flows 
through or across the membrane surface, which 
is located in the ion source of the mass spec- 
trometer. This procedure minimizes the prob- 
lems due to analyte dilution, memory effects and 
slow response times associated with interfaces 
where the membrane is remote from the ion 

*On leave from Technical Research Center of Finland, 
Chemical Laboratory, Biologinkuja 7, 02150 Espoo, 
Finland. 

TAuthor for correspondence. 

source. Membrane introduction mass spec- 
trometry has already proven to have important 
applications in the analysis of trace organic 
compounds in aqueous so1utions,1213*‘7 environ- 
mental analysis’eu and the monitoring of bio- 
chemical processes.2334 

In the present work, procedures are devel- 
oped to detect and quantify monochloramine, 
dichloramine and trichloramine by on-line 
membrane introduction mass spectrometry. The 
detection limit for monochloramine has been 
measured and the chemistry of chloramine in- 
terconversion monitored. 

EXPERIMENTAL 

An instrumental configuration which allows 
on-line reaction monitoring experiments to be 
performed with a mass spectrometer interfaced 
to a membrane introduction system has already 
been described.14 The present work employed a 
modified form of this interface with a sheet 
direct insertion membrane probe, S-DIMP,‘” 
instead of a capillary tube interface (Fig. 1). As 
in previous work, the membrane was a 
dimethylvinyl silicone polymer (ASTM: VMQ 
Dow Corning) with a thickness of 0.13 or 
0.25 mm. The temperature of the membrane 
probe, which was controlled independently of 
that of the ion source, was 70”. The main 
advantages of the S-DIMP interface are that 
memory effects sometimes encountered with the 
capillary tube interface were almost entirely 
eliminated and response times were decreased 
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Fig. 1. Instrumentation for on-line monitoring of the reac- 
tions of monocbloramine with HCl, employing the sheet 
direct insertion membrane probe and a triple quadrupoie 

mass spectrometer. 

through optimization of the membrane tem- 
perature. Detection limit data were obtained 
with the flow-injection analysis apparatus de- 
scribed elsewhere% with sample sizes of 250 ~1. 
A water stream was continuously supplied to 
the probe by an Ismatec multichannel peristaltic 
pump (Model 761&30) and aliquots of reaction 
mixture or standard solution were injected into 
this stream as needed. A Finnigan 4500 triple 
quadrupole mass spectrometer equipped with 
an Incas data system and operated under elec- 
tron impact (7Oev) ionization conditions was 
employed. Full mass spectra and selected ion 
monitoring experiments were performed. When 
data were recorded as a function of reaction 
time, the results were ~~p~at~ with the data 
handling system normally used to record chro- 
matography experiments. The identities of the 
reaction products were confirmed by measuring 
the spectra of the daughter ions obtained with 
a collision energy of 20 eV and collision gas 
(argon) pressure of 1 mtorr, which corresponds 
to multiple collision conditions. 

Table 1 lists the ions observed in the EI mass 
spectrum of an aqueous solution (540 ppm) of 
monochloramine. The mass spectrum of this 
~rn~und has not priorly been reported. 
The molecular ion, NHzC1+‘, constitutes the 
base peak and is remarkably stable in contrast 
to the high reactivity and instability of its 
neutral counterpart.’ The daughter ion mass 
spectrum recorded for both isotopic forms of 
the molecular ion of monoc~oramine confirms 
its stability (Table 2). The agreement between 
these two daughter spectra confirms the assign- 
ments made in Table 1. The detection limit 
(S/N = 3) for monochloramine by membrane 
introduction mass spectrometry is 0.7 mg/l. 
(Fig. 2). The detection limit was measured by 
using flow-injection analysis apparatus (250 fll 
sample volume), EI and selected ion detection 
(ions monitored at m/z 51, 53, 55). The detec- 
tion limits for dichloramine and trichloramine 
are about the same, as indicated by similar 
responses in the corresponding experiments. 
Under steady state conditions still lower detec- 
tion limits can be reached. 

The reactions of monochloramine with hy- 
drogen chloride were studied on-line and they 
clearly show fo~ation of dichlo~ne and 
trichloramine (Fig. 3) as Margerum et ai.2*3 
demonstrated earlier by using spectropho- 
tometry. Data presented in Fig. 3 were collected 
by scanning full EI mass spectra (mass range 
33-300) in real time as the reaction, induced 
by addition of portions of hydr~hlo~c acid, 
proceeded. The initial rise of the monochlora- 
mine signal represents the time during which 
water was replaced by 54Oppm monochlor- 
amine solution. After the first addition of hy- 
drochloric acid (5 ml of O.lM solution, added 
after 3.1 min) formation of dichlora~ne was 

The monochloramine solutions (540 and 
140 ppm) were supplied by the United States 
Environmental Protection Agency, Cincinnati. 
Solutions for the detection limit studies were 
prepared by serial dilution of the stock solutions 
with distilled water. The on-line reaction moni- 
toring experiments were done either by adding 
known volumes of O.lM hydrochloric acid or 
concentrated hydrochloric acid to a 540 ppm 
rnon~~or~ne solution (15 ml) or by adding 
calcium hypochlorite (6 ml of 1 mg/ml solution) 
to an aqueous ammonia solution (50 ml, 
0.015M) and then acidifying the mixture by 
stepwise addition of O.lM hydrochloric acid or 
concentrated hydrochloric acid. In the latter 
procedure, the pH of the reaction mixture was 
measured with a Corning 130 pH meter and 
continuously recorded with a chart recorder. 
The resulting solution was sampled continu- 
ously with the apparatus shown in Fig. 1. $Ca. 0.3%. 

Table 1. EI mass spectrum of monochloramine (mass range 
33-100) 

@l/.7 % Rel. abund. Ion species* 

35 to.5 Wlf 
36 0.6 I-WI+’ 
37 <0.5 “(-I+. 

38 <OS H”CI+’ 
49 5 NWl+’ 
50 1 NH3sCl+ 
51 100 NH$w+*; N3’Cl+‘t 
52 2 NH;5Cl+* NH3’Cl+$ 
53 31 Nti;7Cl+* 
54 0.5 NH:‘Cl+ 

*Inferred from isotopic abundance distribution. 
fCa. 1.5%. 
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Table 2. Daughter ion spectrum of different isotopic forms of the molecular ion of monochlora- 
mine, dichloramine, and trichloramine 

197 

ml2 

Parent ion 

% Rel. abund. Ion species m/r 

Main daughter ions 

% Rel. abund. Ion species 

Monochloramine 

51 100 NH;Xl + ’ 50 5 
49 2 
36 9 
3.5 5 
16 7 
15 3 

53 100 NH;‘Cl+’ 52 
51 

z 
16 
15 

NIPcl+ 
N%l+’ 
HWl+’ 
w1+ 
NH: 
NH+* 

NH WI + 
N3’C1+’ 
H”Cl+’ 
“cl+ 
NH: 
NH+’ 

85 30 NH3vl+’ 2 50 100 
49 31 

87 63 NH3’C13’Cl+’ 52 87 

:A 1; 
49 38 

NH3’Cl+ 
N3%l+’ 

NH”Cl+ 
N”Cl+’ 
NH’%l+ 
N)‘Cl+’ 

119 9 

Trichloramine 

N”%l$ * 84 
49 

100 
16 

N’%l+ 
N35&. 

121 16 N’%l;‘Cl+ 86 100 
84 49 
51 9 
49 19 

N3’C13’C1+ 
NW+ 
N37& 

N3sC1+’ 

123 19 N”%13’C1; ’ 88 49 N3’C1; 
86 100 N3sC137Cl+ 
51 18 N”Cl+’ 
49 9 N3sC1+’ 

Collision energy 20 eV and collision gas (argon) pressure 1 mtorr. 

observed and a short time later small smounts 
of trichloramine were also detected. The full EI 
mass spectrum (Fig. 4A) at this point (4.4 min) 
shows ions characteristic of dichloramine and 
traces of ions characteristic of trichloramine. 
The mass spectra of the daughter ions from 
parents with m/z 85 and 87 confirm the pro- 
duction of dichloramine (Table 2). Note that 
almost all monochloramine has been removed, 
as demonstrated by the negligible abundance of 
m/z 53, which is the heavy isotopic form of the 
molecular ion, m/z 5 1, of monochloramine. The 
peak for m/z 51 is due to both the molecular ion 
of monochloramine NHiS Cl+’ and a fragment 
ion N3’Cl+’ of dichloramiie and trichlor- 
amine. The litter ion is formed by dehydro- 
chlorination of the molecular ion (isotopic form 
m/z 87) of dichloramine or by chlorine loss from 
the molecular ion (isotopic forms m/z 121 and 
123) of trichloramine. This is demonstrated by 

the measured daughter ion mass spectra 
(Table 2). For this reason the NH;‘Cl+’ ion, 
m/z 53, is the appropriate ion for monitoring 
monochloramine. 

The production of trichloramine occurred in 
good yield after the second addition of hydro- 
chloric acid (1 ml of concentrated acid) at 
9.1 min (Fig. 3). It shows up clearly in the mass 
spectrum taken at this time (Fig. 4B) and is 
confirmed by its daughter spectra (Table 2). The 
daughter spectra of the molecular ions of 
dichloramine and trichloramine both show pref- 
erential formation of the ionized bivalent species 
NHCl+ and NCl$. Note that Fig. 4B demon- 
strates the generation of molecular chlorine (ions 
m/z 70, 35C12+‘; m/z 72, 35C1 37C1+’ and m/z 74, 
37C1:‘) simultaneously with the trichloramine. 
As shown in Fig. 3, the chlorine produced by 
the second addition of hydrochloric acid disap- 
pears quite rapidly, whereas that produced by 
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Fig. 2. Two consecutive injections (250 pl each) of 0.7 mg/l. monochloramine solution, illustrating the 
detection limit obtained by MIMS. Data were collected by use of EI and the selected ion detection mode. 

Ions measured were m/z 51 (NH:rCl+‘), m/z 53 (NH:‘Cl+‘) and m/z 55 (background ion). 

further additions of the acid disappears only generated in situ from ammonia and calcium 
slowly. hypochlorite solutions at a pH of 11.7. In the 

The reaction sequence above was also carried case of this reaction mixture, formation of 
out with a monochloramine solution which was dichloramine was observed after the pH of the 

“*‘j fz _ . NH235CI+’ / N3'CI+* 51 

30.6 53 

121 

lOo.O- 70 

63.9- 

Fig. 3. On-line monitoring of the reactions of monochloramine with HCl. Mass chromatograms presented 
are m/z 51 (NH:‘Cl+‘) and m/z 53 (NHi’Cl+‘) for NH:%l, m/z 70 (35Clz’) and m/z 72 (35C137Cl+‘) for 
chlorine, m/z 85 (NH”‘Cl$‘) and m/z 87 (NH3’C13’C1+‘) for NHCl*, and m/z 119 (N’W$‘) and m/z 121 
(N35Cl~7Cl+‘) for NCl,. Additions of HCl were made at the times indicated by the arrows. Data were 
collected by scanning the full EI mass spectra (m/z 33-300). Note that the ion m/z 51 is due to NH:rCl+’ 

and N)‘Cl+‘, in the proportion 4: 1. 
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Fig. 4. Representative El mass spectra for the on-line monitoring experiment (see Fig. 3). A, shows the 
mass spectrum acquired during scans 266 to 270 (4.4 min) and B, shows the mass spectrum acquired during 

SearIs 280 to 585 (9.1 min). 

mixture was lowered to 3.3 by addition of gestion2 that monochloramine, dichloramine, 
hydrochloric acid. Formation of trichloramine and trichloramine are formed according to the 
required that the pH of the reaction mixture be following reactions: 
further lowered to 0.4 by further addition of 
acid. These results are consist~t with the sug- HOC1 + NH3 = NH&i i- H,O (1) 
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2NH, Cl + H + zs NHCI, + NH: (2) 

3NHCl+ H+ G= 2NC1, + NH: (3) 

At pH above 9.5 only the formation of mono- 
chloramine is observed, and this is in a~eement 
with the suggestion that the only reaction chan- 
nel available is reaction ( 1).2 When the pH of the 
reaction mixture is lowered, formation of di- 
chloramine is observed first [reaction (211 and 
with further additions of hydrochloric acid con- 
version of dichlora~ne into t~chloramine is 
observed [reaction (3)]. The formation of large 
amounts of chlorine at the same time occurs 
because, at a pH of 3 or below, the amount of 
molecular chlorine in equilibrium with hypo- 
chlorous acid [HOCl, reaction (4)] is substantial.’ 
Chlorine formation could also proceed partly by 
reaction (5), proposed by Corbett et a1.,25 since 
soon after the second hydrochloric acid addition 
the signal due to trichloramine disappears 
(Fig. 3). Owing to its high volatility’ trichio- 
ramine may also be partly lost by evaporation. 

HOC1 + Cl- = Cl, + OH- (4) 

4H+ + 3C1- + NCl, = NH: + 3C1, (5) 

Other ions of interest observed during the 
reaction occur at m/z 36, 38, 44, 127 and 254. 
Ions with m/z 36 and 38 are due to hydr~hlo~~ 
acid, and the ion with m/z 254 is most probably 
due to molecular iodine, which is liberated from 
iodide impurities under the strong oxidizing 
conditions, and m/z 127 is the I+ fragment. The 
signal at m/z 44 increases si~ficantly when the 
solution is acidified and is due to carbon dioxide 
which is driven out of the solution with decreas- 
ing pH, in accordance with the well known bi- 
carbonate (HCO; ) and carbonate (CO:-) equi- 
libria. The identity of the ion with m/z 44 was 
confined by recording its daughter spectrum 
(m/z 28, 40%). The signal at m/z 44 decreases 
slowly after its initial rise and is detected until 
the end of the experiment (about 30min). 

This study clearly demonstrates the advan- 
tages of membrane introduction mass spec- 
trometry for on-line monitoring of the reactions 
of chloramines and for the determination of 
chloramines in water down to low ppm levels. 
The main advantages of MIMS are high specifi- 
city for chloramines, high speed of analysis, low 
detection limits and the ability to automate the 
sampling process. 
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Spmmpry-Six organic compounds were spray-coated onto surface acoustic wave devices which were then 
exposed to vapors of acetone, diethyl ether, dichloromethane, chlorobenzene, benzene, and acetonitrile. 
Changes in the resonant frequency of the device or in the resistance of the coating were collected by 
computer-controlled data acquisition. Different patterns of response to the six vapors were observed for 
each of the coatings. 

We have previously reported the utility of humidity). This investigation has important ap- 
a number of coatings for chemiresistor and plication for industrial pesticide monitoring and 
surface acoustic wave (SAW) microsensor military defense.4 We now turn our attention to 
devices.ld Chemiresistor devicess record the coatings that may be suitable for the detection 
change in the resistance between the interdigi- of various other vapors of industrial (aceto- 
tated electrodes on the surface of the device nitrile, acetone, diethyl ether) and environmen- 
upon exposure of a thin Ghn of semiconducting tal (chlorinated hydrocarbons, benzene) 
coating to a vapor. SAW microsensors”*’ record importance. In addition, the detection of diethyl 
changes in the resonant frequency of the device ether vapor has an important application in the 
upon exposure to vapors. The mode of oper- monitoring of illicit drug manufacture, as it is a 
ation of SAW devices has been described in common solvent used in the preparation of 
detail elsewhere.“’ cocaine. 

There are two basic aspects in the develop- 
ment of chemical microsensors. One involves 
the interface or surface problems associated 
with the effective and reproducible application 
of the coating materials to small electronic 
devices, to take maximum advantage of the 
chemical properties of the coating. The other is 
the planning, synthesis, and characterization of 
new coating materials that satisfy requirements 
such as sensitivity, selectivity, and chemical 
stability for the expected operational lifetime of 
the chemical sensor. Although microsensor 
technology shows great promise, the lack of 
adequate coating materials currently impedes 
their successful development and use. 

The compounds we have selected (l-6, Fig. 1) 
to test against these vapors have previously 
been tested against CEES, DMMP and, most 
importantly, water. *,*v9 In each case a minimal 
response to water vapor was observed. 

EXPERIMENTAL 

We have already prepared and tested novel 
organic compounds as coatings for the sensitive 
and selective detection of chloroethyl ethyl 
sulfide (CEES) vapor (a mustard gas simulant) 
and dimethyl methylphosphonate (DMMP) va- 
por (a nerve agent simulant). Each coating was 
also tested against water vapor as this would be 
the main interferent (in the form of ambient 

The following compounds have been prepared 
previously by our group, checked for purity 
and used without further purification: (1) 2’- 
tert-butyl-5,6-dihydro-4-phenylbenzo[h]chro- 
menylium tetrafluoroborate, m.p.‘O 212-214”; 
(2) 4-rert-butylphenyhnethylphosphoric acid, 
m.p. ‘I 193-194”; (3) diethyl Ccyanophenyl- 
phosphonate, m.p. ‘*v’~ 31-33”; (4) 4-carboxy- 
phenylphosphonic acid, m.p.‘**14 > 300”; (5) 
2,5-bis(octylthio)-1,3,4_thiadiazole, m.p.9 32”; 
(6) NJV-dimethyl-N-octyl-N-(2-dodecylthio- 
1,3,4-thiadiazole-5-thioethyl)ammonium bro- 
mide, m.p. ” 96-98”. The structures are shown in 
Fig. 1. 

Simultaneous chemiresistor and SAW 
measurements were performed while exposing 
the device (in turn) to acetone, diethyl ether, *Author for correspondence. 
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&I;;3 Hf O$j 

3 3 

(1) CH3 N 

(4) (3) (3) 

Fig. 1. Strwturea of compounds investigated. 

dichloromethane, chlorobenzene, benzene, and 
acetonitrile vapors. The dual 52-MHz surface 
acoustic wave apparatus used (Microsensor 
Systems, Inc.), has been described in detail 
pre~ously.‘~4 

The SAW resonant frequency was monitored 
with a digital frequency counter, Phillips Model 
PM 6674 universal frequency counter (550 
MHz). Conductivity measurements were made 
by application of a I-V bias to one of the two 
remaining electrodes, and meas~ement of the 
current. The precision current-to-voltage con- 
verter used consisted of an operational amplifier 
and a switch-selectable feedback resistor. 

The coatings were dissolved in a volatile 
organic solvent, typically spectroscopic grade 
dichloromethane, and the device was spray 
coated with an air brush, with dry nitrogen as 
the propellent. The coating thickness was moni- 
tored by means of the frequency counter, until 
a frequency shift of cu. SO kHz was obtained. 
The frequency shifts caused by the coating were 
recorded as an indication of coating thickness. 
Test vapors were generated by passing a regu- 
lated flow of nitrogen through the pure liquid at 
0”, in a vapor bubbler equipped with a gas 
dispersion tube. The flow-rate over the detector 
device was controlled with a flowmeter and 
was found to be 7.5 ml/min by means of a 
bubble meter. The vapor concentrations were 
calculated’ and were as follows: acetone 190 
mg/l., dichloromethane 820 mg/l., benzene 126 

mg/l., diethyl ether 840 mg/l., chlorobenzene 15 
mg/l., and acetonitrile 60 mg/l. The conditions 
used were kept the same for successive runs. 

Initially the system was purged with nitrogen 
for 5 min to establish a baseline. The device was 
then exposed to the vapor for 40 min and this 
was followed by a nitrogen purge for N-60 min. 
If a response was irreversible, the SAW device 
was cleaned and recoated before exposure to 
the next vapor. The SAW devices used were 
rinsed with acetone between runs and this was 
followed by ultrasonic cleaning for 10 min in 
spectroscopic grade 2-propanol. 

RESULTS AND DIfKXJSSION 

The responses obtained are recorded in Table 1. 
The frequency shifts were calculated by sub- 
tracting the lowest frequency recorded during 
vapor exposure from the initial {baseline) fre- 
quency. Resistance changes were calculated by 
dividing the initial (baseline) resistance by the 
lowest resistance recorded during exposure to 
the vapor. Thus, for the resistance factors, a 
value close to unity essentially denotes no 
change. Values marked with an asterisk indicate 
responses that were irreversible. Results were 
reproducible within f 5%. 

As can be seen from Table 1, the compounds 
were generally of little value as chemiresistor 
coatings. Because of the noise inherent in 
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Table 1. Response of compounds l-67 to various vapors 

Change in frequency, kHz Change in resistance (factor) 

12 3 4 5 6 12 3 4 5 6 

Acetone 5.0 1.6 6.3 2.4 0.0 1.0 2.6 1.3 5.8 1.0 1.0 1.0 
Diethyl ether 0.0 2.4 1.7 4.5 6.4 2.2 2.2* 1.6 1.3 1.0 1.0 1.0 
CH, Cl, 14.9 3.6 9.8 5.3 0.0 3.4 2.6 4.8 17.9 1.5 1.0 1.0 
Chlorobenzene 1.0 1.5 2.3 4.4 4.7 1.9 1.0 0.6. 2.6 1.0 1.0 1.0 
Benzene 0.0 0.0 1.9 4.0 0.0 1.4 2.6 1.0 2.8* 2.0 1.0 1.0 
CH,CN 6.1 0.0 3.3 0.0 0.0 0.4 6.8 1.0 9.0 1.0 1.0 10.0* 

*Irreversible response. 
tEach coating was applied to a thickness that caused a shift of 53 f 2 kHz in the frequency. 

chemiresistor devices, a signal-to-noise ratio 
of at least 3 is required and a change in 
resistance of at least loo-fold is desirable. The 
largest chemiresistor response recorded with 
these coatings was 17.9-fold (compound 3 with 
dichloromethane). 

In contrast, several of the compounds showed 
good responses as SAW coatings. SAW devices 
usually have better signal-to-noise ratios than 
chemiresistor devices and so even a frequency 
shift of a few kHz can be easily distinguished as 
a signal. 

Figure 2 shows the SAW adsorption/desorp- 
tion curves for the six vapors with compound 1 
as the coating. With the vapors that caused a 
response, it can be seen that the response is quite 
rapid (cu. 5 min) and that the return to baseline 
frequency also occurs reasonably rapidly when 
exposure to the vapor is stopped (ca. 45 min). 
This adsorption/desorption profile is typical of 
each of the coatings. 

It is immediately apparent from Table 1 that 
none of the coatings is completely selective. In 

0 20 40 60 60 100 

Time (min) 

Fig. 2. Plot of change in SAW frequency us. time for 
different vapors, with 1 as coating: a, acetone; b, aceto- 
nitrile; c, benzene; d, dichloromethane; e, chlorobenzene; f, 

diethyl ether. 

each case a response was observed for at least 
two different vapors. However, the six coatings 
gave such different patterns of responses (Fig. 3) 
that an array of these coatings, coupled with 
a microprocessor and a pattern-recognition 
technique,ibzo could easily distinguish between 
the vapors. Indeed, even the three coatings 1, 2 
and 5 together in an array could adequately 
distinguish between the six vapors. 

A clear rationale for the occurrence of these 
differing responses is not immediately evident. 
However, compound 1 gave its best responses to 
the more polar vapors and no response to the 
less polar vapors (benzene and diethyl ether). 
This can easily be rationalized in terms of the 
solubility of the analyte in the coating, and the 

Fig. 3. Patterns of responses of coatings l-6 to various 
vapors. The coating is indicated in the top left of each 

graph. 



204 ALAN R. KMIUTZKY et al. 

hydrogen-bond acceptor/donor natures of 
the analyte and coating. Such interactions in 
the adsorption of organic compounds have 
previously been discussed in terms of linear 
solvation energy relationships.21~u 
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Summary-Measurements were made of the forward rate-constant (kr) for the dissolution of FeCO, at 
10” temperature intervals between 30 and 80” and in buffered solutions at pH 4,5,6 and 7. The solubihty 
product (4) of FeCO, was measured at the same six temperatures. The forward rate-constant is related 
to temperature (T, “C) and pH by p/c, = pH - 0.0350T + 0.695. The solubility product of FeCO, is related 
to temperature by pX, = 0.0314T + 10.20. Kinetic data indicate that, under the conditions of the study, 
the rate-determining step of the dissolution reaction is FeCO,(s) + H+ + Fes+ + HCO,. 

In carbon dioxide environments, iron(I1) car- 
bonate scale often forms in iron and steel pipes. 
In some cases the scale is protective and retards 
or prevents corrosion.’ Carbonate and iron(I1) 
carbonate have been suggested2*3 to be import- 
ant factors in the mechanisms of corrosion of 
iron. For that reason, it is important to have 
reliable values of the solubility product and rate 
of dissolution of iron(I1) carbonate, and these 
can be used to help estimate corrosion rates. 
In this study measurements have been made 
between pH 4 and 7, and at 10” temperature 
intervals between 30 and 80”. 

Measurements of the iron carbonate solu- 
bility product are complicated by carbonate/ 
bicarbonate equilibria in aqueous solutions, and 
accurate determinations require accurate values 
of the equilibrium constants for the several 
chemical equilibria involved. Furthermore, het- 
erogeneous chemical equilibria between solid 
minerals such as siderite (FeCO,) and its ions 
in solution are often established slowly. It is 
probably for these reasons that relatively few 
successful studies of the solubility parameters of 
iron(I1) carbonate have been completed. 

Smith4 measured the solubility product of 
iron(I1) carbonate in a carbon dioxide environ- 
ment and found its value to be 3.453 x lo-” 
at 25”. Singer and Stumm’ later obtained 
values of 7.6 x lo-“, 6.1 x lo-“, 5.8 x 10-l’ 
and 5.6 x lo-” at temperatures of 17, 22.5, 25 
and 30” respectively. Bardy and Pere6 reported 
a value of 4.0 x lo-” at 20”. Helgeson’ used a 
value of 2.0 x lo-” at 25” for thermodynamic 
calculation of values at higher temperatures. 

The calculated values are 9.1 x lo-i2, 6.2 x 
10-12, 1.1 x lo-‘2, 1.4 x 10-13, 8.9 x lo-‘5, 
4.8 x lo-i6 and 2.1 x 10-l’ at 50, 60, 100, 150, 
200, 250 and 300” respectively. In a related 
study, Reiterer et al.* found the equilibrium 
constant at 50” for the reaction 

FeCO,(s) + 2H+ = Fe2+ + CO,(g) + H,O(l) 

to be 4.07 x 10’. Apparently no experimental 
values of J&, for FeCO, at temperatures above 
30” are available. 

EXPEEIMENTAL 

Iron(I1) was measured spectrophotometri- 
tally at 508 run as its l,lO-phenanthroline com- 
plex.9 Standard and analyte solutions were 
prepared by adding sufhcient 1 ,lO-phenanthro- 
line solution (Aldrich Chemical Co., Gold 
Label, 2.50 g/l.) to occupy a tenth of the volume 
(IO-500 ml) of the chosen standard flask. A 
portion (l-5 ml) of the analyte solution was 
pipetted into the standard flask and the solution 
was diluted to the mark with demineralized 
water. After at least 15 min, a portion of the 
well-mixed solution was placed in a l-cm cuvet 
and its absorbance measured at 508 nm. A 
calibration curve was prepared, covering the 
range from 5 x lO-‘j to 2 x 10e4M. Analyte 
solutions were diluted so that their concen- 
trations were within this range. 

Owing to the large number of calculations 
performed in the study, the calibration graph 
was stored in either a Commodore 64 or a 
Heath H89 computer by use of the appropriate 
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206 ROEZERT D. BRAUN 

BASIC program, which was also used to calcu- 
late analyte concentrations from the readings 
taken with a Beckman model B spectropho- 
tometer. Programs were also written in BASIC 
to perform the remainder of the ~lculations 
described in the paper. Listings of the programs 
can be obtained from the author. 

Each of the studies was performed at least 
three times. The buffer solutions used were 
prepared as described elsewhere.*0 The pH 4 and 
7 buffers had accurately known pH values 
throughout the temperature range used. The pH 
4 buffer was 0.0500m potassium hydrogen ph- 
thalate. The pH 5 bnffer was prepared by adding 
430.0 ml of 0.1052M sodium hydroxide to 1000 
ml of 0.1000~ potassium hydrogen phthalate. 
The pH 6 solution was prepared by adding 
114.0 ml of 0.1052M sodium hydroxide to 1000 
ml of O.lOOOM potassium dihydrogen phos- 
phate. The pH 7 buffer was 0.025m potassium 
dihydrogen phosphate/O.O25m disodium hydro- 
gen phosphate. The pH 4 and 7 buffers were 
used for adjustment of the pH-meter to the 
corresponding known pH” at each temperature. 
The pH values of the thermally equilibrated pH 
5 and 6 buffers were measured at each tempera- 
ture with the adjusted pH-meter and a glass 
indicator electrode. The values are listed in 
Table 1. The pH of each test solution was 
measured at the appropriate temperature after 
each study. The buffer solutions were used to 
adjust the pH-meter prior to each measurement. 

Studies were performed with the reaction 
systems in constant-tem~rature baths at 30,40, 
50,60,70 and 80”, controlled to t_ 0.1” for water 
baths and to + 1” for oil-baths (70 and 80” 
only). 

Test solutions were prepared by adding 100 
ml of buffer solution to 2 g of FeCO, (Strem 
Chemicals, Inc., Newbury, MA) in a 250-ml 
glass reagent bottle; the bottle was immediately 
placed in the appropriate bath, the time 
recorded, and the solution deaerated by rapid 
passage of high-purity nitrogen through it. The 

Table 1. The pH values of the buffer solutions at the 
temperatures of the studies 

Buffer solution 

Temp., “C 4 

z 
4.02 
4.04 

: 
4.06 
4.09 

70 4.13 
80 4.16 

5 6 7 

5.09 6.08 6.85 
5.07 6.01 6.84 
5.10 6.01 6.83 
5.13 6.00 6.84 
5.20 6.02 6.85 
5.24 6.02 6.86 

bottle was then tightly sealed with a rubber 
stopper, and allowed to come to thermal 
equilibrium. 

An appropriate portion (1-5 ml) of the super- 
natant liquid was removed from the bottle by 
pipet (under an atmosphere of nitrogen) once a 
day for the first 5 days of each study, and 
thereafter about once a week until equilibrium 
was established. The sample was collected at the 
bath temperature. No correction was applied 
for volume expansion when taking samples at 
various temperatures. After removal of each 
portion, the solution was simultaneously stirred 
and deaerated by rapid passage of nitrogen 
through it for about 1 min, and the bottle 
was then i~~iately tightly stoppered again. 
Because the iron carbonate was a finely divided 
powder, it formed a suspension that typically 
required a day to settle. Tyndall scattering from 
suspended particles would interfere with the 
spectrophotometry so sampling was limited to 
once each day. Each bottle remained in the 
constant-temperature bath throughout the 
entire procedure. The starting time and 
sampling times were recorded to the nearest 
minute. Each sample was assayed for iron(I1) as 
described above. 

THEORY 

The solubility of the iron(I1) carbonate in 
each of the buffers at all six temperatures was 
measured by monitoring the concentration of 
iron(H) as a function of time until eq~~b~urn 
was established, as shown by a constant ab- 
sorbance for several consecutive samplings. 
After each final iron(I1) determination the pH 
of the sample mixture was measured. 

forward rats-~o~st~t 

The dissolution of iron(H) carbonate is 
shown in equation (l), where kr is the forward 
rate-constant and kb is the reverse (backward) 
rate-constant: 

& 
FeCO,(s) _kb Fe’+ + CO:- (1) 

The carbonate released during the dissolution 
will be in equilibrium with bicarbonate or 
carbonic acid: 

CO:- + H+=HCO; (2) 

HCO; + H+ G$ H,CO, $ CO,(aq) (3) 

These two reactions have an effect on the dissol- 
ution, shifting the equilibrium in equation (1) 
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to the right, More dissolution should occur as 
the pH is decreased. The rate of dissolution 
is given by equation (4), where the brackets 
represent molar concentrations, and t is 
time: 

Rate = d[Fe2+]/dt = kr- kb[Fe2+] [CO:-] (4) 

Early during the dissolution process, little 
Fe2+ and CO:- exist in the solution. The con- 
centration of Fe2+ is always greater than that of 
CO:- because of the effect of the reactions 
shown in equations (2) and (3). If the concen- 
trations of Fe’+ and COj- are sufsciently small, 
then kb[Fe2+] [CO:-] in equation (4) is negligible 
relative to kf, and the equation simplifies to: 

Rate = d[Fe*+]/dt = kf (5) 

Integration of equation (5) yields 

[Fe2+] = k,t (6) 

From this equation it is apparent that in the 
early course of dissolution a plot of [Fe”] US. t 
should be linear with a slope of kf. Plots ob- 
tained for dissolution in the pH 4 and 5 buffers 
are linear for the first five days of study, with 
regression coefficients ~~-0.92, and these data 
were used to calculate kf. 

Typical plots are shown in Fig. 1. At pH > 5, 
kr was smaller than at pH 4 or 5. Equilibrium 
was established more rapidly at higher pH 
because the eq~lib~~ inundations were 
lower. Consequently, the forward rate-constant 
could be calculated from data obtained during 
a shorter period (typically one or two days). 

Time (Dl 

Fig. 1. Typical plots of iron(H) concentration as a function 
of time for the first 5 days of studies in pH 4 buffered 

solutions. 

Equilibrium calculations 
To estimate k;p (the solubility product) for 

FeCOS, a knowledge of the ~~lib~~ con- 
stants for reactions (2) and (3) at the tempera- 
tures of the studies is required: 

K = [H+lWO,I/[H2CO31 (7) 

lu, = ~+l~~~~-l~~~~~l (8) 

K, and Kz are temperature-dependent. It is 
possible to use the enthalpy changes and equi- 
librium constants for these reactions at 25’ 
along with the van’t Hoff equation to estimate 
K, and K2 at other temperatures, but this ap- 
proach assumes that the enthalpies are tempera- 
ture-independent. A better approach uses the 
work of Oddo and Tomson,” who fitted 
equations to observed values of conditional 
equilibrium constants at different temperatures 
and ionic strengths. Those equations were used 
in this study. 

For measurement of the K, values for 
FeCO, in the various buffers it is necessary for 
chemical equilibrium to be established. In the 
pH 4 buffer this required between 3: and 7 
months, whereas in the pH 7 buffer ~uilib~um 
was usually established within several days. 
Intermediate periods were required to establish 
equilibrium in the pH 5 and 6 systems. 
Equilibrium was established more rapidly at 
higher pH, primarily because less FeCO, 
dissolved. During the lengthy equilibrium 
periods a significant amount of FeCO, dissolves 
(equivalent to O.OlM Fe’+ or more in the pH 4 
buffer). As FeCO, dissolves, both the ionic 
strength and the pH of the test solution are 
altered. The volume of the test solution also 
significantly decreases during the lengthier 
experiments owing to the many samples 
removed for assay, and some carbon dioxide 
may escape from the solution at lower pH. 
Because of the complications associated with 
these and other experimental problems, the 
data obtained with the pH 7 buffer were exclu- 
sively used to calculate the & of FeCO,. In the 
pH 7 solutions, equilibrium was established 
relatively rapidly, the pH did not change during 
the study, and escape of CO2 should have been 
negligible. 

Because FeC03 is sparingly soluble at pH 7, 
the ionic strength (0 of the solution will be 
governed by the buffer components, and for the 
pH 7 buffer is O.lOOM. According to Oddo and 
Tomson,” the ~ui~b~urn consents K, and K2 
(equations (7) and (S)] vary with temperature 
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(7, “F) as shown in equations (9) and (lo), where 
the superscript indicates a corrected variable: 

pKT = 6.4093 - 1.5936 x lo-% 

+ 8.517 x 1o-6r2 (9) 

expression for KiT at the appropriate tem- 
perature and the equilibrium hydrogen-ion 
concentration to calculate [C@-1, and hence 
the solubility product of FeCO, at that tempera- 
ture: 

pK: = 10.6059 - 4.9700 x lo-‘r Z&, = [Fe’+] [Cq-] 

+ 13.3080 x 1o-6r2 (10) RESULTS AND DISCUSSION 

These equilibrium constants also vary with ionic 
strength, the combined effect being expressed by 

Forward rate-constant 

pKfT = pKT - 0.4772Z2 + 0.11801 (11) 

pK:” = pKT - 1 .1660Z2 + 0.34661 (12) 

The values used in the present study were 
obtained by using equations (9)-(12). First pKT 
and pKF were calculated for each temperature 
used (after conversion of the temperature units), 
and then substituted into equations (11) and 
(12) along with the ionic strength to give pKt’ 
and pKtT. 

The forward rate-constant varies as a 
function of both the temperature and the pH 
of the solution. The measured values are listed 
in Table 3. The pk, values at a particular 
temperature varied with pH according to 

pkr=apH+b 

The corresponding values of KfT and K$T 
were used to calculate Kv of FeCO,. The 
various values for the pH 7 buffer systems are 
listed in Table 2. 

where a and b are constants at that temperature. 
The constants and regression coefficients ob- 
tained by least-squares fits of the data points are 
listed in Table 4. An example of a plot of pk, as 
a function of pH is shown in Fig. 2. 

Because the only source of carbonate in 
each test solution was the FeC03 dissolved, the 
mass-balance equation for carbonate is 

[Fe’+] = [H,CO,] + [HCO,] + [CO:-] (13) 

The slopes (a) were essentially constant, irre- 
spective of temperature, the mean slope for the 
six plots being 1.02 f 0.04 (standard deviation). 
The slope corresponds to the reaction order 
with respect to H+. Hence the dissolution reac- 
tion is first order in H+ throughout the tempera- 
ture and pH range used, so the rate-determining 
step in the dissolution is 

In this and the other equations, [H2C0,] should 
be understood to mean the sum of [H2C0,(aq)] 
and [C02(aq)]. From the values of K$T listed in 
Table 2, it is apparent that in these studies 
[CO:-] is negligible compared to [HCO,], so the 
mass-balance simplifies to 

[Fe”] = [H,CO,] + [HCO;] (14) 

The values of K’,,T in Table 2 can be used to 
obtain an expression for [H,CO,] in terms of 
[HCOJ at each temperature used. Substitution 
of that expression and the measured equilibrium 
concentration of iron(I1) into equation (14) 
allows calculation of [HCO,]. The calculated 
value of [HCO,] is then used with the 

FeCO,(s) + H+ -+ Fe2+ + HCO; (17) 

The intercepts (b) on the pk, axis varied 
linearly (r = 0.993) with temperature (T, “C): 

b = -0.0350T + 0.695 (18) 

A single equation relating pk, to temperature 
and pH can be obtained by taking a as unity and 
substituting b into equation (16): 

pkf = pH - 0.0350T + 0.695 (19) 

which can be used to estimate the rate constant 
for the dissolution of FeC03 at any pH between 
4 and 7, and at any temperature between 30 
and 80”. 

(15) 

(16) 

Table 2. The conditional equilibrium constants for the first and second dis- 
sociations of carbonic acid at the temperatures of the study in the pH 7 buffered 

solutions 

Temp., “C pKT pKtT K1.T PK: PK$~ K$T 

30 6.3353 6.3423 455E-7 10.2769 10.2999 5.01E-11 
40 6.3357 6.3427 4.54E-7 10.2329 10.2559 5.55E-11 
50 6.3417 6.3487 4.48E-7 10.1977 10.2207 6.02E-11 
60 6.3531 6.3601 4.36E-7 10.1709 10.1939 6&E-1 1 
70 6.3701 6.3771 4.20E-7 10.1528 10.1758 6.67E-11 
80 6.3926 6.3996 3.98E-7 10.1434 10.1664 6.82E-11 
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Table 3. Measured forward rate constants (k,) for the 
dissolution of iron carbonate, SD is the standard devi- 

ation of the result3 

T~~D.,“C DH Mean k, (M/D) SD TlklS 

30 

40 

50 

60 

70 

80 

4.02 1.91E-4 O.OSE-4 
5.09 6.28B5 O&E-5 
6.08 3.87E-6 2.23E-6 
6.85 4.42B7 0.22B7 
4.04 2.27E-4 0.12E-4 
5.07 5.37B5 O&E-5 
6.01 6.17E-6 2.21B6 
6.84 2.05E-7 1.43B7 
6.84 6.13E-7 2.31E-7 
4.06 5.19E-4 0.81E-4 
5.10 2.52%4 0.63B4 
6.01 7.41B6 0.21E6 
6.83 1.3lE-6 O.OSE-6 
4.09 1.25E-3 0.22B3 
5.13 1.45E-3 0.42E-3 
6.00 7.58B6 O.l7E-6 
6.84 1.77B6 O.l4E-6 
4.13 3.12E-3 O.O8E-3 
5.20 2.47E-3 O.OSE-3 
6.02 1.94E-5 0.26E-5 
6.85 14OE-5 0.28E-5 
4.16 1.8lE-3 0.26E-3 
5.24 1.32B3 0.26E-3 
6.02 2.85B5 1.64B5 
6.86 3.95B6 0.17s6 

: 

: 
3 
3 

: 
3 

! 

: 

: 

; 

: 
3 
3 
6 
5 
6 
3 

Several other experimental factors could 
affect the dissolution rate, such as particle size 
and stirring rate. The iron(I1) carbonate particle 
size was too small to be measured with the 
equipment available but was sufficiently small to 
result in a suspension which took about a day 
to settle, so it is unlikely that the dissolution 
rate would have been significantly increased by 
further decrease in particle size. The stirring rate 

PH 

Fig. 2. A plot of p&r as a function of pH at 30”. 

Table 4. Terms in equation (17) as obtained 
from least squares 5t+9 of plotted values of 
p&r aa a function of pH; r is the correlation 

coefhcient 

Temp., “C II b r 

;. 
0.95 -0.316 0.98 
1.03 -0.744 0.98 

Zl+ 
1.00 - 1.036 0.97 

:*: 
-1.376 1.00 

70 - 1.886 0.90 
80 1:06 -2.010 0.94 

*All five points from Table 3 were used to 
calculate these values. 

jThe anomalous reading at pH 5 was ignored 
when calculating the values at 60”. 

could be important because it could determine 
the total iron carbonate surface area exposed to 
the solvent, and because without stirring the 
dissolution rate is governed by the diffusion 
coefficients of the ions concerned. In this 
study the mixture was stirred once each day 
immediately after removal of the test sample. 
Although stirring was not extensive, it was 
sufhcient to cause some of the iron carbonate to 
become suspended. Continuous stirring was not 
practicable, since the suspension did not com- 
pletely settle until just before acquisition of the 
next sample. In any case, it cannot be assumed 
that the rate constants measured in this study 
would apply to iron carbonate dissolution 
when the particle size or mixing rate varied from 
that used for these measurements. 

It was also possible that phosphate or phtha- 
late from the buffer solutions could form com- 
plexes with iron( thereby increasing the rate 
of dissolution. Very few studies of iron(I1) 
complexation with phosphate or phthalate have 
been performed. Lahiri and Aditya12 proposed 

-2 

5 

ij -1 

3 
5 

0 I I 
SO 70 

Temperature PC1 

Fig. 3. Variation of the intercepts b (of plots of PR, as a 
function of pH) with temperature. 
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9 012- 
. :___lj . 

. 11 ( 

30 50 70 

Temperature WC) 

Fig. 4. A plot of p”c, for FeCO, as a function of tempera- 
ture. 

the existence of an FeHPO, complex. Their 
conclusions were based upon potentiometric 
measurements of solutions containing mixtures 
of iron(II1) and iron(II), but their results are 
incompatible with the much lower values re- 
ported later by Nriagu. I3 However, the FeHPO, 
complex is certainly weak. 

Koh and RyanI performed fluorimetric stud- 
ies of iron dissolved in phthalic acid solutions at 
pH 4-5. The presence of an iron(II~phth~ate 
complex was not considered and it is unlikely 
that such a complex exists. Therefore, the 
conclusions from the studies performed in the 
solutions at pH 4 and 5 should not be affected 
by the use of phthalate buffer solutions. 

The presence of an FeHP04 complex could 
affect the dissolution kinetics in the pH 6 and 
pH 7 buffer solutions. The presence of the 
complex would not have been detectable in 
the present study. Because 1, lo-phenanthroline 
forms a strong complex with iron(I1) (log R 
= 21.3),” the HPO:- in any FeHPO, complex 
formed would have been displaced by l,lO- 
phenanthroline during the assay, and this would 
have caused an erroneously high value for the 
concentration of dissolved Fez+, resulting 
in an erroneously large rate constant for the 
dissolution. 

Solubility product 

The solubility product of FeCO, at each 
temperature was calculated from the measured 
values of [Fe’+] at ~uilib~~ in the pH 7 buffer 
and the conditional equilibrium constants for 
carbonic acid, as described above. The results 
are listed in Table 5. The value of J&, decreased 
with increasing temperature, as observed for a 

Table 5. Measured mean solubility products of FeCOr; SD 
is the standard deviation of the results 

Temp., “C Mean KS, SD Trials RI&, 

z 
785E-12 1.21E-12 3 11.105 
5.35E-12 1.16E.12 

50 1.31E-I2 O&E-12 : 
11.272 
11.883 

60 3.68B13 0.77E-13 3 12.434 
70 4.87E-13 0.91E-13 3 12.312 
80 2.69E-13 0.95B13 3 12.571 

smalIer t~~rat~e range by Singer and 
Stumm,5 and as calculated by Helgeson.’ The 
pJ&, values varied linearly with temperature, 
and the equation for the best straight line 
(r = 0.947) was found to be 

p& = 0.0314T f 10.20 (201 

for the centigrade temperature range 30-80”. 
Extrapolation of this equation yields 

Ksp = 1.0 x lo-” at 25”, which compares favor- 
ably (within the probable accumulated exper- 
imental error) with the value of 2.0 x 10-r’ used 
by Helgeson for his calculations. The value 
obtained at 60” by using equation (21), however, 
is 8.2 x 10-i3, compared to Helgeson’s calcu- 
lated value of 6.2 x lO_” at the same tempera- 
ture. In light of these studies, perhaps some of 
the results from calculations based upon 
Helgeson’s calculated J& values should 
be reconsidered. Comparisons are made with 
Helgeson’s values because those values are 
widely used in corrosion studies. 

A comparison of the literature values of luh, 
reported in the in~oduction to this paper, with 
values calculated by equation (21), is shown in 
Table 6. In each case the value obtained from 
equation (21) is less than the literature value. If 
significant formation of an FeHPO, complex 
had occurred, the calculated K, values should 
have been erroneously large. Since the actual 
values are less than the corresponding values 
obtained by other workers who did not use 
phosphate buffers, it is unlikely that the use 
of a phosphate buffer significantly altered the 
results. 

Table 6. A comparison of Ksp values of FeC!Os obtained by 
using equation (21) with literature values 

Temp., “C Equation (21) Literature Ref. 

17 1.8 x lo-” 7.6 x IO-” 4 
20 1.5 x IO-” 4.0 x 10-n 6 
22.5 1.2 x IO-” 6.1 x 10-r’ 
25 1.0 x 10-n 5.8 x lo-” : 

3.5 x 10-l’ 4 
30 7.2 x lO-‘2 5.6 x lo-” 5 
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Snmmary-A titrimetric method for determination of lead(R), based on the reaction between plumhite 
and silver ions, is described. Sodium hydroxide solution is added to the sample until the precipitate of 
lead hydroxide has redissolved. The solution is then made 0.025M in sodium chloride and titrated with 
silver nitrate. The titration is monitored with a silver electrode. An error smaller than 0.5% has heen 
obtained for O.OSM lead (II). 

The yellow precipitate formed by the reaction 
between plumbite and silver ions was first de- 
scribed by Wahler,’ who gave it the formula 
Agr 0.2PbO. Compounds such as Agr 0. PbO, 
2Agr 0. PbO, 2Agr 0.3PbO and 2Agr 0.7PbO 
have been described by Aston.’ AgrPbOr was 
fhst synthesized in the crystalline form by Bulln- 
heimer.3 Later Bystrom and Evers4 studied the 
crystal structure of this compound and found 
that the other compounds obtained by Aston 
are actually mixtures of Ag,PbOr and Ag,O or 
PbO. Recently Godinho and EberlinS drew at- 
tention to the fact that although known for a 
long time, this compound is no longer employed 
for analytical purposes but could be employed, 
for example, for the identification of lead or 
silver ions. The present work describes a method 
for determination of lead(B) by titration of 
plumbite with silver nitrate, monitored by use of 
a silver electrode. 

EXPERIMENTAL 

Reagents 

All reagents were of analytical grade. Silver 
nitrate solutions were standardized by potentio- 
metric titration of sodium chloride in the usual 
way.6 Lead nitrate solutions were standardized 
by EDTA titration, with Eriochrome Black T as 
indicator.’ 

Apparatus 

A Micronal B375 pH-meter, a silver electrode 
made in the laboratory, and a Metrohm EA 404 
calomel electrode with a salt bridge made with 
saturated sodium nitrate solution were em- 
ployed in potentiometric measurements. The 
silver electrode consisted of a l-cm length of 

l-mm diameter silver wire, but any commer- 
cially available silver electrodes may be em- 
ployed. 

Procedure 

Pipette 25 ml of 0.05M lead(U) solution into 
a lOO-ml beaker, slowly add 3.s3.5 ml of 4M 
sodium hydroxide or alternatively enough 
sodium hydroxide to dissolve the precipitate. 
Add 3 ml of 0.25M sodium chloride, immerse 
the electrodes in the solution and titrate with 
O.lM silver nitrate. Read the potential differ- 
ence after the addition of each aliquot of titrant. 
By using the titrant volume- potential data- 
points near the equivalence point, analytically 
evaluate the end-point by the second derivative 
method.’ 

During the addition of sodium hydroxide the 
solution needs to be stirred to avoid the for- 
mation of the alkali-insoluble yellow lead(I1) 
oxide. The silver electrode should be con- 
ditioned in 0.5M sodium hydroxide solution for 
about 30 min before beginning the titration. 

RESULTS AND DISCUSSIONS 

Some examples of titration curves corre- 
sponding to the titration of lead(I1) in the 
presence of 0.5M sodium hydroxide with silver 
nitrate are shown in Fig. 1, which shows a 
decrease in potential after the inflection corre- 
sponding to the equivalence point in the ti- 
tration performed in the absence of chloride. At 
this point the precipitate flocculates and ac- 
quires a green tone due to the adsorption of 
silver oxide at the surface of the precipitate. The 
drop in potential may be explained by consider- 
ing the formation of a supersaturated solution 
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0.1 M AgNO, (1 division - 10ml) 

Fig. 1. Titration curves corresponding to the titration of 
20.01 ml of solution, 0.0499M in Pb(NO,), and 0.5M in 
NaOH with O.lOOSM AgNO,: (a) in absence of chloride; 
(b) in presence of 1.0 x 10-3MCl-; (c) 2.5 x lo-‘MCl-; (d) 

5.0 x IO-*M Cl-. Equivalence volume = 19.88 ml 

of silver ions before the adsorption of silver 
oxide. After this point, following the addition of 
titrant, the formation of a black precipitate of 
silver oxide in the supernatant solution is ob- 
served. However, in the presence of chloride, 
there is precipitation of silver chloride after the 
equivalence point and the fall of potential is 
retarded. 

The results of the study of the influence of 
concentration of sodium hydroxide on the ti- 
tration of 0.05M lead(I1) in the form of 
plumbite with silver nitrate are shown in Fig. 2. 
The most adequate working range of sodium 
hydroxide concentration is between 0.4 and 
l.OM. It was observed for 0.05M lead(I1) sol- 
utions that if sodium hydroxide solution is 
added until dissolution of the lead(I1) hydrox- 
ide, the resulting alkali concentration lies in this 
favourable range although even in this range a 
positive systematic error, tends to be observed. 
This error, which is of the order of + 1% for 
lead(I1) concentrations equal to or above 
O.O5M, tends to increase with decrease in the 
concentration of lead(I1). 

Fortunately, for 0.05M lead(I1) solutions, this 
error may be reduced if the titration is per- 
formed in the presence of chloride. As may be 
seen in Table 1, good accuracy was obtained 
when the titrations were performed in 0.5M 

'6 
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Fig. 2. Influence of the concentration of NaOH on the 
results of titration of 20.00 ml of O.OSOZM Pb(NO,), with 

O.lOOOM AgN03, in the absence of chloride. 

sodium hydroxide and in the chloride concen- 
tration range 0.01-0.05M. Above 0.05M chlor- 
ide there is a decrease in potential jump at the 
equivalence point. Thus the presence of 0.025M 
sodium chloride was included in the procedure. 

The range of concentration of lead(I1) ad- 
equate for the application of the method is 
between 0.05 and 0.07M. For concentrations of 
lead(I1) above 0.07M the formation of yellow 
lead(I1) oxide, which is difficult to dissolve in 
excess of alkali, was observed. In the rec- 
ommended lead(I1) concentration range ad- 
dition of the volume of sodium hydroxide 
solution just necessary to allow dissolution of 
the precipitate is adequate for the application of 
the method. 

The results of the study of the effect of some 
foreign ions on the precision and accuracy of 
the method are presented in Table 2. The non- 
interference of carbonate shows that it is 
not necessary to avoid the influence of carbon 
dioxide during the titration. 

Sulphate, if present at the level of concen- 
tration of lead(II), does not interfere, irrespec- 
tive of the order of addition of sulphate and 
sodium hydroxide. If sulphate is added first, a 
precipitate of lead(I1) sulphate occurs with sub- 
sequent dissolution in sodium hydroxide if this 
is added immediately. At first, this fact indicates 
the possibility of previous separation of lead(I1) 
from interfering ions in the form of its sulphate, 

Table 1. Determination of lead(H) in the presence and absence of 
chloride 

Concentration Chloride Concentration 
of lead(H) present, of lead(I1) r.s.d., Error 
taken, M M found,*M % % 

0.0503 - 0.0508 0.2 + 1.0 
0.0503 0.0100 0.0502 0.4 - 0.2 
0.0503 0.0250 0.0505 0.4 + 0.4 
0.0503 0.0425 0.0502 0.4 - 0.2 

*Average of 6 determinations. 
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Table 2. Study of the influence of foreign ions: the concen- 
tration of all interfering ions is 0.05M and all solutions are. 

also 0.025M in chloride 

Concentration Concentration 
of lead(I1) of lead(H) Error, 

Ion present taken, M found, N % 

CO:- 0.0503 0.0504 + 0.2 
so:- 0.0503 0.0505 + 0.4 
Zn(I1) 0.0503 0.0500 - 0.6 
Cu(I1) 0.0503 0.0501 - 0.4 
NH3 0.0496 0.0513 + 3.4 

with subsequent dissolution of the precipitate 
with sodium hydroxide followed by titration 
with silver nitrate. However, it was observed 
that when the suspension of lead(I1) sulphate is 
submitted to the treatment required’ for ade- 
quate filtration of the precipitate its quantitative 
dissolution does not occur. 

Zinc(I1) and copper(I1) ions do not interfere 
at the concentration level studied, which may be 
of interest in the application of the method to 
the dete~ination of lead(D) in some alloys. In 
the first case, the titration is performed in the 
presence of tetrahydroxozincate and in the 
second the titration can be performed even in 
the presence of the precipitate of copper(I1) 
hydroxide. 

However, tin(W) is not completely dissolved 
and adequate titration curves are not obtained 

in its presence. Therefore, it is necessary to 
separate tin before the titration of lead. Simi- 
larly, the large error observed in the case of 
ammonia is due to diflkulty of location of the 
end-point of titration in virtue of the fo~ation 
of the silver diammine complex. 

The method is simple and requires only 
readily available reagents. Its accuracy is com- 
parable to that of some classical titrimetric 
methods. The method may be employed instead 
of ~a~rnet~~ or other tit~et~c methods 
where great accuracy is required, 
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ALONE, IN FORMULATIONS AND IN 
IMPORTANT MIXTURES 
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!%mmwy-A simple ~t~ti~et~c method for the dilation of or~o~~~~a~ is described. 
The isothiocyanate is treated in acetonitrile medium with an excess of primary amine to convert it into 
a substituted thiourea and the surplus amine is converted into a dithiocarbamate by addition of carbon 
disulphide. The solution is then titrated with a copper solution in acetonitrile. The three-step titration 
curve enables the results to be calculated on the basis of the dithiocarbamate and/or thiourea formed. 
The method has been successfully applied to the analysis of a wmmercial insecticide formulation based 
on isothiocyanate and important mixtures containing isothiocyanatcs. 

The wide commercial use of organoisothio- 
cyanates necessitates convenient and reliable 
procedures for their dete~nation. The method 
described here is based on the following 
reactions. In acetonitrile medium an excess of 
primary amine smoothly and quantitatively 
converts isothiocyanates into the corresponding 
substituted thioureas: 

RNCS + R’NH,--,RHN-C-NHR 

!t! 

The residual amine can be converted into a 
dithiocarbamate by treatment with carbon 
dis~phide: 

2R’NH, + CS2--+R’HN-C-S- .(NH,R’)+ 

1 

Copper(I1) perchlorate in acetonitrile medium 
oxidizes the thiourea to the corresponding sub- 
stituted formamidine disulphide’ 

and the dithiocarbamate to the corresponding 
thiuram dis~phide2 in two well-defined steps: 

4R’HN-C-S- + 2Cu2++R’HN--C-S-S-C-NHR’ + 2R’HN-C-SCu 

1 1 !/ 1 
2R’HN-C-SCu + 2Cu*+ + 16CH,CN+R’HN-C-S-!3--C!-NHR’ + 4[Cu(CH~C~~J 

j !! ! 

*Author for correspondence. 
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The first of these steps results in simul- 
taneous formation of thiuram disulphide and 
copper(I) dithiocarbamate, the organic moiety 
of which is then also oxidized to thiuram 
disulphide. 

Potentiometric titration of this system gives a 
curve with three distinct inflection points. The 
dithiocarbamate is completely titrated before 
the potential rises enough to begin the oxidation 
of the substituted thiourea. This has been 
confirmed by titration of various mixtures of 
dithiocarbamates and thioureas. 

The method gives the option of calculat- 
ing the results on the basis of the frrst and/or 
second inflection points (corresponding to 
the amount of dithiocarbamate) or the third 
inflection point (corresponding to the amount 
of thiourea formed). The method has been 
used for analysis of a commercial insecticide 
formulation (based on methyl isothiocyanate) 
and analysis of isothiocyanate-isocyanate and 
isothiocyanate-thiourea mixtures. 

Isothiocyanates and isocyanates are similar 
both in structure and their reactions with am- 
monia and amines to form substituted thioureas 
and ureas respectively. Treatment of a mixture 
(containing one of each species) with an excess 
of amine and then with carbon disulphide in 
acetonitrile followed by potentiometric titration 
with copper(I1) could be used to determine both 
components. The first two steps in the titration 
curve correspond to the amount of dithiocarba- 
mate (and consequently indirectly to the 
amount of isothiocyanate and isocyanate pre- 
sent in the mixture) and the third corresponds 
to the amount of thiourea produced and hence 
the isothiocyanate content of the mixture. 
The amount of isocyanate can be found by 
difference. 

The analysis of isothiocyanat+thiourea mix- 
tures is also of importance since isothiocyanates 
serve as the starting materials for the prep- 
aration of thioureas and the method can again 
be used. 

EXPERIMENTAL 

Reagents 

Acetonitrile (Merck). Distilled twice from 
phosphorus pentoxide (5 g/l.). 

Copper(H) perchlorate standard solution in 
acetonitrile. Prepared and standardized as de- 
scribed earlier.3 

Organoisothiocyanates. Allyl, methyl and 
phenyl isothiocyanates (Fluka) were distilled 

before use. Other alkyl isothiocyanates were 
prepared by a known method.4 

Organoisocyanates. n-Butyl and a-naphthyl 
isocyanates (Fluka) were distilled before use. 
Phenyl isocyanate was prepared by the method 
of Allen and Bell5 

Thioureas. Thiourea (Sarabhai M. Chemicals) 
was recrystallized before use. Alkyl thioureas 
were prepared from their corresponding 
isothiocyanates.4 

Apparatus 

Potentiometric titrations were performed 
with a bright platinum wire as indicator elec- 
trode, a modified calomel electrode (tilled with 
saturated methanolic potassium chloride sol- 
ution) as reference, and a Toshniwal (India) 
CL06A type potentiometer. 

Potentiometric determination of isothiocyanates 
with copper@) perchlorate 

Aliquots of isothiocyanate solution in aceto- 
nitrile were added with stirring to known vol- 
umes of standard (0.02M) n-butylamine in 
acetonitrile, in glass-stoppered vessels and the 
volumes made up to 2625 ml with acetonitrile. 
The vessels were stoppered, swirled to mix the 
reactants and set aside for 5 min to complete the 
reaction. Each solution was mixed with 1 or 2 
drops of carbon disulphide and titrated at room 
temperature (N 23”) with standard (0.2M) cop- 
per(I1) perchlorate potentiometrically. Figure 1 
shows the profile of a typical three-step poten- 
tiometric titration. The results calculated on the 
basis of the first (residual amine) and third 
(thiourea formed) breaks are given in Table 1. 

Analysis of formulations 

The experimental details are the same as 
described above for organoisothiocyanates, the 
only difference being that aliquots of an aceto- 
nitrile solution of the liquid formulation (in- 
stead of the isothiocyanate) were added to 
known volumes of standard n-butylamine sol- 
ution. The profiles of the potentiometric ti- 
trations are similar to those obtained for 
isothiocyanates. The results (Table 2) are com- 
pared with those obtained by an independent 
method.6 

Analysis of isothiocyanate-isocyanate mixtures 

Aliquots of acetonitrile solutions of isothio- 
cyanate and isocyanate in various proportions 
were analysed by the procedure already given 
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for isothiocyanates. The results for a mixture of 
phenyl isothiocyanate and phenyl isocyanate are 
given in Table 3. 

Analysis of isothiocyanate-thiourea mixtures 

Aliquots of acetonitrile solutions of isothio- 
cyanates and thioureas in various proportions 
were also analysed in the same way as isothio- 
cyanate solutions. The results for analysis of a 
mixture of n-butyl isothiocyanate and n-butyl 
thiourea are given in Table 4. 

RESULTS AND DISCU3SION 

Organoisothiocyanates are quite resistant to 
oxidation and reduction. However, they react 

Table 2. Recovery of methyl isothiocyanate from technical 
formulation containing 23.5% active ingredient (mean f 

standard deviation of 5 dewminations) 

Comparison 
Present method methods 

Active 
ingredient Found, Recovery, Found, Recovery, 
taken, mg mg % w % 

2.82 2.78 98.6 f 0.36 2.77 98.4 f 0.42 
5.64 5.58 98.9 f 0.68 5.56 98.6 f 0.58 
8.46 8.39 99.2 f 0.52 8.32 98.3 f 0.60 

11.28 11.09 98.3 f 0.48 11.11 98.5*0.50 

with primary amines to form substituted 
thioureas, which can be easily oxidized. Hence, 
this reaction could serve as an important 
tool for the determination of isothiocyanates. 
Because isothiocyanates are insoluble in water 
but react with it’ and substituted thioureas are 
sparingly soluble in water, a non-aqueous sol- 
vent is required for the transformation of iso- 
thiocyanates into thioureas and oxidimetric 
determination of the latter. Acetonitrile has 
been chosen as the solvent for the following 
reasons. 

(i) It is a versatile solvent for non-aqueous 
redox titrations because of its high dielectric 
constant, resistance to oxidation reduction, con- 
venient liquid range, ready availability, wide 
electrochemical range and low toxicity.8~9 

(ii) A solution of copper@) perchlorate in 
acetonitrile is very stable and is a powerful 
oxidizing agent.8*9 

(iii) In this solvent, carbon disulphide 
converts amines quantitatively into dithiocarba- 
mates, so isothiocyanates can also be deter- 
mined through measurement of the residual 
amine from the derivatization reaction. 

Table 1. Potentiomctric determination of organoisothiocyanates with copper(H) perchlorate (mean f 
standard deviation of 10 determinations) 

on the basis of excess of 
amine as dithiocarbamate On the basis of thiourea formed 

Amount Amount Amount Amount 
found*, found?, found*, foundt, 

Isothiocyanates w w mg w 

Ally1 2.50 f 0.021 4.95 f 0.040 2.48 f 0.021 4.97 & 0.046 
Methyl 2.48 f 0.020 4.96 f 0.051 2.47 f 0.022 4.95 f 0.058 
n-Propyl 2.49 f 0.030 5.04 f 0.052 2.52 f 0.034 4.96 f 0.061 
Isopropyl 2.52 f 0.020 4.97 f 0.041 2.48 f 0.017 5.05 f 0.048 
n-Butyl 2.5 1 f 0.030 4.96 f 0.039 2.49 f 0.036 4.95 f 0.043 
Isobutyl 2.47 f 0.020 5.03 f 0.030 2.52 f 0.022 5.04 f 0.038 
Phenyl 2.52 f 0.015 4.98 f 0.050 2.51 f 0.018 4.96 f 0.056 

*Amount taken, 2.5 mg. 
tAmount taken, 5.0 mg. 
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Table 3. Analysis of a mixture containin phenyl isothiocyanate and phenyl isocyanate 
(mean f standard deviation of 10 determinations) 

Phenyl isothiocyanate Phenyl isocyanate Ratio of 
in the mixture in the mixture isothiocyanate to 

isocyanate in the 
Taken, mg Found, mg Taken, mg Found, mg mixture 

4.00 4.04 f 0.032 4.00 4.04 & 0.028 1:l 
4.00 4.03 f 0.036 8.00 1.96 f 0.024 1:2 
4.00 3.96 f 0.032 12.00 12.06 f 0.048 1:3 

4.00 4.00 f 0.018 16.00 15.92 f 0.072 8.00 7.94 f 0.012 4.00 4.05 f 0.036 ;;; 

12.00 11.93 f 0.056 4.00 4.04 f 0.032 3:l 
16.00 16.12 f 0.067 4.00 3.91 f 0.032 4:l 

Copper(I1) oxidizes both a dithiocarbamate 
and a thiourea in a mixture of the two, giving 
a three-step titration curve (Fig. 1). The redox 
potentials of thioureas and dithiocarbamates 
are sufficiently different to permit selective 
titration [E” for diethyldithiocarbamate-tetra- 
ethyl thiuram disulphide is - 0.58 V (vs. SCE);” 
E” for thiourea-formamidine disulphide is 
+0.42 V (us. SCE)“]. The results in Table 1 
show that the overall standard deviations calcu- 
lated from the pooled data of all the titrations 
performed with 2.5 and 5 mg of each isothio- 
cyanate are 0.022 and 0.043 mg, respectively 
(on the basis of the tist potential break, for 
residual amine) and 0.024 and 0.050 mg, re- 
spectively (on the basis of the third potential 
break, for thiourea formed). The recoveries of 
methyl isothiocyanate in the analysis of the 
formulation were in the range 98.~99.2% with 
standard deviations in the range O&0.7% 
(Table 2). 

The proposed methods for the analysis of 
isothiocyanate-isocyanate and isothiocyanate- 
thiourea mixtures, besides being simple, accu- 
rate and reliable, have the added advantage 
that the complete analysis can be conducted 
with the same sample solution, resulting in a 
saving of time and effort. A single potentio- 
metric titration with copper(I1) perchlorate 
enables each mixture to be analysed for both 

components. The synthetic mixtures of phenyl 
isothiocyanate and phenyl isocyanate with 
ratios in the range 1: 4-4: 1 were analysed 
with an average standard deviation of 0.7% 
for phenyl isothiocyanate and 0.6% for 
phenyl isocyanate (Table 3). The method has 
been extended to other mixtures such as ethyl 
isothiocyanate/ethyl isocyanate; n-propyl iso- 
thiocyanate/n-propyl isocyanate; isopropyl 
isothiocyanate/isopropyl isocyanate; n-butyl 
isothiocyanate/n-butyl isocyanate, with similar 
performance to that for the model mixture. 
The method has also been applied to the 
analysis of mixtures of isothiocyanates and 
thioureas. The results recorded in Table 4 for 
the analysis of synthetic mixtures of n-butyl 
isothiocyanate and n-butylthiourea with ratios 
in the range 1: 44 : 1 have an average standard 
deviation of 0.6% for both components. The 
method has been extended to other mixtures 
such as methyl isothiocyanate/methyl thiourea; 
ethyl isothiocyanate/ethyl thiourea; n-propyl 
isothiocyanate n-propyl thiourea; isobutyl 
isothioycyanate/isobutyl thiourea; pentyl iso- 
thiocyanate/pentyl thiourea, with performance 
similar to that for the model mixtures. 

Mcnowledgement-The authors thank the Council of 
Scientific and Industrial Research, New Delhi, for financial 
assistance. 

Table 4. Determination of a mixture containing n-butyl isothiocyanate and n-butylthiourea 
(mean f standard deviation of 10 determinations) . - 

ndutvl isothiocvanate ndutyl thiourea Ratio of n-butyl 
in the mixture in the mixture 

Taken, mg Found, mg Taken, mg Found, mg 

isothiocyanate to 
n-butylthiourea in 

the mixture 

4.00 4.03 f 0.020 4.00 4.04 f 0.038 1:l 
4.00 3.96 f 0.022 8.00 7.95 f 0.034 1:2 
4.00 4.04 f 0.036 12.00 11.94 f 0.056 1:3 
4.00 3.91 f 0.022 16.00 15.94 f 0.069 1:4 
8.00 1.92 f 0.056 4.00 4.00 f 0.036 2:l 

12.08 11.93 f 0.062 4.00 4.03 f 0.028 3:l 
16.00 16.08 f 0.068 4.00 3.96 f 0.018 4:l 
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Summary-A method is proposed for the extraction and separation of microgram amounts of urani- 
um(W) and lead(H) from sodium salicylate solution with high molecular-weight amines such as Aliquat 
336, TOA, TIOA, Amberlite LA-l or Amberlite LA-2 dissolved in xylene. From a critical study of pH, 
salicylate concentration, amine concentration, diluent and period of equilibration, the optimum conditions 
were identified. The method permits separation of uranium and lead from binary mixtures with metal ions 
commonly associated with them, the determination of uranium, and of lead in air samples. 

Lead, a toxic and harmful element, is an import- 
ant constituent of some copper alloys and tin- 
based white metals. Uranium, an essential 
element for nuclear energy programmes, is 
found in association with metals such as copper, 
iron, cerium, titanium, vanadium, chromium 
and thorium in ores such as carnotite, torber- 
nite, davidite and brannerite. Estimation of lead 
at ppm level in environmental samples is also 
required. There are comparatively few methods 
for extraction and spectrophotometric determi- 
nation of uranium(W) and lead(I1). High mol- 
ecular-weight amines such as trioctylamine 
(TOA),‘” Aliquat 336,6*7 n-dodecylamine,* tri- 
laurylamine,7 Amberlite LA-l,“’ Amberlite LA- 
2,‘2*‘3 Primene JMT’ and tri-iso-octylamine14 
have been used for the extraction of uranium 
and lead from various aqueous solutions. How- 
ever, the existing methods suffer from limi- 
tations such as the need for strict temperature 
control,‘-4 long extraction time2~s*‘2 and emulsifi- 
cation problems. *,’ In a few methods4,6~10~13+‘4 the 
extractions are incomplete. Spectrophotometric 
determinations at trace level often require pre- 
concentration of the analyte by extraction, but 
there has been no systematic study for both 
uranium and lead, so an attempt has been made 
to develop a simple method for extraction, 
separation and spectrophotometric determi- 
nation of uranium and lead. The method is free 
from the limitations mentioned above. 

Apparatus 

EXPERIMENTAL 

A Unicam SP 500 spectrophotometer with 
l-cm fused-silica cells, a Control Dynamics 

digital pH-meter with a combined glass elec- 
trode, wrist-action flask shakers and a Varian 
Techtron AA6 atomic-absorption spectrometer 
were used. 

Reagents 

All chemicals used were of analytical grade 
unless indicated otherwise. 

Stock solutions of uranium and lead were 
prepared by dissolving 1.0 g of uranyl nitrate in 
2 ml of concentrated nitric acid, and 0.4 g of 
lead nitrate in 1 ml of concentrated nitric acid 
and accurately diluting to 250 ml with distilled 
water. The solutions were standardized by 
known methodsI and diluted as required. 

Aliquat 336 (tricaprylyhnethylammonium 
chloride), TOA (trioctylamine), TIOA (tri-iso- 
octylamine), Amberlite LA-1 (N-dodecyltri- 
alkylmethylamine) and Amberlite LA-2 
(N-lauryltrialkylmethylamine) were used with- 
out purification. Solutions of Aliquat 336 (10 
mg/ml), TOA, TIOA, Amberlite LA-l and Am- 
berlite LA-2 (50 mg/ml) in xylene were equili- 
brated with an equal volume of 1M sodium 
salicylate before use. 

A 1 mg/ml aqueous solution of 4-(2-pyridyl- 
azo)resorcinol (PAR) was used for spectropho- 
tometric determination of uranium and lead, at 
530 and 520 nm respectively. 

Sample solution preparation 

Add 5 ml of concentrated nitric acid to 0.1 g 
of leaded copper-base alloys such as gunmetal, 
brass or bronze and evaporate the solution to 
dryness. Take up the residue with 4M nitric acid 
and filter off any metastanmc acid, washing it 
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with 5 ml of hot dilute nitric acid and finally 
with 10 ml of hot water. Dilute the filtrate to 
25 ml with water. Dissolve 0.1 g of tin-base 
white metal in 5 ml of 47% hydrobromic acid, 
evaporate the solution to dryness, cool, add 3 ml 
of 25% v/v sulphuric acid and evaporate the 
mixture nearly to dryness. Finally dissolve 
the white mass in 4 ml of concentrated hydro- 
chloric acid and dilute to 25 ml with distilled 
water. 

Heat a suitable weight of calcined bone ash or 
milk powder with 10 ml of aqua regiu for 5 min, 
cool, dilute to about 15 ml, filter, and dilute 
accurately to 25 ml with water. 

For analysis of air-borne particulates, bring 
the sample into solution by digesting it with a 
few ml of 25% v/v nitric acid, filter the solution 
and dilute it accurately to 10 ml. 

Extraction of uranium(VI) and lead(II) 

To an aliquot of solution containing l-80 pg 
of uranium or lead add enough sodium sali- 
cylate to give the desired concentration in a final 
volume of 25 ml. Adjust the pH with dilute 
hydrochloric acid and sodium hydroxide 
sodium, transfer the sample into a 125-ml separ- 
ating-funnel and extract with 5 ml of the 
selected extraction reagent. Separate the two 
layers and strip the metal ion from the organic 
phase with the appropriate stripping agent 
(see Table 1). Wash the strippings with 5 ml 
of xylene to remove any dissolved amine and 
then analyse for the metal ion, either spectro- 
photometrically or by atomic-absorption 
spectrometry. 

RESULTS AND DI!3CUSSION 

Extraction conditions 

Uranium(VI) and lead(I1) were extracted over 
the pH range 3.0-10.0 from sodium salicylate 

01 
3 5 7 9 

PH 

Fig. 1. Extraction behaviour of uranium(VI) as a function 
of pH. Extraction of uranium from 0.094 sodium salicylate 
solution with (A) 1% Aliquat 336; (B) 5% Amberlite LA-l; 
(C) 5% Amberlite LA-2 (D) 5% TOA and Q 5% TIOA 

as an extractant. 

solutions in the range 0.0025-0.125M, with 
various concentrations (0.125-5%) of the high 
molecular-weight amines. The optimum extrac- 
tion conditions are reported in Table 1 and 
Figs. 1 and 2. Microgram amounts of lead were 
determined by atomic-absorption spectrometry 
and the results compared with those obtained 
spectrophotometrically. Both methods were 
sufhciently sensitive. Since Aliquat 336 extracts 
metal ions over a wider range of pH than the 
other ions it was used for further studies. 

Eflects of solvents 

The effect of various solvents such as xylene, 
toluene, benzene, chloroform, carbon tetrachlo- 
ride, hexane and cyclohexane on the extraction 
of uranium and lead with Aliquat 336 was 
studied and it was found that the extraction of 
uranium was quantitative with xylene, toluene 

Metal ion 
amount 

Table 1. Optimum extraction conditions for uranium(V1) and lead(H) 

Salicylate Extraction 
concentration, period, Stripping 

M Extractant PH set agent 
Determination 

procedure 

Uranium(VI) 
60 Irg 

0.05 1% Aliquat 336 3.0-7.5 30 
5% TOA 3.04.0 60 
5% Amberlite LA-l 3.0-3.5 60 
5% Amberlite LA-2 3.0-3.2 60 
5% TIOA 3.0-3.2 60 

Lead(H) 
38 Irg 

0.025 1% Aliquat 336 
5% TOA 
5% Amberlite LA-l 
5% Amberlite LA-2 
5% TIOA 

3.0-8.0 
5.0-7.0 
5.5-7.0 
5.5-7.0 
5.0-5.5 

I5 
30 
30 
30 
30 

0.5M NaOH Spectrophotometry with 
(2 x 4 ml) 0.5 ml of 0.1% C(Zpyri- 

dylaxo)-resorcino17 

Water 
(2 x 8 ml) 

Spectrophotometry with 
0.5 ml of 0.1% 4-(2-pyri- 
dylaxo)-resorcinol’6 or 
atomic-absorption spec- 
trometry 
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Fig. 2. Extraction behaviour of lead(H) as a function of pH. 
Extraction of lead from 0.025M sodium salicylate solution 
with (A) 1% Aliquat 336; (B) 5% Amberlite LA-2; (C) 5% 
Amberhte LA-l; (D) 5% TOA and (E) 5% T’IOA as an 

extractant. 

and benzene whereas extraction of lead is feas- 
ible only with xylene and toluene. Aliquat 336 
solutions (10 mg/ml) in other solvents such as 
chloroform, carbon tetrachloride, hexane and 
cyclohexane gave only 74-96% extraction of 
lead and uranium. 

Shaking time 

The shaking time for extraction was varied 
from 10 to 120 sec. The minimum shaking time 
required is shown in Table 1; longer shaking has 
no adverse effect. 

Choice of stripping agent 

Mineral acids in the concentration range 
0%l.OM and sodium hydroxide solution 
(OS-3.OM) were found to be suitable for strip- 
ping uranium, but water does not strip it. The 
results are shown in Fig. 3. Distilled water 

100 

I I I 
0 1 2 3 

Concentmtion of stripping agent (Ml 

Fig. 3. Effect of different stripping solutions for uranium. 
(A) Hydrochloric acid; (B) nitric acid; (C) sodium hydrox- 

ide, (D) perchloric acid and (E) sulphuric acid. 

quantitatively strips lead from the organic 
phase. 

Nature of the extracted species 

A log-log plot of distribution ratio tls. Ali- 
quat 336 concentration at flxed pH and salicy- 
late concentration or of distribution ratio us. 
salicylate concentration at fixed pH and Aliquot 
336 concentration, showed the molar ratio of 
both extractant and salicylate to metal ion to 
be 2 : 1, for both uranium and, lead. Hence 
the species extracted were thought to be ion- 
association complexes of probable composition 
2&N+*UOzSal$- and 2&N+ *PbSal:-. 

Effect of foreign ions 

The effect of various amounts of foreign ions 
on the extraction and determination of uranium 
and lead (with Aliquot 336 as extractant) was 
tested. The tolerance limit was set at the amount 
of foreign ion required to cause +2% error in 

Table 2. Tolerance limit for added ions 

Metal ion 

Uranium(V1) 
(60 PC3 

Foreign ion tolerated* 

Ca (3000); Ba (3000)‘; Hg (2400); Cr (2400); As (1800); W (1800); Au (1200); Al (1200); 
Mg (1800); MO (1200); Zn (1200); Cd (1200); Co (600); Ca (600); Ni (600); Mn (600); 
Hf (600); Pb (600); Ru (600); Ce (300); OS (300); Bi (300); Ti (300); Zr (180); Fe (180); 
V (150); thiourea (4800); nitrate (4800); fluoride (4800); iodide (3600); bromide (3600); 
EDTA (3000); citrate (3000); cyanide (2400); oxalate (2400); thiosulphate (2400); tartrate 
(2400); phosphate (2400); chloride (1800); sulphate (1200); thiocyanate (600). 

Lead(H) 
(38 /lg) 

Mg (950); Ba (950); Te (950); As (950); W (950); Bi (760); Cr (760); U (570); Hg (380); 
Zr (380); Fe (380); Al (380); Ce (380); Pd (380); Au (380); Hf (380); V (190); Ca (190); 
MO (115); Sb (115); cyanide (3800); fluoride (3800); thiocyanate (3800); thiourea (3800); 
sulphate (2850); nitrite (2850); nitrate (2850); chloride (2850); thiosulphate (1900); iodide 
(1900); tartrate (950); citrate (380); oxalate (190). 

*Values in parentheses are in pg. 



226 N. M. SUNJJ- rrit and V. M. %ZINDE 

the recovery of uranium and lead. The results 
are reported in Table 2. A 180~pg amount of 
both ~rco~i~(I~ and iron(III) is up to 50% 
co-extracted but does not interfere in the 
subsequent spectrophotometric determination 
of uranium with PAR. However, 150 pg of 
interface vanadium interferes. 

In the extraction of lead, ions such as 
zirconium(IV), iron(W) and zinc(I1) are co- 
extracted but the interference by zinc can be 
eliminated by selective masking with thio- 
cyanate. Zirconium and iron, however, do not 
interfere in the determination of lead with PAR. 
Copper is co-extracted with uranium and lead, 
and thus interferes in their determination. How- 
ever, copper can be separated by the selective 
stopping technique described in the separation 
of binary mixtures. 

Separation from binary mixtures 

The separation of urani~~V1) from binary 
mixtures containing tho~urn~~, titanium~~, 
zirconium(IV), hafnium(IV) or cerium(IV) was 
done by selective stripping of uranium with 8 ml 
of OSM sodium hydroxide. Thorium, titanium, 
zirconium, hafnium and cerium remained in the 
organic phase and were subsequently stripped 
with 0.8M hydrochloric acid, 2N sulphuric 
acid, 2M hydrochloric acid, 1M perchloric acid 
and 2M hydrochloric acid, respectively. Separ- 
ation of uranium from copper(I1) and calciu- 
m(I1) was done by first stripping copper and 

calcium with water and then stripping uranium 
with OSM sodium hydroxide. Vanadium(V) and 
Ghro~~~) are not extracted into Aliquat 
336, so their separation from uranium is poss- 
ible. Unextracted vanadium and chromium 
were determined in the aqueous phase whereas 
the uranium, in the organic phase, was stripped 
and determined by the recommended pro- 
cedure. Separation of uranium and iron was 
done by stripping iron(II1) with 1M hydroxy 
lamine hydrochloride and uranium with OSM 
sodium hydroxide. 

Similarly, the binary separation of lead 
from nickel, copper, cobalt and manganese 
was attempted by selective stripping of nickel 
and cobalt with IM ammonia solution, copper 
with 0.5M ammonia solution and rn~gan~ 
with hydrogen peroxide in ammonia solution. 
Lead was not separated with any of these 
solutions, but was finally removed with distilled 
water and determined by the recommended 
procedure. Separation of lead from uranium, 
iron and titanium was done by stripping lead 
with water, and uranium, iron and titanium 
with 0.5M sodium hydroxide, IM hydro- 
chloric acid and 2M Sophie acid, respect- 
ively. Chromium and vanadium are not 
extracted and hence their separation from 
lead was possible. The results of the separ- 
ations are given in Table 3. The recoveries of 
urani~~I), lead(I1) and the added ions were 
298.8%. 

Table 3. Separation of ~a~~~l) and lead(II) from binary mixtures 

synthetic 
mixture, Amount found, 

&z H? 

U W8-~ (SOI u, 60, Th, 79.5 
U (60)-Ti (450) U, 59.6; Ti, 448 
u (60)“zr (75) U, 59.6; Zr, 74.3 
U (60~Hf (25) U, 60; Hf, 25 
U W>ce (1001 U, 60, Ce, 99.4 
U (6O)cu (16) u, 60, co, 15.9 
U (6Q-Q (601 u, 60, ca, 60 
u (60)-V (120) u, 59.6; v, 119 
U @)-Fe (12) U, 59.8; Fe, 12 
U W>cr (24) U, 60; Cr, 24 
Pb (38)-U (60) Pb, 38; U, 60 
Pb (38j-Ni (40) Pb, 37.7; Ni, 39.7 
Pb (38)-Fe (12) Pb, 38.0; Fe, 12 
Pb (38)-V (120) Pb, 37.7; V, 119 
Pb (38)-Ti (150) Pb, 38; Ti, 150 
Pb (38)-Co (10) Pb, 37.7; Co, 9.9 
Pb (38)cu (10) Pb, 37.8; Cu, 9.9 
Pb (38)-Mn (SO) Pb, 37.6; Mn, 49.4 
Pb (38)Cr (24) Pb, 38; Cr, 23.8 

*Average of six determinations. 

Recovery, 
% 

u, 100.0; l-b, 99.4 
U, 99.3; Ti, 99.6 
U, 99.3; Zr, 99.1 
U, 100.0; Hf, 100.0 
u, 100.0; cc, 99.4 
u, 100.0; cu, 99.4 
u, 100.0; ca, loo.0 
U, 99.0; V, 99.2 
U, 99.7; Fe, 100.0 
U, 100.0; Cr, 100.0 
Pb, 100.0; U, 100.0 
Pb, 99.2; Ni, 99.3 
Pb, 100.0; Fe, 100.0 
Pb, 99.2; V, 99.2 
Pb, 100.0; Ti, 100.0 
Pb, 99.2; Co, 99.0 
Pb, 99.2; Cu, 99.0 
Pb, 98.9; Mn, 99.8 
Pb, 100.0; Cr, 99.2 

Spectrophotometric 
procedure for the 
determination of 

added ion 

Thoron” 
Hydrogen peroxide” 
Alizarin Red S” 
Xylenol Orange” 
Arsenaxo 1112’ 
PAN’s 
Murexide17 
Phosphotungstovanadic acid’~ 
1, 10-Phenanthroline’7 
Diphenylearbazide” 
PAR’ 
~rne~yl~yox~e” 
l,l~~~nthro~ne” 
Phosphotungstovanadic acidi 
Hydrogen peroxide” 

;g:: 

PAR* 
~phenyl~b~del’ 
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Table 4. Analysis of standard samples for lead and uranimn 
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Sample and its composition 

Leaded gunmetal (BCS 183/4) 
Cu, 84.06; Sn, 7.27; Zn, 3.47; 
Pb, 3.15; Ni, 1.0; Sb, 0.23; 
As, 0.13; Fe, 0.056; P, 0.09 

Tin base white metal (BCS 178/2) 
Sn, 82.2; Sb, 9.45; Cu, 4.58; 
Pb, 3.18; Ni, 0.17; Cd, 0.14; 
Bi, 0.11; Zn, 0.04; Fe, 0.024 

Leaded brass (BCS 385) 
Cu, 58.7; Zn, 38.5; Pb, 2.24; Sn, 0.27 
Fe, 0.15; Ni, 0.13; Al, 0.005 

Leaded bronze (BCS 364) 
Cu, 80.6; Sn, 9.35; Pb, 9.25; Ni, 0.28; 
Sb, 0.18; Zn, 0.13; P, 0.056 

Gunmetal (ITA Lab, 4382) 
Cu, 76.53; Sn, 4.86; Sb, 0.53; Pb, 12.08; 
Fe, 0.15; Ni, 0.42; Zn, 5.41; P, 0.011 

Calcined animal bone 
Powdered milk 

Amount CoetEciellt of 
Certified found, Standard variation, 

value %’ deviation % 

3.15% Pb 3.13 0.24 0.76 

3.18% Pb 3.15 0.028 0.90 

2.24% Pb 2.21 0.027 1.22 

9.25% Pb 9.20 0.015 0.16 

12.08% Pb 12.08 0.018 0.15 

0.08% Ut 0.08 0.141 0.88 
0.08% Ut 0.08 0.189 1.18 

*Average of six determinations. 
tUranium added. 

Analysis of lead and uranium in ‘real’ samples 

The proposed method was applied to the 
separation and determination of lead in lead- 
based alloys such as gunmetal, brass, bronze 
and tin-base white metal. The results are in good 
agreement with the certified value (Table 4). The 
air-borne particles collected from 5 different 
sites in Bombay by Municipal Corporation 
Air Quality Monitoring were brought into 
solution and were extracted as described in 
the extraction procedure. Results are given in 
Table 5. Levels of uranium in spiked samples 
such as calcined animal bone and powdered 
milk are given in Table 4. The detection limit 
of lead and uranium was l-80 c(g/25 ml. In 
environmental samples the detection limit of 
lead was 0.38 pg/m3. 

Table 5. Determination of lead in air samples 

Site 

Tilak Nagar 
Khar 
Khar 
Khar 
Pare1 

Standard 
value, 

uglm” 

1.26 
0.38 
1.40 
0.83 
0.42 

Lead 
found, 
Pgwt 

1.26 
0.38 

*Lead determined by atomic-absorption spec- 
trometry before extraction. 

tL.ead determined by atomic-absorption spec- 
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SPECTROPHOTOMETRIC DETERMINATION OF NICKEL 
IN VEGETABLE OIL WITH ~MONI~ 

2-AMINO-l-CYCLOHEXENE-l-DITHIOCARBOATE 

A. SAFAVI, A. A. ENSAFI and A. Mhssouut 
Department of Chemistry, Faculty of Sciences, Shiraz University, Shiraz, Iran 

(Received 4 January 1990. Revised 8 August 1990. Accepted 24 August 1990) 

Summary-The reaction between nickel and ammonium 2-amino-l-cyclohexene-l-dithiocarboate in 
aqueous acetone medium at pH 3.0-8.0 results in a stable dark red complex. The ratio of reagent to nickel 
in the complex is 2: 1 and the formation constant is 7.38 f 0.12 x lOto. Beer’s law is obeyed up to 4 p&I 
nickel at the absorption maximum at 535 nm. The apparent molar absorptivity is 2.8 x IO@ 1 .mole- ’ .a-‘, 
and the detection limit is 10 ng/ml nickel. The method is applied to the damnation of nickel in vegetable 
oil. 

Ammonium 2-amino- I -cyclohexene- 1 dithio- 
carboate (AACD) was first synthesized by 
Takeshima et af.’ To the best of our knowledge, 
no work on the chelation properties and analyti- 
cal use of this compound has been reported. An 
intense dark red complex is formed between 
AACD and nickel(II), It is soluble in most 
organic solvents and in an acetone-water mix- 
ture. The colour of the complex (La = 535 nm) 
contrasts well with the yellow reagent solution 
(L = 388 nm), permitting the visual detection 
of very small amounts of nickel. 2-Amino-l- 
cyclopentene- 1 -dithiocarboic acid, an analogue 
of AACD, was introduced earlier as an analyti- 
cal reagent for nickel.* 

A review of the existing analytical methods 
for the determination of nickel in oils and fats 
shows that there are some drawbacks associated 
with each of them.” 

The s~ctrophotomet~c procedure described 
here is a simple and highly sensitive means of 
determining trace concentrations of nickel. The 
method is applied to the determination of nickel 
in different synthetic samples and in vegetable 
oil. 

EXPERIMENTAL 

Reagents 

A nickel stock solution (1 mg/ml) was pre- 
pared in distilled d~ne~i~d water from 
nickel nitrate and diluted further as required. 
Stock solutions of other elements (10 mg/ml) 
were prepared by dissolving suitable salts in 
water or dilute sulphuric or hydrochloric acid. 

AACD was prepared and purified according to 
Take&ma et al.’ and used as an aqueous 
1.0 x 10e3M solution. 

Apparatus 

The spectra were recorded on a Beckman 
DK-2A s~~ophotome~r. Absorbances at a 
fixed wavelength were measured with a Spec- 
tronic 70 spectrophotometer. 

General procedure 

Transfer 2 ml of a nearly neutral solution 
containing not more than 40 ptg of nickel into a 
lo-ml standard flask, add 1 ml of AACD 
solution (3 x lo-‘M) and dilute to the mark 
with acetone. Measure the absorbance at 
535 nm against a reagent blank, in l-cm path- 
length cells. 

Determination of nickel in vegetable oil 

The standard-addition technique is used. For 
this purpose, transfer 40.0 g of oil into a lOO-ml 
standard flask and dilute to the mark with 
acetone. Transfer 5-ml aliquots of this solution 
into lo-ml standard flasks and add appropriate 
volumes of standard nickel solution containing 
O-20 pg of nickel. Then add 1.0 ml of 
3.0 x 10-3M AACD in acetone to each flask 
and dilute the solution to the mark with 
acetone. Measure the absorbances at 535 nm 
against the appropriate blank. Plot absorbance 
vs. amount of nickel added and read the inter- 
cept on the x-axis in the usual way. 

229 
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RESULTS AND DISCUSSION 

In an aqueous solution, nickel and AACD 
form a sparingly soluble reddish complex. In 
water-acetone mixtures the complex is formed 
almost instantaneously and is soluble if the 
acetone content of the mixture is 350% v/v. 
The absorption maximum of the complex is at 
535 nm and that of the ligand is at 388 nm. As 
neither nickel nor the ligand shows any absorp- 
tion at 535 nm, this wavelength is used for 
analytical purposes. 

The absorption spectrum of the complex in 
50% v/v aqueous acetone was examined at 
various apparent pH values. Formation of the 
complex was found to be maximal at apparent 
pH values in the range 3-S. 

The complex is quite stable and the cali- 
bration graph is linear. Beer’s law is obeyed for 
nickel concentrations up to 4 ,ug/ml. The molar 
absorptivity is 2.8 x 104 1 . mole-’ .cm-* at 
535 nm and the detection limit is 10 ng/ml 
nickel. 

The continuous-variations6 and molar-ratio’ 
methods both show that a 2: 1 ligand:metal 
complex is formed. 

Because the nickel complex of AACD is only 
sparingly soluble in water, an organic solvent 
must be added. Methanol, ethanol, acetone, 
acetonitrile and dioxan were tried in different 
proportions. Aqueous acetone and dioxan were 
found to be the best solvents. The maximum 
sensitivity was reached when the organic solvent 
content was 50% v/v or more. 

Varying the ionic strength between 1.17 x 
10e4 and 2.00 (with sodium ~rchlorate) did not 
affect the absorbance. 

The formation constant of the complex, 
calculated by the method of Likussar and 
Boltz,B is (7.38 + 0.12) x 10”. 

Interferences 

The criterion for interference was taken as a 
change of + 2% in the absorbance for 10 p g of 

Table 1. The tolerance limit for cations in the determination 
of 1.0 pg/ml nickel 

Zn(II), AhHI), HgO, Zr(IV), MgOI), 
N41), K(I), PtO, Pd(lI), MO(W), 
La(IiI), C&I); Ti(IV); Hfo; S&I), 
WV), TeO, Ca(IJ) 

WI), Mn(IIl, CdIM’ 

lOOO* 

200 

Fe(III), Cu(IIl, IWII), Ag(I), Cd(II)$ 50 

*Maximum concentration examined. 
tAfter treatment for removal. 
$After pupation with Na,PO,. 

nickel, in the presence of a tenfold molar ratio 
of AACD. No interference results from the 
presence of lOOO-fold weight ratio of chloride, 
bromide, iodide, sulphate, nitrate, oxalate, 
citrate, acetate, tartrate, periodate and phtha- 
late. However, carbonate and phosphate inter- 
fere when present at 50-fold weight ratio to 
nickel. These ions can be removed by the ad- 
dition of barium nitrate to the test solution and 
filtration of the precipitate prior to the addition 
of AACD. EDTA is obviously a serious inter- 
ferent and must be absent. 

The tolerance limits for various cations in the 
determination of 1.0 pg/ml nickel are given in 
Table 1. Al(III), Zr(IV), Zn(II), Hg(I), La(III), 
Pd(II), Pt(IV), Ca(II), Mg(II), Hf(IV), NaO, 
K(I), MoWI), WIQ WV), TeO, Sn(II), 
Sn(IV) at 1 mgfml concentration did not inter- 
fere. Cu(E), Co(III), Fe(H), Fe(III), Mn(II), 
Bi(III), Ag(1) reacted with the reagent and thus 
interfered. The effect of these interferents was 
easily removed by the addition of ~t~ated 
ammonium thiocyanate to the test solution and 
separation of any precipitate [si(III)] or extrac- 
tion of the complexes into methyl isobutyl 
ketone. Under the recommended conditions, 
thiocyanate does not react with nickel. Pb(I1) 
and Hg(I1) can be removed by the addition of 
sulphate and iodate, respectively, to the test 
solutions prior to addition of AADC. 

Table 2. Analysis of samoles by the nronosed method 

Matrix* 
Ni added, 

UP Ni found 

Fe2+(5), Cu*+(S), Co2+(5) 1.0 0.96,0.98 pg 
Mn*+(5) Cuz+(3) CO*+(~), Fe3+(3) 
Bi3+(3), be3+(2), Ag+(2), Mr?*(S) 

1.0 0.98,0.98 pg 
1.0 0.97,0.% pg 

Vegetable oil? (before post bleaching)3 - 2.94,2.98,2.92 p&g 
Vegetable oil (after post bleaching)j - 0.390,0.396,0.387 pg/g 

*The number in parentheses indicates mg of element in the aliquot taken for analysis. 
tvegetable oils were of soya bean origin. 
$Ni content obtained by ato~c-auction spectrometry = 2.85 rf: 0.06 fig/g. 
CjNi content obtained by atomic-absorption spectrometry = 0.401 & 0.010 pg/g. 
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Applications REFERENCES 

The recommended procedure is highly 
sensitive for the determination of nickel and 
sufficiently selective for analysis of some 
natural samples as well as a variety of nickel- 
containing alloys. The method is simple and 
rapid. Its utility is shown by the satisfactory 
analysis of various synthetic samples and by 
the determination of nickel in vegetable oil 
(Table 2). 
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ANALYTICAL DATA 

X-RAY POWDER DIFFRACTION DATA FOR 
NINE ANALGESICS 
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School of Pharmacy, 106, Aristotle University, Thessaloniki, 54006, Greece 

F. A. UNDERWOOD and B. CHAPMAN 
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(Received 22 November 1989. Revised 18 March 1990. Accepted 6 July 1990) 

Summary-X-Ray powder diffraction data for nine analgesica have been obtained by using a powder 
diffractometer. The results obtained by using the McCreery and Bystriim-Askhmd methods of sample 
loading were averaged and tabulated in terms of the lattice spacings and the relative line intensities. Data 
from powder camera films were compared with the diffractometer data, and certain discrepancies in the 
intensities are discussed. 

The early work by Hanawalt et al.’ introduced 
the powder diffraction technique as an instru- 
mental analytical method for the identification 
of polycrystalline materials. This technique is 
used here to characterize nine analgesics in 
terms of interplanar d spacings and line intensi- 
ties relative to the intensity of the strongest line. 
As the pharmaceutical compounds2 examined 
have not been studied previously by X-ray 
diffraction and these data are not included in the 
1987 Powder Diffraction File,3 the new infor- 
mation may be useful for their identification. 

EXPERDlENTAL 

Samples 

The samples of bufexamac (CL2Hl,N03), 
diclofenac sodium (C,4H,,,C12NNa02), flu- 
fenamic acid (C4H1,,F3N02), mefenamic acid 
(C,SH,SN02), nefopam hydrochloride 
(C,,H,9N0.HCl and niflumic acid 
(Cl3 Hg F, N2 0,) were purchased from Sigma. 
Fentiazac acid (C17H12ClN02S), dipyrone 
(C,3H,6N3Na0,S), (Ercifar S.A. Pharmaceuti- 
cals, Athens) and tolmetin (C14H,0F3N02), 
(Farmalex S.A. Pharmaceutique, Athens) were 
kindly donated by the manufacturers. 

The samples were at least 99.6% pure and 
most of them were dried overnight in an oven at 
60”. Some samples were suitable as supplied, but 

*Author for correspondence. 

when necessary the particle size was reduced to 
less than 5 pm by grinding in an agate mortar. 
The grinding was performed under an infrared 
lamp to avoid adsorption of atmospheric moist- 
ure. Microscopy was used, with the aid of a 
graticule, to measure the particle size, and the 
well defined lines on the X-ray diffraction 
photographs were a strong indication that all 
the particles were of approximately the same 
size. 

Apparatus and sample preparation 

The Debye-Scherrer X-ray photographs were 
obtained with a Philips 11.4 cm diameter 
camera (PW 1034/10) with iron-filtered cobalt 
radiation (Co K, 1.790 A) 

The Philips diffractometer goniometer 
(PW 1050/25) was used in conjunction with a 
Xenon proportional counter (PW 1965/30) and 
a Philips ratemeter/single channel analyser 
(PW 4620) with output to a chart recorder 
(PM 8000). Nickel-filtered copper radiation 
(Cu K, 1.542 A) was produced by a normal 
focus tube operated at 40 kV and 20 mA. 
Samples were scanned at 20” over the 28 range 
5-45” at l”/min. 

In applying this technique, three fundamental 
methods of packing the sample are possible: (i) 
loading the powder from the front, (ii) the 
McCreery method of loading the powder from 
the back, and (iii) the Bystriim-Asklund method 
of loading the powder from the edge.&’ 
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The front-packing method is the least success- 
ful way of preparing samples because preferred 
orientation is not reduced to a minimum. In this 
case the relative intensities of lines at low angles 
are distorted and the data may be misleading. 
Loading methods (ii) and (iii) were therefore 
employed, and the data in Table 1 are averages 
of results from the two methods. The diffrac- 
tometer patterns were recorded by mounting 
-2 g of sample in a window in an ahuninium 
specimen holder and then exposing it to the 
X-ray beam for -40 min. The calibration of 
the goniometer was checked with silicon as a 
standard. 

RESULTS AND DISCUSSION 

Table 1 shows the data obtained for the nine 
analgesics in terms of the lattice spacings and 
the relative line intensities. 

The best results, in terms of resolution and 
separation, were obtained by the powder 
diffractometer technique. In general the powder 
camera patterns agreed well with the diffrac- 
tometer traces, but there were discrepancies in 
the case of mefenamic acid. Generally, most of 
the characteristic lines in the diffraction patterns 
were prominent and sharp, so measurement of 
the angles and hence of d-values was accurate. 

In the diffraction data for the tohnetin the 
lines occurring at 28 > 20”, although of reason- 
able intensity, were broad compared to the 
other lines. In this case the values for the d 
spacings should be treated with caution. 

When the Debye-Scherrer photographic 
technique was employed for the investigation of 
mefenamic acid, it was observed that the first 
two or three lines at low Bragg angles were very 
intense. The corresponding lines in the patterns 
obtained by the powder diffractometer, where 
preferred orientation was reduced to a mini- 
mum, were of low or moderate intensity. If these 
lines at low Bragg angles are ignored, the three 
most intense lines indicated in Table 1 were the 
same for both the diffractometer and camera 
techniques. 

Flufenamic acid exhibited the least repro- 
ducible diffraction pattern intensities. Some 
lines in the patterns or in the microdensitometer 
traces were very intense and prominent in one 
diffraction pattern or very weak in another 
under identical conditions of sample loading 

and diffractometer operation. Specifically, the 
lines at 4.69, 4.53, 3.18 and 2.903 8, were 
sometimes observed to be very intense and at 
other times rather weak while the lines at 4.98, 
4.53 and 3.65 A were of variable intensity and 
were either very often split into two lines or had 
a characteristic shoulder. 

In the case of dipyrone, the !irst line at 8.27A 
is included as one of the three strongest lines 
because its intensity was not reduced even when 
the specified alternative methods of packing the 
sample were used. In some diffraction patterns, 
the line at 5.61 A was split into two peaks (5.64, 
5.57 A), and the lines at 4.67 and 3.52 a had 
shoulders. 

For the remaining compounds, the values of 
the interatomic d spacings and relative intensi- 
ties are in agreement for both techniques and 
both methods of preparing the samples. 

CONCLUSION 

X-Ray powder diffraction patterns provide a 
means of identification of crystalline pharmaco- 
logically active compounds, but attention to 
sample preparation is essential. In this study the 
data presented were obtained by the dilTrac- 
tometer technique, with use of two methods of 
packing by which random alignment of crystals 
in the sample is achieved. No fundamental 
discrepancies in the d spacings were found when 
comparisons were made with the powder cam- 
era results. Some variation between the intensi- 
ties of the strongest lines in the diffraction 
patterns obtained by two techniques are ex- 
plained in terms of preferred orientation in the 
specimens. 
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Summary-There are dozens of commerctally available reversed phase columns, most marketed as C-8 
or C-18 matenals, but wtth no useful way of classtfymg their retenttvity A useful way of rankmg these 
columns m terms of column “strength” or retenttvtty is presented. The method utihzes a value for In kh , 
the e&mated retention of a solute from a mobile phase of 100% water, and the slope of the plot of Ink’ 
us Er(30), the solvent polartty The method IS vabdated with 26 solutes varymg in In/c; from about 2 
to over 20, on 14 different reversed phase columns In agreement with prevtous work, it 1s found that the 
phase volume ratto of the column IS the most important parameter in determmmg retenttvity It 1s strongly 
suggested that manufacturers adopt a uniform method of calculating tlus value and that tt be made 
avadable m adverttsmg, rather than the unmterpretable “% carbon” 

The molecular mechanism of retention for small 
molecules in reversed phase liquid chromatog- 
raphy is becoming well understood.’ Dill and 
co-workers have developed mean-field statistical 
mechanical theory to account for the inter- 
actions of the solute in the mobile phase and in 
the stationary phase, and have accounted for 
the variation in chain interactions as a function 
of the bonding density of alkyl chains on the 
silica surface.*,’ We have been experimentally 
investigating these theories, and in general, have 
found excellent agreement. 

Theory predicts that two driving forces dom- 
inate retention: (i) the free-energy change due to 
contact interactions of the solute with surround- 
ing molecular neighbors in the stationary and 
mobile phases, as measured by binary inter- 
action constants, and (ii) the partial ordering of 
the grafted stationary-phase chains which, at 
sufficiently high bonding density, leads to an 
entropic expulsion of solute from the stationary 
phase relative to that which would be expected 
in a simpler amorphous oil-phase/water parti- 
tioning process. We have tested (i) against an 
extensive data base of almost 350 sets of exper- 
iments and in agreement with theory have found 
that the mobile-phase contribution to retention 

*Present address Wesley-Jessen, 400 West Supenor Street, 
Chtcago, IL 60610, U S.A 

TAuthor for correspondence 

can be described by the binary interactton con- 
stants of solutes with solvents.4 We have also 
tested (ii) by synthesizing reversed phase 
stationary phases over an octadecyl bonding- 
density range of 1.641 pmole/m*, and have 
found a maximum in the partition coefficient at 
approximately 3.0 pmole/m2.5 At bonding den- 
sities in excess of this value actual partitioning 
decreases, as the energy required to create a 
cavity in the stationary phase becomes the 
dominant force. At low bonding densities reten- 
tion is driven by enthalpic processes, and at high 
bonding densities (> 3.0 pmole/m*), retention 
is driven by entropic processes. The bonding 
density of virtually all commercially available 
reversed phase columns is in the range 2.3-3.0 
j.4mole/m2. 

Whereas partitioning goes through a maxi- 
mum as a function of bonding density, reten- 
tion, as measured by the capacity factor, 
reaches an approximate plateau at a chain- 
density value of 3.0 I.rmole/m*. This apparent 
anomaly IS easily explained. The capacity 
factor is the product of the partition coefficient 
and the phase-volume ratio (stationary/mobile) 
and at high chain densities, while the par- 
tition coefficient is decreasing, the volume of 
the stationary phase is increasing, and the 
two effects virtually offset each other. This 
“leveling off” behavior has been reported by 
others.6-8 

237 
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While theory has adequately described the 
partitioning process, there is still a need for a 
convenient empirical description of retentivity, 
or column strength. Reversed phase columns 
are made with a wide variety of functional 
groups, including C- 18, C-8, C- 1, phenyl, cyano, 
and others. Recent studies have compared the 
retentivity and selectivity of many of these 
columns, and have shown that even for ostensi- 
bly equivalent columns, such as C-18 materials, 
there are great differences in their properties.“’ 
This variability is due to many factors, including 
properties of the initial sihca such as surface 
area, pore diameter and volume, and impurities, 
and also to differences in the bonding reaction 
used to synthesize the reversed phase material. 
These variabilities have caused many difficulties 
for the practicing chromatographer. Choosing 
the “best” column for a given separation is most 
often a trial and error process, and methods 
developed in one laboratory are difficult to use 
m another unless the brand and manufacturer of 
the column are the same. 

There have been many attempts to classify 
columns according to their retentivity or selec- 
tivity for a particular class of compounds. They 
include chemometric approaches,‘2-‘4 the use of 
compounds from Snyder’s solvent selectivity 
triangle,” and others.i6*” Smith and Burr have 
advocated a retention index system based on a 
series of alkyl aryl ketones to define the reten- 
tion properties of different columns; a different 
set of constants for each column is obtained for 
every different mobile phase composition used, 
requiring new calibration every time either the 
mobile phase or stationary phase IS changed.‘8*‘9 
Sander and Wise have proposed a series of three 
polyaromatic hydrocarbons as a probe of the 
shape-selectivity characteristics of reversed 
phase materials, and these compounds are now 
available as a National Institute of Standards 
and Technology Standard Reference Material 
(SRM 869).20 Antle and Snyder used gradient 
elution theory to characterize columns accord- 
mg to their solvophobic retention.21*22 They 
examined columns produced from the same 
base silica but having different bonded func- 
tional groups, such as C-18, C-8, phenyl, C-l 
and cyano groups. One unique aspect of their 
studies was the use of 22 solutes of widely 
differing chemical properties in the hope that 
their results would be more widely applicable to 
everyday separation problems. They combined 
the phase-volume ratio and the polarity of the 
stationary phase into an effective “strength” 

parameter and ordered the columns m terms of 
retentivity as C-18 > C-8 > phenyl > C- 1 > 
cyano. They further concluded that the contri- 
bution of the polarity of the column to retentiv- 
ity is small compared to the contribution of the 
phase-volume ratio. Though their results are 
useful for other workers, the methodology does 
not lend itself to characterization of new 
columns, because of the complexity of the data 
collection, and the necessity to use both a 
reference and a standard column. 

Here we present a simple method to charac- 
terize the retentivity of commercial reversed 
phase columns, by use of binary mobile phases 
of water and an organic solvent under isocratic 
conditions. No reference or standard column is 
necessary, and solutes of wtdely varying chemi- 
cal properties are used to ensure the results will 
be broadly applicable to everyday separation 
problems. 

EXPERIMENTAL 

All retention measurements were obtained 
either with a Spectra-Physics SP8700 ternary 
proportioning LC system (Spectra-Physics, San 
Jose, CA, USA) or with two Spectroflow 400 
pumps (ABI Analytical, Kratos Division, Ram- 
sey, NJ, USA). A Valco C6W injection valve 
(Valco Instrument Company, Houston, TX, 
USA) and a 20 ~1 sample loop were used to 
inject the solutes. The detection system was 
either a Spectroflow 783 absorbance detec- 
tor/gradient controller or a Spectroflow 757 
absorbance detector (ABI Analytical) operated 
at 254 nm. When the two Spectroflow 400 
pumps were used, a Rainin Dynamax dual 
chamber mixer (Rainm Instrument Company, 
Inc., Woburn, MA, USA) was placed before the 
injector valve for better mixmg of the binary 
solvents. A Fisher Recordall Series 5000 (Fisher 
Scientific, Pittsburgh, PA, USA) strip chart 
recorder was used to record the chromato- 
graphic peaks. The solvents used were HPLC 
grade from Fisher Scientific and the water was 
treated with a Barnstead Nanopure II system 
(Barnstead Company, Dubuque, IA, USA) 
before use 

Chromatographic columns 

All DuPont Zorbax columns were purchased 
from Fisher Scientific; the B&J columns were 
from Burdick & Jackson Laboratories, Inc. 
(Baxter Healthcare Corp., Burdick & Jackson 
Division, Muskegon, MI, USA), and the 
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Ultrasphere column from Beckman (Beckman 
Instruments, Inc., Fullerton, CA, USA}. The 
high-density column was synthesized and 
packed in our laboratoriesz3 Some of the prop- 
erties of these columns, as supplied by the 
manufacturers, are listed in Table 1. 

Chromatographlc parameters 

The columns were maintained at 30” by a 
water jacket and a Haake Dl circulator (Fisher 
Scienufic). The 26 solutes used are listed in 
Table 2. They were from various suppliers and 
were used without further purification. The 
solutes were initially injected individually and 
then, to prevent peak overlap, were grouped 
into mixtures ~ontalnlng no more than five 
solutes. Peak assignments were made by com- 
paring both peak area and elution order. The 
void volume of each column was determined by 
the injection of water at a mobile phase compo- 
sition of 75% water and 25% organic modifier. 
The flow-rate was maintained at I ml/mm, 
except for the Burdick & Jackson C-18 column 
which was used with a flow-rate of 1.5 ml/min. 
All the retention data were obtained by averag- 
ing at least two measurements of a solute. The 
&(30) polarity values for the different mobile 
phase compositions were calculated from the 
quadratic relationship between percentage of 
organic modifier and the ET (30) values reported 
by Dorsey and Johnson.” 

Regresston ca~~u~at~ons 

The regression ~l~ulations were performed 
with the StatWorks (Heydon and Son Inc., 
Philadelphia, PA, USA) program on a Macm- 
tosh SE (Apple Computer, Inc., Cupertino, CA, 
USA) microcomputer. 

RESULTS AND DISCUSSION 

For any grven column, the retention is ad- 
justed by changing the strength of the mobile 

Table 1 Properues of the RPLC columns as supphed by the 
manufacturers 

Surface area, Carbon 
Column Llgand mZlg loadmg, % 

Zorbax ODS C,8 340 20 
Zorbax C-8 c, 330 10 
Zorbax phenyl Phenylpropyl 300 5 
Zorbax TMS C, 320 5 
Zorbax cyan0 Cyanopropyl 320 5 
B&J C-8 G 250 8 
B&J C-18 G* 250 13 
Ultrasphere C-8 C, 200 12 

Table 2. hst of test solutes used m thus study 

Methyl par&en Ethyl pa&en 
Propyl paraben Butyl paraben 
Cortisone Corticosterone 
Tofuene ~exy~uoro~z~e 
Benzyl alcohol o -Nltrophenol 
Propachlor I-Me~ylnaph~~ene 
Tri-p-tolylphosphate Methylbenzykmme 
Fluorobenzene Chloropropham 
Dtmethyl phthalate &ethyl phthalate 
Butyl benzyl phthalate Dlbutyl phthalate 
I-Methylphenanth~ne Dmctyl phthalate 
~-Te~henyi Chrysene 
1,1,4,4,-Tetraphenyl- 1,3-butadlene Octadecanophenone 

phase. Then it is necessary to have an accurate 
description of mobile-phase strength effects on 
retention before column retentivity can be ex- 
plored. It is commonly assumed that a plot of 
the logarithm of the capacity factor (ln k’) us. 
volume fraction of organic modifier will show 
linear behavior. In fact, it has been known for 
many years that this is not strictly true. It has 
been shown both theoretically2 and experimen- 
tally*’ that there is a quadratic dependence of 
retention on the volume fraction of organic 
modifier. We have previously shown that the 
strength of the mobile phase can be con- 
veniently expressed by its E&30) solvato- 
chromic solvent polarity.26 With a data set of 
332 ~fferent retention/volume fraction depen- 
dencies, we showed that there 1s a linear re- 
lationship between Ink’ and 4430) solvent 
polarity. 26 This relationship can be expressed as 

In k’ = m&(30) + C (1) 

where E&(30) is the polarity value (kcallmole) of 
the mobile phase, and m and C are the slope and 
y-mtercept of the linear regression. The slope is 
then a valid measure of mobile phase strength. 
Moreover, the slope has also been shown to be 
directly proportional to the size of the solutes 
and to the binary interaction constant of water 
and the organic modifler.4 We feel the slope 
from equation (1) is then a valid descriptor for 
the mobile-phase contribution to solute reten- 
tion. 

Molecular descriptor approach 

The first approach we took was to search for 
a molecular descriptor of the test solutes that 
would show the retention effects of the station- 
ary phase and that would be a convenient 
measure to plot against the slope of equation 
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Table 3 Regrewon data for slopes from equation (1) 
plotted us van der Waals volume, V,, of the test solutes 

Column Modifier Slope x 10’ y-mtercept r2 

Zorbax ODS ACN* 408 0.845 0.533 
Zorbax C-8 ACN 3 82 1.03 0.534 
Zorbax phenyl ACN 4.21 0 593 0.484 
Zorbax TMS ACN 9.25 0 336 0.861 
Zorbax cyano ACN 6.98 0 310 0 472 

*Acetomtrile 

(1). The slope of this plot should show the 
retentivity of the column being tested. As cavity 
creation in the stationary phase is a major 
contribution to solute retention,le3 we felt a 
linear relationship should exist between the 
slope from equation (1) and a molecular size 
descriptor. It has previously been reported that 
a linear dependence exists between Ink’ for 
some solutes and the van der Waals volume, 
V 27-29 or the molecular connectivity index, 
x.~;~’ Slopes from equation (1) were plotted 
against both of these descriptors, and the re- 
gression results for five Zorbax columns are 
given in Tables 3 and 4. The V, and x values 
were calculated by the methods given in the 
papers cited, and Figs. 1 and 2 show the data 
from the Zorbax TMS column, which gave the 
“best” results with these descriptors. It 1s curi- 
ous that this column gave the best results with 
these descriptors, as the retention mechanism of 
a TMS column 1s probably dominated by “ad- 
sorption” effects, meaning that the chain length 
is too short for penetration of the solute into the 
bonded stationary phase. 

The coefficients of determmation, r2, of these 
regressions are all well below 0.9, indicating that 
there is no significant correlation between the 
slopes from equation (1) and the two molecular 
size descnptors chosen. There are several poss- 
ible reasons for this poor correlation. Both the 
van der Waals volume and the molecular con- 
nectivity index are estimations of a solute size; 
furthermore, they cannot account for other 
interactions that may occur between the solute 
and the stationary phase. 

Table 4 Regression data for plots of slopes from equation 
(1) DS molecular connectwty Index of the test solutes 

Column Modifier Slope x IO2 y-Intercept r* 

Zorbax ODS ACN’ 621 0 992 0401 
Zorbax C-8 ACN 6 54 1 14 0.417 
Zorbax phenyl ACN 7.14 0 723 0 379 
Zorbax TMS ACN 167 0 563 0.829 
Zorbax cyano ACN 115 0531 0 354 

*Acetomtnle. 

I I 

100 200 

VW km3/mole) 

Fig. 1 Slope from equation (1) us. van der Waals volume 
for the 26 test solutes, on the Zorbax TMS column. 

Approach using In k& 

The second approach we took was to seek a 
parameter which would accurately include all 
the interactions between the solute and the 
stationary phase. An experimental measure 
would be best, as no approximations would be 
necessary. It had been previously shown that the 
logarithm of the capacity factor of a solute with 
a mobile phase composition of 100% water, 
Ink:, is highly correlated to the logarithm of 
the partition coefficient between octanol and 
water for that solute.32-3s The Ink:. value should 
be ideal for the purposes of assessing stationary 
phase retentivity, as it is a measure of partition- 
ing between the stationary phase in question 
and pure water, which effectively deconvolutes 
any contributions from the mobile phase. 

One problem with this descriptor is that it is 
extremely difficult to measure experimentally. 
Excessively long retention times and poor peak 
shapes arising from slow mass transfer effec- 
tively eliminate experimental determination of 
this value, and In kh is most often estimated 
by extrapolation (to 100% water) of a linear 

3 

0:. , . , . I. I. I . 

0 2 4 6 8 10 12 

Molecular connectwty Index 

Rg. 2 Slope from equation (1) OS molecular connectwty 
mdex for the 26 test solutes, on the Zorbax TMS column 
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0 10 20 30 

In k;V 

Fig. 3 Slope from equation (1) us In k;, the capacity factor 
in 100% water, for the 26 test solutes, on the Zorbax TMS 

ColUmn 

regression of In k’ 0~. volume per cent organic 
modifier.32JV”38 

In kL= S(% organic) + C’ 

We have recently shown that this extrapolation 
leads to dzfirent values for the same solute and 
column with methanol/water and acetonitrile/ 
water mobile phases. 3g However, an extrapol- 
ation of In k’ vs. E&30) solvent polarity leads to 
a common intersection for methanol/water, 
ethanol/water and acetonitrile/water mobile 
phases for a given solute/column combination, 
giving much greater confidence that the extrapo- 
lated value IS meanmgfu1.39*40 

Since the slopes from equation (1) and In kh 
of the solute summarize the retention effects due 
to the mobile phase and any specific solute inter- 
actions with the stationary phase, respectrvely, 
the slope of a plot of these two parameters for a 
column should be independent of the two effects 
and should unveil the retentivity of the column, 
see Fig. 3. The regression parameters of these 

plots for all the columns studied are presented 
in Table 5. The 95% confidence intervals of the 
slopes of these regressions have been calculated 
and are listed in the last column of Table 5. The 
confidence intervals show that almost all the 
slopes of the regressions are statistically differ- 
ent from one another. Good linearity between 
the two parameters is also shown, with rz > 0.9 
for all the columns tested, except for the Zorbax 
ODS and C-8 columns with acetomtrile as the 
organic modifier. The high r* confirms that the 
slopes from equation (1) are highly correlated 
with In kk for the test solutes. 

This type of slope vs. In k; plot is not new. 
Hammers et al. have shown that plots of the 
slope S and In kk from equation (2) are linear.4’ 
They found that the slopes and y-intercepts of 
these plots formed two empirical parameters 
that can be used to classify solutes into different 
groups, and these solute groups can be used to 
recommend the use of In kk for the estimation 
of log P+. Schoenmakers et al. found good 
linearity for equation (2) when methanol is used 
as the mobile-phase modifier but not with aceto- 
nitnle or THF.2S They have shown that when 
linearity IS observed, the slopes of these plots 
can be used to specify the shape of the gradient 
program to be employed. Moreover, these 
slopes can be employed to predict isocratic 
capacity factors from a simple gradient analy- 
sis2’ Baty and Sharp observed good correlation 
between S and In k; methanol, acetonitrile and 
THF, with structurally similar solutes.36 They 
tned to use the slopes and y-intercepts of these 
plots to predict the capacity factors of the 
solutes but found that the slopes and y-inter- 
cepts vary with the nature of the organic 
modifiers and columns. Therefore, the chro- 

Table 5 Regresston data for plots of slopes from equahon (1) us. In k; of the test 
solutes for all the columns 

Column Modrfier Slope y-intercept r 2 CH 

Zorbax ODS 
Zorbax C-8 
Zorbax Phenyl 
Zorbax TMS 
Zorbax Cyan0 
Zorbax ODS 
Zorbax C-8 
Zorbax Phenyl 
Zorbax TMS 
Zorbax Cyan0 
B&J C-8 
B&J C-18 
Ultrasphere C-8 
High denstty 

ACN* 
ACN 
ACN 
ACN 
ACN 

MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 

0 0835 0 525 0 894 *0.004 
0069 0 127 0834 *0.035 
0104 0 293 0 98 *0005 
0 110 0349 0 982 *0007 
0 126 0241 0.99 *0005 
0.120 0 320 0.917 *0003 
0 124 0 310 0 987 *0004 
0 129 0271 0993 fOOO3 
0 134 0.346 0 979 *0006 
0130 0 362 096 *0006 
0.134 0209 0 987 f0.009 
0 114 0 326 0945 *o-o12 
0.122 0.307 0.99 *0.004 
0.115 0.314 0.923 *0.013 

l Acetomtrtle 
t95% confidence mterval of the slopes of the regressions 
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In kh of solutes 

Fig 4 Slope from equation (I) us fn kk for the 26 test 
solutes on five Zorbax columns 

matograplnc system and the solute group have 
to be defined before the capaaty factors can be 
predicted. 

For a given organic modifier the general 
retentivity of the columns in this study is found 
to be inversely proportional to the slope of a 
plot of the slopes from equatron (1) vs In k&. 
The usefulness of this relative retentivtty scale 
can be seen by plotting the linear regresstons for 
the five Zorbax columns wtth a~tonit~le as 
modifier, on one graph, Frg. 4. The slopes from 
equation (1) are found to be proporuonal to the 
stze of the cavity created by the solutes;4 there- 
fore, at a gtven solute cavtty stze, the hnear 
regression having the smallest slope ~111 corre- 
spond to the largest In k; and hence the largest 
retentivity. From the data shown in Fig. 4, the 
Zorbax cyano column has the largest slope, 
followed by the TMS column, phenyi column, 
ODS column and C-8 column; the retentivity of 
these columns is in the order C-8 > ODS > 
phenyl > TMS > cyano. The Zorbax C-8 
column seems to have a higher retentivity than 
the Zorbax ODS column when acetomtrrle 1s 
used as modifier. However, a careful examin- 
ation of the confidence interval of these two 
slopes demonstrates that they actually have 
no statlstrcal difference. These rankings for 
the Zorbax columns agree with those found 
by Walczak et aE.‘4 and Antle et al 22 and lend 
confidence that our approach IS valid The 
apparently stronger retentivity of the Zorbax 
cyano column compared to the TMS column 
with methanol as modifier can be attributed 
to the hydrogen bonding between the surface 
srlanol groups and the methanol. Cyano 
columns have been shown to have silanol 
groups that are more accessible than those of 
other columns.‘s*42 Since methanol can form 
hydrogen bonds with these silanol groups, 

the surface of cyan0 columns is sigmficantly 
modified by the methanol and hence its appar- 
ent retentivity is stronger than that of the 
TMS column. When acetonitrile is used as 
modifier, Its lack of hydrogen-bonding ability 
results in the retentivity of the TMS column 
being greater than that of the cyano column. 
Other commercial columns can be tested by 
the same procedures and their retentrvity com- 
pared with that of the Zorbax columns. With 
methanol as modifier, the B&J C-18 column is 
found to have greater retentivity than any of the 
Zorbax columns. The B&J C-8 column is found 
to have approximately the same retentrvrty as 
the Zorbax TMS column, and the Ultrasphere 
C-8 colwnn is shown to have retentivity between 
that of the Zorbax ODS and the C-8 colunms. 

One interesting point raised by many re- 
searchers is the importance of the phase ratio of 
the column on the total retentivity of the 
column. The significance of the phase ratio for 
retentivity was also investigated m this study. 
There is some ambigmty in the calculation of 
thrs value. Many methods have been recom- 
mended for the measurement of the mobile 
phase volume.43-46 Here we use the maximum 
volume of mobile phase as measured by the 
gravimetric method.’ Though this volume m- 
eludes any organic modifier in the solvation 
structure of the stationary phase, this still seems 
the most relevant volume, as there is no energy 
barrier for diffusion of a solute associated with 
that organic modifier in the solvation layer, 
back into the movmg mobile phase. The station- 
ary-phase volume was calculated by the method 
of Sentell and Dorsey and is the volume occu- 
pied by the bonded alkyl chains.47 The phase 
ratios of the columns studied were calculated 
and are listed in Table 6. These values should be 
vrewed with some cautron, however, as we used 
the nominal values for % carbon as supplied 
by the manufacturer. These values had only one 
or two significant figures and were probably 

Table 6 Phase-volume ratio of the 
columns m tis study 

Column 

Zorbax ODS 
Zorbax C-8 
Zorbax phenyl 
Zorbax TMS 
Zorbax cyan0 
B&J C-8 
B&J C-18 
Ultrasphere C-8 
High density 

Phase ratlo 

0 367 
0.226 

unknown 
0 172 

unknown 
0 0619 
0 110 
0 380 
0 465 
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averages from several production runs. In the 
case of the phenyl and cyano columns, the 
density of the hgands was not available and 
the stationary-phase volume and phase ratio of 
these columns could not be calculated. With the 
exception of the two B&J columns, the phase 
ratio of the columns displays the same order as 
the relative retentivity of the columns. The high- 
density column, which has the largest phase 
ratio, is found to be close to having the highest 
retentivity. This result points out that the phase 
ratio of a column indeed makes a vital contn- 
bution to the overall retentivity of the column. 

CONCLUSIONS 

This work demonstrates a simple method for 
the classification of the retentivity or “strength” 
of reversed phase columns. In agreement with 
previous work, we have found that the phase- 
volume ratio is the dominant parameter m 
determimng retentivity. Carbon content, which 
is the most often used figure of merit in the 
advertising of commercial columns, is only use- 
ful for predicting retentivity if presented along 
with surface area of the bare silica, or with the 
bonding density of the ligands. The two most 
usefur values for the practicmg chromatogra- 
pher are bonding density and phase-volume 
ratio, and the adoption of these numbers is 
strongly encouraged. 
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Summary-High-performance amon-exchange chromatography (HPAC) was used for the determmatton 
of ammosacchartdes m rmcrobtal polymers, chttin, animal waste, sewage sludge, plant residues and sot1 
The ammosacchartdes, galactosamme, mannosamme and glucosamine were separated on a strong 
amon-exchange column with 1OmM sodium hydroxtde as the eluent and determmed by pulsed ampero- 
metric detection (PAD) The HPAC-PAD methodology was compared worth hrgh-performance hqtud 
chromatography (HPLC) with refracttve mdex detectton (RI) m terms of selecttvtty and sensrhvtty for 
ammosacchandes. The results mdrcate that HPAC-PAD reqmred less sample preparation, and was more 
precise and nearly two orders of magmtude more senstttve than HPLC-RI HPAC-PAD was not subject 
to matnx mterferences and was htghly sekcttve for ammosacchandes. More than 3% of the total nitrogen 
m alfalfa, and 20% of that m straw, was found to be present as ammosacchandes 

Ammosaccharides are widely distributed in 
nature and have been reported to occur m 
plants,’ micro-orgamsms,’ and crustaceans,3 
and have recently been found to be an import- 
ant constituent of the soil nitrogen ~001.~ They 
not only serve as a nitrogen source for plant 
growth, but may also have an important role m 
the promotion of good soil structure.5 

It is believed that 510% of the total nitrogen 
in surface soils is present as aminosaccharides. 
Chitin is a polymer of N-acetylglucosamine 
frequently found m soil, and IS present m the 
cell walls, structural membranes and skeletal 
components of insects and fungal mycelia. 
Conditions which favor microbial growth and 
proliferation in soils tend to increase the 
hexosamine content of soils. Aminosaccharides 
are somehow protected from decomposition in 
soils by being incorporated into the humic acid 
fraction.6*7 

Aminosaccharides m soils are normally ex- 
tracted by hydrolysis with hydrochloric acid and 
the resulting ammonium ion is determined by 
the standard calorimetric method of Elson and 
Morgan* or by alkaline distillation. The Elson 
and Morgan method is based on the chromogen 
formed when the aminosaccharide is heated 
with an alkaline solution of acetylacetone and 
then an acidic ethanolic solution of p-dimethyl- 
aminobenzaldehyde. However, many sub- 

stances in soils, including iron and amino acids, 
produce colors which interfere with this deter- 
mmation of aminosaccharides. The alkaline dis- 
tillation method mvolves deammation of 
aminosaccharides by heating with an alkali. The 
ammoma released through deamination is then 
determined by steam distillation, collection m 
boric acid solution,g and titration. 

Aminosaccharides have been isolated from 
soil hydrolysates by both paper chromatog- 
raphy and ion-exchange chromatography. Pre- 
vious studies have indicated that most of the 
aminosaccharides occur as o-glucosamine and 
o-galactosamine, with the former occurring in 
the greatest amounts.’ N-Acetylglucosamme 
has also been found in ~011s.‘~ 

High-performance liquid chromatography 
(HPLC) analysis with refractive index (RI) de- 
tection is the most common method for 
quantification of saccharides but has lagged 
behind in the determination of aminosaccha- 
rides because of poor selectivity of the existing 
stationary phases and insensitivity of the RI 
detector. The use of high-performance anion- 
exchange chromatography (HPAC) with pulsed 
amperometric detection (PAD) has several ad- 
vantages over RI detection. PAD with a gold 
electrode is selective only for compounds con- 
taining oxidizable functional groups, including 
hydroxyl, amine and sulfide. Aminosaccharides 
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are weak acids with pK, values in the range 9-l 1 
and thus can be separated as anions by control 
of the pH of the mobile phase. 

The objective of this study was to optimize 
the chromatography in the determination of 
aminosaccharides in biological materials and 
to compare HPAC-PAD with HPLC-RI for 
quantification of aminosaccharides. Chromato- 
graphic parameters such as selectivity, resol- 
ution and precision were determined for various 
aminosaccharides to optrmize separation and 
detection. 

EXPERIMENTAL 

Reagents 

All saccharide standards were obtained from 
Supelco (Bellefonte, PA). Chitin was obtained 
from Sigma (St. Louis, MO). 

Chromatographlc mstrumentation 

HPAC-PAD detection. The HPAC-PAD 
analysts was performed with a Dionex (Sunny- 
vale, CA) LC gradient pump module and Model 
PAD2 detector. Sample mjection was by a 
Dionex autosampler equipped with a 200~,ul 
sample loop. Aminosaccharides were separated 
with a CarboPac PA1 pellicular anion-exchange 
resin (250 x 4 mm) and a CarboPac PA guard 
column (25 x 3 mm) at a flow-rate of 0.8 ml/min 
at ambient temperature with a 5-200mM 
sodium hydroxide gradient system. The amino- 
saccharides were eluted isocratically with 5mM 
sodium hydroxide for 15 min, then the eluent 
concentration was ramped to 200mM in 5 min, 
and then maintained at this level for a further 
5 mm. With the mstrumentation used, this was 
achieved with three solutions: A was 18MR 
water filtered through a 0.22-pm membrane, B 
was lOOmit sodium hydroxide and C 200mM 
sodium hydroxide. These were combined in the 
following proportions. 

O-15 mm 15-20 min 20-25 min 
A, % 95 95+0 0 
B, % 5 5+0 0 
c, % 0 o+ 100 100 

The 20OmM sodium hydroxide was used to elute 
interfering species that may act as displacmg 
ions and shorten the retention times in sub- 
sequent runs. The mobile phase was degassed to 
prevent sorption of carbon dioxide and sub- 
sequent production of carbonate which would 
act as a displacing ton and shorten retention 
times. Sodium hydroxide (300mM) was used as 

a post-column addition to reduce baseline shifts 
that occur with the 5-2OOmM sodium hydroxide 
gradient and also to increase the PAD sensi- 
tivity. Detection was by triple-pulsed amper- 
ometry with a gold working electrode.” The 
following working pulse potentials and dur- 
ations were used for detection of ammosaccha- 
rides: E, = 0.05 V (t, = 720 msec); E2 = 0.60 V 
(t2 = 120 msec); E3 = - 0.60 V (t3 = 120 msec). 
The CHOH groups are oxidized at E,, E2 
removes the reaction products and E3 cleans the 
electrode. Cyclic voltammetry was used in selec- 
tion of the three potentials. The response time 
of the PAD was set to 1 sec. Chromatographic 
data were collected and plotted with the Dionex 
AutoIon 300 software 

HPLC-RI. The HPLC-RI analysis was per- 
formed with a Beckman (Fullerton, CA) System 
GoldTM liquid chromatograph equipped with a 
Beckman 1lOB solvent pump and a Rheodyne 
Model 7000 sample injector (Berkeley, CA) 
fitted with a 20-~1 stainless-steel injection loop. 
The system was composed of the followmg: a 
Vydac (Separations Group, Hesperia, CA), 
1630 anion-exchange column (250 x 4.1 mm 
i.d.), a Bio-rad (Richmond, CA) carbohydrate 
microguard column (30 x 4.6 mm), a Beck- 
man p-Spherogel 300 x 7.5 mm carbohydrate 
column (300 x 7 5 mm i.d.), an Eldex Model III 
(Menlo Park, CA) thermostatic column heater, 
an Altex (Fullerton, CA) 156 refractive index 
detector, and a Hewlett-Packard Model 3390A 
printer-plotter integrator with variable input 
voltage The mobile phase was HPLC-grade 
water (heated to 85’) at a flow-rate of 
0.5 ml/mm. 

Gas chromatography 

Samples were reduced and the acetylated 
derivatives analyzed by gas chromatography’ 
with a Hewlett-Packard 589OA gas chromato- 
graph with a flame-ionization detector. The 
column used was a 0.2~mm i.d. Chrom Q fused 
silica capillary column (Alltech, Deerfield, IL). 
The operating conditions with helium as a 
carrier gas were injection temperature, 250”; 
detector temperature, 250” and column tem- 
perature, 210”; gas flow, 20.0 ml/min. 

Soil treatment 

Field plots (2 m x 2 m) were established by 
incorporating 25 metric tons per hectare levels 
of straw (Hora’eum vulgare) [carbon/nitrogen 
ratio (C/N), 48.01, poultry manure (C/N, 5.0), 
sewage sludge (C/N, 5.0) (Riverside, CA), and 
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alfalfa (Medicago sat&) (C/N, 7.0) into an 
Arlington soil (coarse-loamy Haplic Durixeralf) 
(pH 7.9; C/N, 12.0) at the Citrus Field Station 
of the University of California, Riverside. The 
additives were mixed into the upper 15 cm of 
soil and irrigated (12 cm water/day) once a week 
for three months. Field-moist soil samples were 
sieved through a l-mm mesh sieve to remove 
large organic debris. The carbon content was 
determined by a modified Mebms method12 and 
the nitrogen content by a micro-Kjeldahl 
method.13 

Isolatron of bacterial polymers 

The bacterial polymers were isolated as de- 
scribed by Anderson et a1.l4 and Martin and 
Richards. I5 

Aminosaccharide extractton 

Samples (1 g) of air-dried soil, 0.5-g samples 
of sewage sludge and poultry manure, 0.3-g 
samples of straw and alfalfa, 0.1 g of chitin, and 
1 mg of bacterial polymer carbon [Chromobac- 
terwm vzolaceum, American Type Culture Col- 
lection (ATCC) 9544 and Hansenula holstii, 
ATCC 24481 were treated with 1.25 ml of 12N 
sulfuric acid for 2 hr at room temperature, then 
after addition of 1.25 ml of water (to give 6N 
sulfuric acid) were heated at 90” under a reflux 
condenser for 16 hr.4 The mixtures were cooled, 
then treated with 4-5 ml of water and 1 ml of 
O.lM EDTA, titrated to pH 4 with 5M potass- 
ium hydroxide, and centrifuged at lo4 rpm. The 
supernatant solution was diluted to 12 ml. 

Purlscation of acidzc extracts 

A l-ml aliquot of acid extract of organic 
additive, microbial polymer or soil was diluted 
to 5 ml with water and passed through a 
SupelcoTM strong-acid cation-exchanger (3- 
propylsulfonic acid, H+ form) 3-ml solid-phase 
extraction column (SCX) (Bellefonte, PA). The 
SCX column was then rinsed with 3 ml of water 
to elute all non-retained compounds. The 
aminosaccharides were eluted with 5 ml of 0.3M 
hydrochloric acid. Quantification by HPLC-RI 
required further purification of the extracts. An 
aliquot to be analyzed by HPLC-RI and con- 
taming lo-25 mg of aminosaccharides was 
applied to a column of Bio-GelTM P-2 (100-200 
mesh, 12 x 2.8 cm; Bio-Rad, Richmond, CA). 
The aminosaccharides were eluted with water. 

All samples were filtered through GS 0.22~pm 
filters (Millipore, Bedford, MA) before analysis. 

RESULT!3 AND DISCUSSION 

Extraction 

Numerous reports have shown that 
aminosaccharides can be extracted from bio- 
logical materials by treatment with hot mineral 
acids,‘.4@ but the use of these acids at 6N 
concentration results in a high salt concen- 
tration in the extracts. The high levels of salts 
and other possible interference present m the 6N 
acid extracts cause few difficulties for the 
HPAC-PAD analysis, because of the high level 
of sodium hydroxide (300mM) used as a post 
column treatment, On the other hand, the 
HPLC-RI method is subject to many interfer- 
ences in the analysis of plant and soil extracts. 
The non-saccharide impurities were selectively 
removed from the extracts. EDTA (disodium 
salt) was added before neutrahzation to prevent 
co-precipitation of the bi- and tervalent cations 
with the saccharides extracted. Strong-acid 
cation-exchange columns were used to retain the 
ammosacchandes, and elution with water re- 
moved most of the impurities. Tests conducted 
with the SCX resins and the ammosaccharide 
standards galactosamme, mannosarmne, glu- 
cosamine, acetyl-D-galactosamme, acetyl- 
D-glucosamme and acetyl-D-mannosamine 
showed 9%100% recovery. Acid extracts ana- 
lyzed by HPLC-RI required an additional pre- 
treatment with the Bio-Rad P-2 gel for removal 
of salts and other neutral low molecular-weight 
compounds. Tests conducted with the same 
ammosaccharide standards showed 100% re- 
covery with the gel. HPAC-PAD required only 
the treatment with SCX resm before the analy- 
sis. Neutral (non-ionic) and basic compounds 
were eluted in the void volume during the 
HPAC-PAD analysis. 

Liquid chromatographlc analyses 

The chromatograpmc characteristics, mclud- 
mg tR, k’ and number of theoretical plates are 
listed in Table 1. The retention times of selected 
aminosaccharides detected by HPLC-RI indi- 
cate co-elution problems with galactosamine, 
mannosamine and glucosamine (6.30-6.50 min) 
and N,N ‘-diacetylchltobiose, acetylgalac- 
tosamme, acetylmannosamine and acetylglu- 
cosamine (10.60-10.72 min). Chromatograms 
of a mixture of 7 aminosacchandes analyzed 
by HPLC-RI and HPAC-PAD are shown m 
Figs. 1 and 2, respectively. All 7 ammosaccha- 
rides were detected by HPAC-PAD, but only 
3 peaks were evident with HPLC-RI. 2-Deoxy- 
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Table 1 Chromatographtc characteristics m detectron of ammosacchandes by 
HPAC-PAD and HPAC-RI* 

HPAC-PAD HPLC-RI 

rr0 ‘R, 

Ammosacchande m&l k’t NS mm k’t N$ 

D-Galactosamme 1124 4.50 3300 645 11 1160 
D-Mannosannne 12.44 5 20 2800 650 11 2601 
D-Glucosannne 1369 5 50 3100 630 11 2804 
N,N ‘-Diacetylchitobtose 15.01 6 30 5500 10.60 26 2918 
Acetyl-D-galactosamine 1765 6.80 5800 10.68 2 6 2873 
Acetyl-D-manosamme 18.67 6 85 6200 1072 27 2468 
Acetyl-D-glucosamme 1990 7.05 6600 1063 26 2970 

*HPAC-PAD, CarboPac PA1 (250 x 4 6 mm); eluent, 5mM NaOH for 15 mm then 
ramped to 2OOmM NaOH m 5 mm 

HPLC-RI column, Beckman pSpherogel(300 x 7 5 mm), eluent, HPLC grade H,O 
(85’). 

tk’ = (tR - t&/t”, where ta = retention hme of solute and rM = retention nme of 
solvent front 

$N, number of theorettcal plates = 16[ra/W12 where I, IS the retention ttme and W 
the peak wtdth 

ribose was used as an internal standard for 
both analyses. The time of analysis for de- 
tection of all 7 solutes by HPAC-PAD was 
< 20 min. 

Column efficiency, expressed as number of 
theoretical plates (N), ranged from 2800 
(D-mannosamine) to 6600 (acetyl-D-glucos- 
amine) for the HPAC-PAD analysis and 1160 
(D-galactosamine) to 2978 (N,N’-diacetylchito- 
biose) for the HPLC-RI analysis (Table 1). 
When the N values were pooled and averaged 
for all the solutes, the mean N was 4757 for 
HPAC-PAD and 2550 for HLPC-RI, indicat- 
mg that the HPAC-PAD analysis was almost 
twice as efficient for separation of the aminosac- 
chandes. 

The prectsions and limits of detection (LODs) 
for HPAC-PAD and HPLC-RI quantification 
of the selected saccharides are given in Table 2. 
Precision was determined from the results of ten 

200~,ul (HPAC-PAD) or 20-~1 (HPLC-RI) in- 
jections of combined standards at 1 mg/l. level 
for HPAC-PAD and 20 mg/l. for HPLC-RI. 
The relative standard deviations for detection 
of various saccharides ranged from 0.1 to 
0.25% (HPAC-PAD) and from 0.5 to 0.9% 
(HPLC-RI). The LODs were examined by 
spiking extracts with a known amount of the 
saccharide to be determined. The results 
show that the LODs for the saccharides tested 
ranged from 0.15 to 0.35 mg/l. with HPAC- 
PAD (200~~1 injection), and 30 to 50 mg/l. with 
HPLC-RI (20~~1 injection), based on a 3-fold 
signal-to-noise ratio for the baseline (S/N = 3). 
The HPAC-PAD response was linear from the 
LOD to 5 mg/l. Samples were diluted when 
necessary. HPAC-PAD gave detection limits 
nearly two orders of magnitude lower than 
those given by HPLC-RI. Increasing the mjec- 
tion size beyond 20 ~1 m the HPLC-RI analysis 

0 5 IO IS 20 

Mlnutes 

Ftg 1 Chromatogram of ammosaccharides detected by 
HPLC-RI [I = galactosanune, glucosannne and mannos- 
amme, 2 = N,N ‘-acetylchltobtose, acetylgalactosamme, 
acetylmannosannne, and acetylglucosamme, 3 = 2-deoxy- 

nbose (Internal standard)]. 

Minutes 

Fig 2 Chromatogram of ammosacchandes detected 
by HPAC-PAD [I = 2-deoxynbose (internal standard); 
2 = galactosannne, 3 = mannosannne, 4 = glucosamine; 
5 = N,N ‘-diacetylchttobrose, 6 = acetylgalactosanune, 7 = 

acetylmannosanune; 8 = acetylglucosanune]. 
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Table 2 Preclslon and detection hmits of HPAC-PAD and HPLC-RI analyses for selected ammosaw 
chandes* 

Relative standard Detection lmut, 
deviation, %t f&l.% 

Ammosacchande HPAC-PAD HPLC-RI HPAC-PAD HPLC-RI 

D-Gdactosamme 0 15 0.90 0 15 50 
D-&nnosamme 0 15 0 70 0.15 50 
D-Glucosamme 0 10 0.90 0.20 50 

N,N’-I)lacetylciutoblose 0 15 0.50 0.35 Acetyl-D-galactosamme 0 25 0.60 0.20 :; 

Acetyl-D-mannosatnme 0.20 0 50 0 25 Acetyl-D-glucosamme 0 25 0 50 0.30 :: 

‘HPAC-PAD CarboPac PA1 (250 x 4 6 mm), eluent, 5mM NaOH for 15 mm, then ramped to 
2OOmM NaOH in 5 mm HPLC-RI: column, Beckman p-Spherogel(300 x 7 5 mm); eluent, HPLC 
grade H,O (85’) 

tBased on ten inje&ons of a standard, concentration 1 mg/l (HPAC-PAD) and 20 mg/l. (HPLC-RI). 
$Assumed to be three times the signal-to-noise ratio at the basebne (S/N = 3). 

resulted in decreased resolution, owing to in- 
creased peak distortion and overlap. 

Table 3 shows the resolution (4) of selected 
aminosaccharides detected by HPAC-PAD 
and HPLC-RI. Overall, HPAC-PAD provided 
much better separation, with $ values ranging 
from 1.05 to 6.10, indicating > 96% resolution 
of Gaussian peaks.” 

Detection of aminosaccharides in chitin, plants 
and soil 

Acetyl-D-glucosamine is a major constituent 
in the hard shells of crustaceans. Crab shell 
chitin was used to evaluate the hydrolysis pro- 
cedure, preliminary purification, and detection 
of ammosaccharides by HPAC-PAD. Figure 3 
1s a chromatogram showmg the detection of 
D-glucosamine and acetylglucosamine in a 6N 
sulfuric acid extract of crab shell chitin. Ap- 
proximately 65% of the chitin sample solubil- 
ized by 6N sulfuric acid was recovered as 
glucosamine and acetylglucosamine. 

Figure 4 shows the HPAC-PAD chro- 
matograms of sulfunc acid extracts of alfalfa, 

5 IO IS 

Minutes 

Rg 3 HPAC-PAD chromatogram of an ac& extract of 
chltm Chromatographic conditions as described m Table 1 
[1 = 2-deoxynbose (internal standard), 2 = glucosamine; 

3 = acetylglucosamme] 

soil amended with alfalfa (after three months of 
decomposition), and an unamended soil. In the 
alfalfa and alfalfa-amended soil, higher levels 
of galactosamine, mannosamine, glucosamine, 
ZV,N’-diacetylchitobiose, acetylgalactosamine, 
acetylglucosamine and acetylmannosamine 
were detected than in the unamended soil. 
Gas chromatographic analysis confirmed the 

I 

I 
5 

I (Al 

67 

Mmtes 

Fig. 4. HPAC-PAD chromatograms of the acidic extracts 
of (A) alfalfa, (B) alfalfa-amended sod afIer three months, 
(C) unamended sod. Chromatographic conditions as de 
scribed in Table 1 [I = 2-deoxynbose (internal standard); 
2 = galactosamme, 3 = marmosamme; 4 = glucosamine; 
5 = N,N ‘diacetylchitobiose; 6 = acetylgalactosamine; 7 = 

acetylmannosamine, 8 = acetylglucosarnme] 
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detection of glucosamine, galactosamine and 
mannosamine. The concentration of glucos- 
amine detected in the organic-amended soils 
was comparable with the values obtained in 
GC analysis of soils by Benzing-Purdie,’ 
although the GC analyses did not detect acetyl- 
aminosaccharides present in the samples, The 
concentration of the total aminosaccharides dl- 
rectly extracted from the animal wastes and 
plant residues ranged from 0.46 g/kg (poultry 
manure) through 0.64 g/kg (sewage sludge) 
and 13.5 g/kg (alfalfa), to 17.2 g/kg for straw 
(Table 4). Glucosamine was the predominant 
aminosaccharide m the plant materials. Pre- 
vious work suggested that ~ino~ha~des in 
soil were of microbial origin and not from plant 
addittons.‘*E8 However, this study mdlcates that 
animal and plant residues may make an import- 
ant contribution to the aminosacchande pool in 
~011. The results also indicate that about 3.7% of 
the total nitrogen m alfalfa and about 20% of 
that in straw was present as ammosaccharides 
The Chro~obac~eri~ vzo~~ce~ polymer con- 
tained about 8% aminosaccharides, mamly 
galactosamine, acetylmannosamine, iV,N’-di- 
acetylchitobiose and acetylglucosamine whereas, 
the ~~e~~ia ho~~iz polymer contained only 
a low amount of N,N’-diacetylchitobiose 
(Table 4). Upon d~omposition of plant 
residues in soil, aminosugars released may 
provide energy for the soil organisms or be 
complexed in the orgamc matter fract10n.7J9 

combination of an anion-exchange cohunn with 
triple-pulse amperometric detection and SCX 
purification results in high selectivity for 
~osa~ha~des. HPAC-PAD is much more 
rapid, precise, sensitive and selective than 
HPLC-RI for the dete~nation of aminosac- 
charides. 

10 

11 

12 

13 

CONCLUSIONS 14. 

The HPAC-PAD work described for 
quantification of aminosacharldes allows separ- 
ation and analysis of a complex rmxture of 
~inos~h~des in plant materials, &tm and 
soil. Tlus study shows that mimmal sample 
preparation is needed for HPAC-PAD. The 
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DETERMINATION OF METAL IONS BY LIQUID 
CHROMATOGRAPHIC SEPARATION OF THEIR 

2-ACETYLPYRIDINE-4-ETHYL-3-THIOSEMICARB~ONE 
CHELATES 

MARK V. MAIN and JAMES S. FRITZ* 

Ames Laboratory and Department of Chemrstry, Iowa State Umversrty, Ames, IA 50011, U S A 

(Recetted I5 June 1990 Revrsed 21 July 1990 Accepted 1 August 1990) 

Summar-A new thtosemtcarbazone was prepared, charactertxed, and used as a complexmg reagent for 
the chromatographic separatron and determination of metal complexes by reverse-phase HPLC The 
reagent was sutlicmntly soluble m me~ano~water solutions for metal ions to be complexed m this aqueous 
orgamc phase, w&out need for extraction. Many variables affected the retention times of the metal 
complexes. Several metals were determmed selectively by complexation with the reagent and chromato- 
graphtc separatton of the complexes. Interference effects from other metal tons were also mvesbgated 

Determination of several metal ions in the same 
test sample is often made possible by adding a 
complexing agent to the sample and then separ- 
ating the various metal complexes by liquid 
chromatography. Several review articles have 
appeared on this approach.‘” It is most con- 
venient to use reagents that form complexes 
which are water-soluble but are easily separated 
from each other by liquid chromatography, 
such as /?-dtketones,7 methylhydroxamic acids,8 
and his-hydrazones of 2,6-diacetylpyridine.9*‘o 

In the present work, 2-acetylpyridine-4-ethyl- 
3-thiosemi~rb~one (abbreviated to Hapet) is 
used for the determination of metal ions 
through chromatographic separation of their 
metal complexes. 

C' 
CHs 

!--NH 

Hapet 

Thio~micarbazones derived from 2-formyl- 
and 2-acetylpyridine have proved useful for 
chelation of various metal ions both for med- 
icinal use”-‘6 and analytical application. 17-22 
However, no chromato~aphic separation of 

*Author for correspondence 

metal complexes of this type has yet been 
proposed for the determination of metal ions. 

Syntheses and characterization of Hapet 

To a lOO-ml round-bottomed flask were 
added 0.027 mole of 2-acetylpyridine (Aldrich) 
and 0.027 mole of 4-ethyl-3-~~c~~de 
(Aldrich) in approxtmately 45 ml of absolute 
ethanol. The rmxture was refluxed for 3 hr and 
after the reaction mixture had cooled, 25 ml of 
water were added and appro~mately 45 ml of 
the ethanol/water solvent was removed under 
vacuum, with the temperature kept below 35” at 
all times. The product, 2-acetylpyridine-4-ethyl- 
3&iosermcarbazone, was then collected and 
washed with 10 ml of a 1’ i v/v rmxture of 
methanol and water. The product, which had a 
very detectable odor, probably due to the 
presence of excess of 2-acetylpyridine, was 
recrystallized from 3.2 v/v methanol-water 
mixture, yielding white needle-shaped crystals. 

The following procedures were used to 
characterize the product. The infrared spectrum 
was taken with an IBM IR/98 instrument (KBr 
pellet). The NMR spectrum was obtained on a 
Nicolet NT-300 with CDC13 as the solvent and 
TMS as the chemical shift standard. The mass 
spectrum of the sample was obtained with a 
Kratos MS-50. Elemental analysis of the 
crystals gave 54.0% C, 6.4% H, 25.2% N, and 
14.7% S; CloH,,N,S requires 54.03% C, 6.35% 
H, 25.20% N, and 14.42% S. 

TAt 38/3--c 
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Liquid chromatography studies 

The chromatographic system consisted of an 
LKB 2156 solvent conditioner, an LKB 2249 
HPLC gradient pump (mixing chamber volume 
0.5 ml), a Rheodyne 7125 injector (20~~1 injec- 
tion loop) and a Kratos Spectroflow 783 W- 
VIS detector. Critical parts of the pump and 
injector were made of titanium. The column 
was a PLRP-S 100-A, 5-pm polystyrene- 
divmylbenzene (15 cm x 4.6 mm) column from 
Polymer Laboratories. 

Eluents were prepared daily by dissolvmg the 
components m mixtures of specified volumes of 
Fisher HPLC grade acetonitrile and tetrahydro- 
furan and water purified with a Barnstead 
Nanopure II system. No corrections were made 
for non-additivity of volume. Acids, bases and 
ion-pairing salts were all reagent grade or better. 
All eluents were prepared with aqueous buffers. 
Possible changes m apparent pH were ignored, 
except in the study of the effect of eluent pH on 
retention times of the metal complexes. Most 
eluents contained 5 x 10w4A4 Hapet, 25 mit4 
sodium perchlorate, and 21 mM ammomum 
acetate (pH = 7), unless stated otherwise. Elu- 
ent components were mixed and then filtered 
with 0.2~pm Nylon 66 (Rainin) filters before 
use. The flow-rate was 1.0 ml/min 

Preparation of solutions 

Stock solutions of the metals were prepared 
from appropriate salts (chloride, sulfate, nitrate 
and perchlorate). The gallium solution was a 
commercial standard purchased from Aldrich. 

The W-VIS spectra of Hapet and tts gallium 
complex in 20 mM formate buffer (pH 4.0) were 
taken, with the buffer as reference. The Hapet 

concentration was 4OpM, and that of the 
gallium complex was 1OpuM. 

Chromatographic samples were prepared by 
taking an aliquot of stock metal solution and 
adding enough Hapet to give a final concen- 
tration of l-3 mM. Metal complexes were 
formed by adding excess of reagent to a some- 
what acidic sample and then adjusting the pH. 
All sample solutions were buffered at the pH of 
the eluent, and all adjustments in pH were made 
with sodium hydroxide solution The samples 
for the interference studies were prepared in the 
same way except that the final Hapet concen- 
tration was held constant at 3mM. Analyte and 
interferent metals were both present before 
addition of the reagent. Analytes were held 
constant at 1 x 10e4A4 concentration through- 
out the interference study (except for gallium, 
which was 5 x lo-‘M). The interference study 
was conducted with an eluent composed of 60% 
CH,CN, 40% H,O, 25 mM NaClO,, 0.5 mM 
Hapet, and 12 mM formate (pH = 4.0). 

Hapet is moderately soluble in methanol at 
room temperature. It 1s possible to prepare a 
5 mM stock solution of the reagent in methanol 
and dilute it with water to 1 mM Hapet, without 
precipitation of the reagent. The physical 
characteristics of Hapet are given m Table 1. 

RESULTS AND DISCUSSION 

Hapet is similar m chemical structure to the 
his-hydrazones of 2,6-diacetylpyridine pre- 
viously used for chromatographic separation of 
metal ions.g*‘o However, replacement of the car- 
bony1 groups in the latter reagent by the thiocar- 
bony1 group m Hapet would be expected to 

Table 1 Charactenzation of Hapet 

Major mass 
spectral hnes Proton shift 

IR of NMR 
Melting point, mamma, Relative 

“C cm-’ m/z mtensity PPm Integral 

127-8 696 222 1 78 8 72 0 36 
756 207 1 8 8 613 59 0 36 
906 1441 9 7 97-7 9 0 38 

1028 134 1 20 7 75-7 6 041 
1068 121.1 100 7 32-7 2 0 43 
1373 106 1 28 3 82-3 7 0 63 
1452 79 0 36 24 0 88 
1493 78 0 31 20 009 
1601 600 13 136-l 3 1 
2850 
2920 
3028 
3061 
3082 
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result in increased complexation of metal ions 
having an affinity for sulfur, and decreased 
complexation of metal ions that prefer oxygen. 
A preliminary survey based on spectral evidence 
indicated that many metal ions form complexes 
with Hapet, mcluding (a) HgZ+, Pb2+, Ct.?+, 
Bi3+ and several platinum-soup metal ions, and 
(b) Coz+, Ni2+, Zn*+, Cd2+, Fe3+, Ga3+ and 
In3+. Good chromatographtc separations were 
obtained for the group (b) Hapet complexes, 
but the group (a) complexes produced either 
chromatographrc peaks that were too broad to 
be useful, or none at all. 

Both Hapet and its metal ran complexes are 
soluble in water containing some methanol or 
acetonitrtle. The metal complexes can be separ- 
ated on polymeric LC columns and detected 
spectrophotometrically 

Condztzons for detectzon 

Hapet and its metal complexes absorb in the 
ultraviolet region. Most of the complexes also 
absorb m the visible region and are yellow. The 
spectra of Hapet and the gallium(III) complex 
at pH 4 are shown in Fig. 1. Most of the other 
metal complexes gave spectra similar to the 
spectrum of the gallium(II1) chelate. A batho- 
chromic shift is observed on changing from 
pH 7 to pH 3.3 or 4.0. Detection wavelengths of 
380 and 405 nm for chromato~aphic separ- 
ations performed at pH 7 and 4, respectively, 
were chosen so as to maximize the absorbance 
of the metal complexes relative to that of the 
free reagent. 

The molar absorptivities of most of the 
metal complexes at 380 nm were about IO4 

Rg I 

Wovekn#h Inm) 

Absorbance spectra of Hapet (-) and galhum 
complex (---) at pH 4 

I 

E K 

& 
2 

6 4 i Ii I6 
Time(mtnute9) 

Fig 2 Separation of Co(II), Fe(III), In(III), Zn(I1) and 
Cd(l1) Hapet complexes on a PLRP-S column Eluent 
~ndl~ons 40% CH,CN, 40% H,O, 25 mM NaClO,, 

0 5 mM Hapet, 21 mM ammomum acetate (pH 7). 

1 .mole-’ .cm-’ at pH 7, and slightly lower at 
405 nm and pH 4, with the exception of the 
cadmium and zinc complexes, for which they 
were only 600 and 400 1 .mole-’ cm-‘, respect- 
ively. The absorbance of free Hapet in the eluent 
was subtracted electronically. 

Eluent 

It was necessary to add Hapet to the eluent to 
prevent partial decomposition of the metal com- 
plexes during their chromatographic separation. 
The retention times of the complexes were not 
affected by change in the Hapet concentration 
used, but the chromatographic peaks were con- 
siderably broader at very low Hapet concen- 
trations. A con~ntration of 0.5 mh4 Hapet gave 
good peaks (Fig. 2) for 0.1 m.AJ concentrations 
of the complexed metal tons. The peak at 
around 2 mm appears to be associated wtth iron 
m the sample. 

Figure 3 shows that as the percentage of 
acetomtrile in the eluent was increased, the 
retention times of the complexes were reduced. 
The slopes of the plots are not parallel, indicat- 
ing that the elution order can be affected by the 
percentage of acetonitrile in the eluent. 

As the concentration of the ion-pairing 
reagent (ClO;) in the eluent was increased, the 
retention time of the Co(II), Fe(III) and In(II1) 
complexes increased, lndl~tlng these complexes 
are positively charged. In contrast, the retention 
time of the Cd(I1) and Zn(I1) complexes did not 
increase with increase in perchlorate concen- 
tration in the pH 7 eluent, indicating that the 
Cd(I1) and ZnfII) complexes are neutral. The 
Zn(I1) and Cd(I1) complexes were also much 
more insoluble than the other metal complexes, 
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Fig 3. Dependence of adJusted retention time on the percentage of acetonitnie m the eluent 

which would also indicate that they were 
neutral. 

Table 2 shows that the adjusted retention 
times of the Ga, Co, Fe and In complexes were 
unaffected by the eluent pH, whereas those of 
the Zn, Ni and Cd complexes vaned greatly. 
Formation of neutral complexes of these metal 
ions with Hapet would require the removal of 
protons, so dependence of their retention time 
on pH is not surprising. Either the thiol or 
thione form of the semicarbazone could be 
involved in chelation of the metal ions, but 
the exact structure of the metal complexes m 
solution was not determmed. 

Chromatographic separation of metal-Hapet 
complexes 

Many of the metal complexes could be 
separated successfully under both neutral 
(pH = 7) and acidic (pH = 4) conditions. The 
Ni(II), Co(II), Fe(III), In(III) and Ga(II1) 
complexes all produced nice chromatographtc 
peaks under both conditions. Figures 4 and 5 
show chromatographic separations of the 
Ni(II), Co(II), Fe(II1) and In(II1) complexes 
and the Ga(II1) and In(II1) complexes, 

respectively, under acidic conditions. Almost 
identical results were obtained under neutral 
conditions. 

Although an excellent separation of com- 
plexed galll~(II1) and indi~(II1) was 
obtained (Fig. 5), the iron(III)-Hapet complex 
was co-eluted with the gallium complex. It was 
hoped that reduction of iron from (III) to (II) 
and complexation with 1, lo-phenanthroline 
would permit the chromatographic determi- 
nation of gallium without interference from 
iron, but though this treatment did remove the 
chromato~aphi~ peak due to iron, the gallium 
peak was also missing from the chromatogram. 
Attempts were also made to resolve the iron and 
gallium peaks by replacing some of the aceto- 
mtnle in the eluent with tetrahydrofuran, but 
this only decreased the already poor resolution 
of the two metal complexes. 

~a~ibratlo~ and determinatlo~ 

Cahbration graphs were prepared for In(III), 
Co(II), Zn(II), Ni(II), Ga(III), Fe(II1) and 
Cd(I1) under isocratic elution condttions. The 
elution conditions, linear calibration range, and 
hmits of detection are shown m Table 3. All the 

Table 2. AdJusted retentton time of metal complexes as a function of eluent pH 

Aqueous Apparent AdJusted retention time, mm 

PH pH of eluent Ga Co Zn Fe In NI Cd 

7.00 7.49 11.5 99 144 12.6 19.0 8 2 37 2 

::: 4.82 5.93 125 12.6 108 107 10 5.3 0 13.6 13.4 20.8 206 4.9 7 6 21.1 8.8 
3.30 4.08 12 2 10.2 5.6 13 0 19.5 3.6 5.4 
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Fig. 4 Separation of N1(11), Co(II), Fe(II1) and In(II1) Fig. 5. Separation of the Ga(III), and In(II1) Hapet 
Hapet complexes on a PLRP-S column Eluent condltlons complexes on a PLRP-S column Eluent conditions. 60% 
60% CH,CN, 40% H,O, 25 mM NaClO,, 0 5 mM Hapet, CH,CN, 40% H,O, 25 mM NaClO,, 0 5 mA4 Hapet, 

12 mM formate @H 4) 12 mM formate @H 4) 

metal complexes were eluted at between 3 and pH 7 was limited by the solubility of the metal 
8 min under the conditions used. complexes. Although most of the calibration 

Good linear calibration plots were obtained work was performed for neutral pH conditions, 
for all the metals over at least 2 orders of it should be noted that In(II1) also gave a linear 
magnitude, except for zmc. The lower end of the calibration curve from 7 x 10m7 to 1 x 10e3M at 
range for some metal complexes was limited pH 4.3. For determination of Ni(II), Co(II), 
because of co-elution of excess of reagent. The Ga(III), Fe(II1) and In(II1) a pH of 4 appears to 
upper end of the range for Zn(I1) and Cd(I1) at work quite nicely. If Zn(I1) or Cd(I1) are also 

Table 3 Eluent composltlon for determmatlon of various metals by HPLC 
with Hapet as the complexmg agent 

Eluent 
cornpositIon,* Linear cahbratlon Detection 

Metal Ion % v/v range, M limit, M 

In(II1) 60 CH,CN 4 x 10-7-7 x lo-’ 9 x 10-n 
40 H,O 

Co@) 60 CH,CN 3 x lo-‘-6 x 1o-4 1 x 10-7 
40 H,O 

Zn(I1) 60 CH,CN 3 x 10-e-2 x 10-4 1 x 10-h 
40 H,O 

Nl(II) 60 CH,CN 3 x 10-h-7 x IO-4 4 x IO-’ 
40 H,O 

Ga(III) 60 CH,CN 6 x lo-‘-3 x lo-’ 3 x 10-7 
40 H,O 

Fe(III) 60 CH,CN 3 x 10-e-7 x 10-4 6 x lo-’ 
40 H,O 

Cd(H) 70 CH,CN 7 x 10-8-3 x 10-S 2 x IO-8 
30 H,O 

*For all eluents flow-rate 1 0 ml/mm, UV detection at 380 nm, mjectlon 
volume 10 ~1, 0 5 mM Hapet, 27 mA4 NaClO,, 21 mM ammonmm 
acetate (pH = 7 0) 
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present, however, the pH should be raised to 
increase their retention times and remove their 
potential interference. 

Interferences 

These were tested for by adding various metal 
ions to sample solutions containing Ni(II), 
Co(II), Fe(III), Ga(II1) and In(II1). A foreign 
ion was considered to interfere if the peak height 
of the metal complex was changed by more 
than f 5%. A lOOO-fold molar ratio (to analyte) 
of Na+ and Ca*+, loo-fold molar ratio of A13+ 
and lo-fold molar ratio of Mn*+, Pb*+, Ce3+ 
and Bi3+ gave no interference in the analyses. 

Hg*+, Cu*+, Zn*+ and Cd*+ could be tolerated 
only at equimolar concentrations. It should be 
noted that although the Zn(I1) and Cd(I1) com- 
plexes interfere in determination of many of the 
metal complexes at pH 4, this interference can 
be removed by raising the pH of the eluent. 
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Stunmary-Effkcttve methods are described for the chemmal separatton of rhemnm, osmnnn and 
molybdenum The methods are based on Qstdlatron and anion-exchange chromatography, and have been 
the basis for rhen~um-osmmm isotope studres of ore depostts and meteontes Successful amen-exchange 
separation of osmmm requires both recogmuon and careful control of the osmmm specres m sol&ton; 
thus, dtstdiatron of osmmm tetroxrde from a rmxture of sulfiuxc and and hydrogen peroxrde 1s preferred 
to amon-exchange Drstnbutton coefficmnts measured for perrhenate m sulfunc actd me&a are sutbcrently 
lugh (& > 500) for rhenium to be duectly loaded onto an Ion-exchange column from a drstrllatton resrdue 
and subsequently eluted with mtrrc acrd. Polymermatron of molybdenum specres dunng elutton 1s 
prevented by use of a solutron that IS 1M m hydrochlonc actd and 1M m sodmm chlonde 

The rhemum- 187-osnnum-187 decay scheme sulfide or silicate, followed by distillation of 
provides the basis for a powerful geochemical osmium tetroxide from a sulfuric acid medium 
and geochronologrcal tool that has been known contaimng Cr(VI)2*3*9 or Ce(IV).* In another 
for more than 30 years. ‘*’ The widespread appli- approach, fusion with sodium peroxide was 
cation of this isotopic system, however, has been used to dissolve Creta~ou~Te~i~y boundary 
hampered by the lack of suitable mass-spectro- material before distillation of osmium tetroxide 
metric techniques and appropriate chemical sep- from perchloric acid.6 In a related area, the 
arations. Renewed interest m rhenium-osmium quantitative distillation of osmium tetroxrde 
isotopes has been created by the recent demon- from a mixture of sulfuric acid and hydro- 
stration of the ability of secondary ionization gen peroxide, after an alkaline fusion,iO has 
mass s~trometry (SIMS) to measure precisely been used successfully m the carrrer-free separ- 
and sensrtively isotopes of these two elements.3;J ation of osmium from platinum metal ore for 
At least four other techniques now may become neutron-activation analysis.” After osmium 
competmve with SIMS by virtue of sensitivity, separation, rhenium may be recovered by distil- 
speed of measurement, and precision; these lation at a higher temperature from a dichro- 
techniques are laser microprobe mass analysis, mate-sulfuric acid solution2” or from perchloric 
inductively coupled plasma mass spectrometry acid-r2 In most recent studies, solvent extraction 
(ICP-MS), tandem accelerator mass spec- of rhenium has been preferred. Ahquat-336$ 
trometry, and resonance ionization mass spec- and other quaternary amines are widely 
trometry (RIMS). Each of these techmques favored,‘3*14 but the ease of back-extraction into 
has been applied to measurements of osmium alkaline or ammoniacal media has made tertiary 
isotopes.54 amines” particularly attractive.38 

Previous analyttcal methods reported for the 
rhenium-osmium isotopic system have gener- 
ally depended on the acid dissolutton of a metal, 

*Author for correspondence 
tPresent address Ross Laboratories, 625 Cleveland 

Avenue, Columbus, OH 43215, U S A 
$Any use of trade names or trademarks IS for descrrptwe 

purposes only and does not constitute endorsement by 
the U S Geologxal Survey 

Approaches to the separation of rhenium, 
osmium and molybdenum reported here have 
formed the basis for the development of effec- 
tive rapid methods for numerous studies of 
rhenium-osmmm isotope geochemistry and 
geochronology. 16-i9 Materials analyzed contain 
from less than 1 rig/g to more than 10 pg/g 
rhenium and osmium and vary widely in place 
of origin, geological age and bulk composition. 
Samples include iron meteorites, carbonaceous 
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260 J W MORGAN et al 

and enstatite chondrites, chromitites, gold-rich 
ores and many types of sulfides. Chemically, 
the sulfides ranged from molybdenite (molyb- 
denum disulfide) to ores containing up to 19% 
copper and up to 49% nickel. The separations 
described in detail in this account of research 
provide data on anion-exchange and chemical 
species that are applicable to many chemical 
investigations of rhenium and osmium in rocks, 
minerals and meteorites. 

EXPERIMENTAL 

Apparatus 

The elution of osmium, rhemum and molyb- 
denum from ion-exchange columns was moni- 
tored by inductively coupled plasma atomic 
emission spectrometry (ICP-AES). Aerosols 
produced from eluent solutions by a fixed cross- 
flow nebulizer were inJected into an argon 
plasma sustained by 1 .l kW of forward power 
from a 27.12-MHz generator. Flows of argon 
through each of the plasma-torch channels 
were: injector, 0.64; intermediate, 0; and outer, 
17 l./min. A constant flow (0.8 l./min) of each 
eluent solution to the nebulizer was provided by 
a peristaltic pump (Gilson Minipuls 2). Back- 
ground-corrected relative intensities of the 
Mo(I1) 202.030 nm, Os(I1) 228.226 nm, and 
Re(1) 197.3 13 nm lines were measured at 16-mm 
observation height with a direct-reading poly- 
chromator (Jarrell-Ash model 1160) having a 
focal length of 0.75 m and a bandpass of 
0.036 nm. The polychromator was equipped 
with a separate 0.5-m Ebert monochromator 
(bandpass 0 04 nm) that functioned as a 
tunable channel.” Measurements for osmium 
and rhenium were made with the 0.5-m Ebert 
monochromator, which, unlike the polychro- 
mator, has no motor-driven quartz refractor 
plate at the entrance slit to enable automatic 
correction of the spectral background. Thus, the 
signal generated by a blank solution was sub- 
tracted from the gross hne signal to provide the 
background correction, which always consti- 
tuted less than 5% of the gross signal. Concen- 
trations of osmium, rhenium and molybdenum 
m the eluent solutions were kept well above the 
detection limits” (by a factor of at least 50) to 
enable relative standard deviations of less than 
1% for four replicate measurements. 

Reagents 

Osmium Much of the fascmation, and most of 
the exasperation, related to osmium chemistry 

lies in the multiplicity of oxidation states and 
complex species that can exist, and often co- 
exist, in solution. Thus, preparation of a recog- 
nizable single species is an important first step 
because both the ion-exchange behavior and the 
response of the ICP-AES are affected by the 
chemical form of osmium.“s23 Three 250-ml 
stock solutions [OS-I, OS-~ and OS-~] were 
prepared from 0.25 g each of osmium tetroxide 
(Fisher purified osmic acid) contained in sealed 
glass ampules. Each solution was treated so that 
it contained a species of osmium different from 
that in the others. Three dilutions of each 
stock solution were made, and each dilute sol- 
ution was treated to form or maintain a distinct 
osmium species. A fourth solution was pre- 
pared from ammonium hexachloro-osmate(IV). 
Details concerning the preparation of these 
solutions are given below. 

OS- 1. The osmium tetroxide dissolved rapidly 
in a solution of 10.5 g of sodium hydroxide in 
100 ml of water to give a brown solution of 
Na,[OsO,(OH),]. Ethanol (5 ml) was added, 
and the solution turned very dark brown. The 
solution was warmed for 20 min, during which 
the brown color changed to purple. Another 
5 ml of ethanol were then added, and the 
solution was gently heated to complete the color 
transformation to purple. This solution was 
diluted to 250 ml with 1M sodium hydroxide to 
provide a final concentration of 624 pg/ml OS as 
Na,[OsO,(OH),]. Portions of 30 ml each were 
treated as follows and diluted to give 100 ml of 
solution containing 187 pg/ml osmmm. 

OS-IA. Addition of 2.8 g of sodium hy- 
droxide to a portion of OS-1 solution and 
subsequent dilution gave a purple solution of 
Na,[OsO,(OH),] in 1M sodium hydroxide. 

OS-IB. Addition of 32.5 ml of 4iU nitric acid 
to a portion of OS-1 solution caused the solution 
to become opaque black and to appear on the 
point of precipitating hydrated 0~0,. The sol- 
ution became colorless after sturing for 20 min. 
After dilution, this solution contained OsO., in 
IM nitric acid. 

OS- IC Addition of 11 ml of 12M hydro- 
chloric acid to an OS-1 solution gave, after 
dilution, a pale brownish-yellow solution 
(unlike solution OS-~, described later) of 
Na,(OsO,Cl,) m 1M hydrochloric acid. 

OS-Z. Osmium tetroxide was dissolved m 
sodium hydroxide solution and diluted to a final 
volume of 250 ml to give a solution contain- 
ing 603 pg/ml osmium as Na,[Os0,(OH)2] in 
lit4 sodium hydroxide. Portions of 30 ml were 
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diluted to 100 ml after the following treat- 
ments, to give solutions containing 181 fig/ml 
osmium. 

OS-ZA. Addition of 2.8 g of sodium hydrox- 
ide to a portion of OS-~ solution gave the same 
light brown solution as OS-~, which contained 
Na,[OsO,(OH),] in 1M sodium hydroxide. 

OS-2B. Addition of 32.5 ml of 4M nitric acid 
to a portion of OS-~ solution immediately 
produced a colorless solution without the 
intermediate blackemng observed previously for 
OS-1B. 

OS-2C Addition of 11 ml of 12M hydro- 
chloric acid to a portion of OS-~ solution and 
subsequent dilution immediately gave a color- 
less solution that contained 0~0, in 1M hy- 
drochloric acid. The solution gradually became 
colored, and after one week it was light yel- 
low, presumably because of the presence of 
H,(OsO,Cl,). 

OS-~. Osmium tetroxide was dissolved in 
100 ml of 2M nitric acid but went mto solution 
very slowly. The solution was diluted to 200 ml 
to contain 720 pgg/ml osmium as 0~0, in lit4 
nitric acid. Portions of 25 ml were treated as 
described below and diluted to 100 ml each to 
contain 180 hg/ml osmium. 

OS-3A. Addition of 18.8 ml of 4M nitric acid 
to a portion of OS-~ solution and subsequent 
dilution gave a colorless solution that contained 
0~0, m 1M nitric acid. 

OS-3B. Addition of 5.2 g of sodium hydrox- 
ide to a portion of OS-~ solution and subsequent 
dilution gave the same light-brown solution ob- 
tamed as OS-~; the resulting solution contained 
Na,[OsO,(OH),] in 1M sodium hydroxide. 

OS-3C Sodium hydroxide (5.2 g) and 1 ml of 
ethanol were added to a portion of OS-~ sol- 
ution. As this mixture was warmed, the dark 
brown color that developed on addition of 
ethanol changed to purple, as with OS-~. After 
dilution with water, the solution contained 
Na,[OsO,(OH),] in 1M sodium hydroxide 

OS-4. Ammonium hexachloro-osmate 
[(NH,),OsCl,] was heated to constant weight at 
150” and then dissolved m 250 ml of 4M hydro- 
chloric acid to give a reddish-yellow solutton 
contammg 320 pg/ml osmium. A 25-ml portion 
of the resulting solution was diluted to 200 ml 
m 3M hydrochloric acid to give a solution that 
contained 40.0 pgg/ml osmium 

Rhenzum. High-purity rhenmm ribbon (H B. 
Cross, 0.03-mm thick, 7.6-mm wide) weighing 
0.1034 g was dissolved in 10 ml of concentrated 
nitric acid (J. T. Baker, Ultrex), and the result- 

ing colorless solution was diluted to 250 ml to 
give a solution containing 414 p g/ml rhenium as 
HReG, in 1.4M nitric acid. This solution was 
used for the elution experiments. In the batch 
equilibration experiments to determine distri- 
bution coefficients in sulfuric acid medium, 
evaporation of this solution to remove nitric 
acid gave erratic results, apparently because of 
incomplete dissolution of the dried residue. A 
second stock solution was prepared by dissolv- 
ing KReO., in the appropriate concentration of 
sulfuric acid (0.25-2.5M) to give solutions con- 
taining between 194 and 207 pgg/ml rhenium. 

Molybdenum. Two stock solutions were pre- 
pared, one from ammonium heptamolybdate 
tetrahydrate, (NH,),Mo,0,~4Hz0 and one 
from sodium molybdate. A 23-g quantity of the 
heptamolybdate was dissolved in a mixture of 
150 ml of water and 20 ml of concentrated 
ammonia solution, and then diluted to 250 ml to 
give a solution containing 50 mg/ml molyb- 
denum in 1M ammonia solution. A quantity of 
2.52 g of Na,MoO,,.2H,O was dissolved in Hz0 
together with 8 g NaOH to give 200 ml a 
solution containing 5.0 mg/ml molybdenum in 
1M sodium hydroxide. 

Anion -exchange columns. Anion-exchange 
resin was supported between plugs of glass wool 
m Pyrex glass columns that were 1 cm m 
diameter and 15 cm long. Each column had a 
200-ml spherical glass reservoir at the top and a 
Teflon stopcock at the bottom. The columns 
were packed with 5.5 g wet weight (equivalent to 
3.5 g of dry weight) of BioRad AG 1 x 8 resin, 
200400 mesh, chloride form, that had been 
slurried with water, to yield a column 
12-13 5 cm long. The columns were washed 
with 100 ml of water to remove a pink impurity 
from the resin, and then conditioned with the 
appropriate acid. 

RESULTS AND DISCUSSION 

Rhenium 

The anion-exchange of ReO; in chloride 
and nitrate systems is well known2k26 and, in 
prmciple, provides a ready means to separate 
rhenium from molybdenum and other con- 
tammants.22~27*28 Most osmium distillation pro- 
cedures leave a residual solution that is 2-4M in 
sulfuric acid. Rhenium may be recovered from 
this solution by solvent extraction with a ter- 
tiary amine dissolved in chlorofonn3 but this 
procedure can be messy and rhenium recover- 
ies may be mexplicably low. An ion-exchange 
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procedure that could be applied directly to the 
residual sulfunc acid solution appeared attrac- 
tive. Although the strong sorption of rhenium 
by anion-exchange resin from sulfmc acid 
medium seems well known,*’ this element was 
not included m the extensive study by Strelow 
and Bothma3’ and apparently has not been 
systematically studied in a quantitative way 
elsewhere. 

Distribution coefficients (&) were deter- 
mined by taking l-g (dry weight) batches of 
resin that had been converted mto the sulfate 
form and then pre-equilibrated for 4 hr with the 
appropriate concentration of sulfuric acid. The 
resin was then equilibrated for 4 hr with 25-ml 
aliquots of sulfuric acid varying in concen- 
tration from 0.25 to 2.5M and each containing 
200 pg/ml rhenium. Equilibrations at each con- 
centration were conducted in tnphcate. The 
concentration of Re remaining in the solution 
was determmed by ICP-AES; because the K,, 
values are large (>500), estimation of the 
amount of rhenium on the resin by difference 
introduced insignificant error Results are sum- 
manzed m Table 1. Over the concentration 
range studied, rhenium 1s strongly sorbed by the 
anionic resin. The vanatron of log Kd with log 
molahty or molarity of sulfuric acid 1s remark- 
ably linear, particularly above 0.5M (Fig 1). 
The underlying physlcochemlcal reasons for this 
linearity are not clear, as It 1s not observed with 
hydrochloric, hydrobromlc, or nitric acids25 
(Fig 2) For a wide range of acid concentration, 
Re occurs almost entirely as the strong mono- 
basic acid HReO,?’ and sorption by the resin 
depends largely upon competltlon with the 
major amomc species. In the resin, the sulfu- 
ric acid is present predominantly as HSOT.~* 
The Kd values for rhenium in the vanous 
acids might be expected to follow inversely 
the trends determined by acid strength 
[ClO; > NO; > Br- > Cl- > HSO;], so that 

Table 1 Dlstnbutlon coeffiaents* (IQ for 
rhenium m sulfmw acid solution 

I%% 

Molarlty Molahty &it 

0 25 0 253 4180 f 150 
0 50 0 510 2510 f 70 
100 1 04 1300 f 25 
1 50 1 59 866 + 8 
2 00 2 16 677 f 7 
2 50 2 76 523 + 7 

*BloRad AG 1 x 8 rean, 200-400 mesh 
tMean f standard dewatlon of tnphcate 

measurements 

36- 

z 
L 34- 
s? 

kV3*- 

6 

; 3- 

28- 

251 I I I I I I I 
-8 -6 -4 -2 0 2 4 6 

Log of H,SO, mololdy 

Rg 1 Log K,, for rhemum us log (molahty of sulfurc acid) 
WoRad AG 1 x 8 resin, 20@400 mesh 

Kd values for the sulfuric acid systems would be 
larger than those for hydrochloric acid systems, 
as is the case for solvent extraction with tertiary 
amines.ls In fact, the reverse, 1s true, as can be 
seen from Figs. 1 and 2, the X;, values for 
sulfunc acid solutions are uniformly lower than 
those for hydrochloric acid solutions. 

Osmium 

Osmium can be reversibly sorbed by amon- 
exchange resins from dilute hydrochloric acid, 
apparently as OSO~C~$-.***~~ This observation 
was confirmed for 3 ml of solution OS-~, con- 
taining 624 pg/ml osmium as the purple 
Na2[Os0,(OH),]. The solution was acidified, 
diluted to a final volume of 10 ml m 1M 
hydrochloric acid, and allowed to stand at 
room temperature for 10 min before it was 
loaded onto the column, predommantly as 
Na,(OsO,Cl,) Elutlon with 0.8M nitric acid 
appeared to remove osmium from the column, 
although, for reasons discussed later, the exper- 
iment was not quantitative. In a second exper- 
iment, the same procedure was followed, except 

-l 

1 -75 -5 -25 0 25 50 75 1 

Log of acid molollty 

Rg 2 Log Kd rhenium vs log (molahty of hydrochlonc, 
hydrobromlc and nitric acids) BioRad AG 1 x 8 resm, 

200-400 mesh 
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‘0 25 50 75 100 125 150 175 200 

volume, ml 

Rg 3 Elutlon of osmmm with IM hydrochloric acid and 
0.8M mtnc acid from BloRad AG 1 x 8 resin, 200-400 
mesh, chlonde form, m a column 10 mm m diameter and 

125 mm long 

that the solution m 1M hydrochloric acid was 
gently warmed for 10 min before being cooled 
quickly in ice and loaded onto the column. This 
experiment also could not be shown to be 
quantitative, and the recovery was lower, poss- 
ibly because of the formation of some 
Na,OsCl,, which is strongly retained by the 
resin (Fig. 3). The elution experiments were not 
continued because the easy sorption of rhenium 
from the residual liquid from the osmium dis- 
tillation offered an attractive alternative means 
of separation. In addition, Wee33 has confirmed 
that osmium and rhenium can be separated 
cleanly and m good yield by elution with nitric 
acid. 

The elution experiments for osmium were not 
quantitative because of a peculiarity in the 
determination of this element by ICP-AES. 
Very large differences m response were observed 
for the various chemical forms of osmium 
(Table 2). The results confirm the marked in- 
crease of sensitivity for osmmm when present as 
0~0, in non-alkaline solution.23*” The signal 
observed for 0~0, m hydrochloric acid and 

nitric actd solution is approximately 20 times 
that of corresponding solutions containing 
Os(VII1) or Os(V1) in sodium hydroxide or 
Os(V1) and Os(IV) in hydrochloric acid. Mallet 
et al 34 found the sensitivity for Os(VII1) as 
0~0, to be 10 times that for Os(V1) as hexa- 
chloro-osmate. Summerhays et LzZ.*~ reported an 
enhancement of a factor of 50 for 0~0, in water 
relative to “OsC13” in 10% v/v hydrochloric 
acid, and a 15-fold increase m sensitivity if the 
“OsC13” were oxidized in 9M nitric acid for 4 hr. 
Given these large variations and the uncertainty 
concermng the chemical form of osmium (orig- 
inally present as OsO,Cl:-) that is eluted with 
0.8M nitric acid, accurate standardization was 
not possible. For osmium, radioactive tracer 
experiments would clearly be a better choice for 
quantitative elution studies. 

Molybdenum 

The anion-exchange behavior of molyb- 
denum has been studied for nitric acid, hydro- 
chloric acid,26*3s sulfuric acid3’ and sodium 
hydroxide so1utions,36 and also for hydro- 
chloric acid-hydrofluoric acid and hydrochloric 
acid-ammonium thiocyanate mixtures.35*37 The 
marked minimum in K,, for molybdenum in 
approximately 1M hydrochloric acid*’ should 
afford an easy separation from rhenium, which 
has a & of 1000,28 or more,*’ at this acidity. 
Most previous studies were made at very low 
concentrations of molybdenum, however, and 
many investigators used radioactive tracers. The 
chemistry of molybdenum is complicated by a 
tendency towards condensation polymerization 
reactions that are strongly dependent on molyb- 
denum concentration 38 In an initial experiment, 
a solution made from ammonium heptamolyb- 
date contammg 150 mg of molybdenum in 25 ml 
of 2 5M hydrochloric acid formed a green band 
on the resin. The band separated into several 
components that were difficult to elute cleanly. 
Suspecting that the problem arose from the 

Table 2 Relative sensltlvltles of ICP-AES for osmmm species 

Solution 

4 IV 
1A VI 
3c VI 
1c VI 
2A VIII 
3B VIII 
1B VIII 
2c VIII 

Oxldatlon 
state 

OsCli- 
OsO,(OH):- 
OsO,(OH):- 

oso,c1:- 
OsO,(OH);- 
OsO,(OH):- 

oso, 
oso, 

Medmm Color 

3M HCl 
1M NaOH 
1 M NaOH 

1M HCl 
1M NaOH 
1M NaOH 
IM HNO, 
1M HCl 

Reddlsh-yellow 110 
Purple 110 
Purple 90 
Yellow 120 

Light brown 130 
Light brown 100 

None 1800 
None 2700 

Relative 
sensitlvlty* 

*Relative sensltlvlty for OS 1s measured for the OS (II) 228 226 nm lme, m counts set-’ pg-’ 
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original heptamolybdate form, we fused the salt 
with sodium hydroxide at 625 K for 1 hr; this 
fusion produced no significant improvement. 
The starting material was changed to sodium 
molybdate, and the elution experiments were 
repeated at much lower concentration (1.5 mg 
of MO in 10 ml of 1M hydrochloric acid loaded 
onto the column). There was no sign of poly- 
merization, and tailing was insignificant. At 
higher concentrations, polymerization became 
more apparent, even with sodium molybdate. 
Tailing was significant when 15 mg of molyb- 
denum m 10 ml of 1M hydrochloric acid was 
loaded onto the column; at higher concen- 
trations, polymerization was indicated by the 
fractionation of colored bands on the resin, and 
multiple elution peaks. These problems were 
easily circumvented, however, by replacing the 
1M hydrochloric acid medium with a 1M hy- 
drochloric acid-N sodmm chloride mixture. 
Tailing was reduced to very low levels to give 
almost symmetrical elution peaks (Fig. 4), and 
even with a solution containing 150 mg of 
molybdenum m 50 ml, no polymerization was 
visible. These results provide a simple means for 
the study of rhenium and osmium m molyb- 
denite. In this mineral, osmium is entirely radio- 
genie [‘870s formed from the decay of ‘*‘Re 
($ = 4.23 x 10” years)39]. Even for the oldest 
molybdenites, the sample size needed is gov- 
erned by the sensitivity for osmmm, because 
rhenium is present in large excess. For sample 
sizes up to 500 mg, after sodium hydroxide- 
sodium peroxide fusion, an aliquot (5 or 10% of 
total volume) could be taken for the rhenium 
analysis, and a solution suitable for ICP-MS 

45 , , , , , , , , , , , , , , , , , / , , , 

40 
n 

g 35- 

; 
:: 30- 
2 

$ x- 
I 

0 20- 

E 

z ‘5- 

; lo- 
I 

05 
t 

00% 

Volume, ml 

Rg 4 Elutton of 1 $15 and 150 mg of molybdenum by 1M 
hydrochlortc actd-IM sodmm chlortde solutton from Bto- 
Rad AG 1 x 8 resm, 200-400 mesh, chlonde form, m a 

column 10 mm m dtameter and 125 mm long 

or RIMS obtained in a single anion-exchange 
step. Alternatively, sample sizes of up to 250 mg 
of molybdenite (containing 150 mg of molyb- 
denum) could be processed by two anion- 
exchange steps. 

CONCLUSIONS 

Anion-exchange studies of rhenium, molyb- 
denum and osmium suggest that these elements 
may be separated from each other Rhenium is 
readily held on the column from sulfuric acid of 
concentration up to 2.5M or hydrochloric acid 
up to at least 5M, and from dilute (< 1M) nitric 
acid. Elution by higher nitric acid concen- 
trations (> 3M) is essentially quantitative. The 
strong sorption from sulfuric acid solution is 
particularly useful if osmium is first distilled 
from sulfuric acid-hydrogen peroxide because 
the residue can then be passed directly through 
an anion-exchange column for recovery of rhe- 
nium. Separation of rhenium from substantial 
amounts of molybdenum (important because 
molybdenite is the major rhenium-rich mineral) 
is possible in one or two steps when polymeriz- 
ation of molybdenum is curtailed by using 
hydrochloric acid-sodium chloride solution. 
Osmium can be reversibly sorbed as OsO,Cli- 
by an anion-exchange resin from dilute hydro- 
chloric acid and eluted with nitric acid, but 
distillation may be preferable. The sensitivity of 
determination of osmium by ICP-AES is very 
dependent on the presence of osmium tetroxide, 
and for quantitative elution experiments, use 
of radioactive tracers may be a more useful 
technique for this element. 
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Smmnary-A study has been made of the sorptton of Ir(IV), Rh(III), Pt(IV), Ru(IV), Os(vIII), Pd(I1) 
and Au(II1) from aqueous soluhons by sthca chemtcally modtfied wtth mtrogen-contammg organic 
hgands, as a funchon of hydrochlonc actd concentratton, ttme of contact, concentrahon of the element 
and the tonic strength Sorptton of noble-metal ions at pH > 1 on a sorbent contammg monoamme groups 
seems to be due to a complexatton mechanism, and to an amen-exchange mechanism at pH < 1 With 
ammopropyl-sthca lOOO-fold concentratton of Ir(IV) and Rh(II1) from their 10-*-10-7M soluttons was 
achieved and these metals were subsequently determmed on the sorbent surface by X-ray fluorescence 
Detectton hmtts were 10-20 ng/ml There was no interference from lOOO-fold quanuttes of non-ferrous 
metal tons and Fe(II1) Wtth the sorbent contammg bonded dtethylenetnamme groups, lOOO-fold 
concentratron of Au(II1) was achteved, and tt was then determmed on the sorbent surface by an 
atomm-emtsston method Condtttons for desorptton of Au(II1) with pyndme and potassmm thtocyanate 
were developed 

Elucidation of the mechamsm of sorption of 
noble-metal ions and optmnzation of the sorp- 
tion conditions are difficult. Despite the great 
variety of papers devoted to this problem the 
methods developed for sorption concentration 
and separation of noble metals do not meet all 
analytical requirements. 

Many different sorbents have been used to 
extract noble metals from solution, the greatest 
attention now being paid to complex-formmg 
sorbents. These sorbents are characterized by 
the higher selectivity and efficiency of sorption 
of noble metals in the presence of accompanying 
metals (especially Cu, Fe, Ni, Co, Al and Ca, 
which are the mam components of most natural 
and mdustrial samples) that can be attained 
with ion-exchangers. The functional groups of 
these polymeric sorbents often contain sulphur’ 
and, more frequently, nitrogen atoms; in 
particular, diethylamine: ethylenediamine,3 
uninodiacetate4 and heterocyclic nitrogenous 
hgand2 may be mentioned. 

A distmctive feature of platinum metals is 
their very low rate of ligand exchange, which 
results in their sorption on complex-forming 
sorbents taking place only on prolonged heat- 
ing. This fact, together with the very complex 

*Author for correspondence 

range of ionic states of platinum metals in 
aqueous solutions, presents difficulties when 
sorption procedures are developed. 

In recent years, polymeric organic sorbents 
have been developed, including polymeric ter- 
tiary amines of general formula [(CH,),N],,6 
which are characterized by a rather high rate of 
sorption of platinum metals at room tempera- 
ture. Sorption on these sorbents is a two-stage 
process. First an anion-exchange reaction takes 
place, with the formation of ion-associates, 
then, with increasing sorption time and tem- 
perature, co-ordinately solvated compounds are 
formed with the sorbent functional groups. 

We are mainly interested in the sorbents 
based on silica with organic ligands chemically 
bonded to the surface. These sorbents can be 
successfully used for concentration and separ- 
ation of various transition metals,’ mainly be- 
cause of the rapidity of the reactions. However, 
there have been practically no publications on 
their use for sorption of platinum metals, prob- 
ably because of the low rate of sorption as the 
result of the kinetic inertness of these metals. 
This means that one of the mam merits of the 
chemically modified silicas is lost, so the change 
from an organic polymer matrix to a mineral 
matrix for the sorption is not justified. This view 
is m general confirmed by the published data for 
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sorption of platinum metals by silicas chemi- 
cally modified with cyclopentenedxthiocarbonyl 
groups,* pyrrole-, furan- and thiophen~ar- 
bonamides,9 formazans,‘” thioaniline” and 5- 
methylene-2-(2’-thiazolylazo)an~sole.’2 In our 
view, however, this choice of ligands”i2 does not 
allow the advantages of chemically modified 
silicas to be utilized. We have used srhca bonded 
with aliphatrc amines and polyammes, since the 
analogous polymeric organic sorbents give the 
highest rates of interaction with noble metal 
ions. Prehminary investigations were encourag- 
ing, equilibrium for sorption of Pt(IV), Pd(I1) 
and Ir(II1) on aminopropyl-silica being attained 
in 2 mm.‘3 

The present paper discusses the results of a 
systematic investigation of the sorption of plati- 
num metal ions and gold(III) on chemically 
modified silicas. Examples of applications to 
concentration, separation and determination of 
these elements are given. 

EXPERIMENTAL 

Apparatus 

Absorbance was measured with an SF-16 
spectrophotometer. X-Ray fluorescence deter- 
minations of elements m the sorbent matrix 
were performed with an EGG-ORTEC TEFA- 
III X-ray fluorescence energy-dispersive analy- 
ser equipped with an X-ray tube having a 
double MO/W anode. Radiation from %‘Arn (59 
keV, activity 2.2 x lOI dpm, irradiation for 600 
set) was used as an excitation source for samples 
con~i~ng rhodium, ruthenium and palladium. 
The Intensities of the &-lines for rhodium, 
ruthenmm and palladium and the &-lines for 
iridium, osmium and platinum were used as 
analytical parameters. 

An alternating current arc (8 A) was used for 
atomic-emission analyses. The 267.6~nm line 
was used for gold. Samples of the sorbent were 
placed in the carbon electrode channels (2.5 mm 
depth and 4.5 mm inner diameter). The activity 
of the solutions was measured wtth a PPV-8 unit 
and an MST-17 counter, at constant geometry. 

Reagents 

Standard solutions of platinum metal salts 
(concentratrons 0.7-5 me/ml) were prepared by 
dissolving precise quantities of Kq[Ru20Clio], 
K,IrCl,, RhC13*4H20, PdCl, and HAuCl, in 
2M hydrochloric acid, H, PtCld + 6H20 in IM 
hydrochlo~c acid, and H~~OsO~(O~)~] m 
0.4M sodium hydroxide, and were standardized 

gravimetrically. Less concentrated solutions 
were obtained by dilution of the Initial solutions 
before use. All reagents used were of analytical 
reagent grade. Demineralized distilled water 
was used for dilution. 

Sorbents 

The sorbents were synthesized with 
Silochrome S-120 silica (specific surface area 
120 m2/g, mean pore diameter 45 nm, particle 
size 0.1-0.2 mm) as substrate Aminopropyl-sil- 
ma (sorbent I) was obtained by reaction with 
y -a~nopropyl~ethoxysilane in toluene at 100” 
(10 hr); sorbents II-V were obtained by modifi- 
cation of the silica with 3-bromopropyl- 
trichlorosilane followed by ethylenediamine 
(II), diethylenet~a~ne (III) or tetraethylene- 
pentamine (IV) in ethanol or by reaction with 
trimethylamine (V) in nitromethane, The sur- 
face concentration of the bonded ligands was 
determined by combustion analysis. For sor- 
bents I-IV potentiometric titration with an acid 
was also used. 

Sorption by the batch method 

The required amount of solution containing 
the metal ions to be studied and a calculated 
amount of hydrochloric acid or sodium hydrox- 
ide solutton (to create the necessary acidity) 
were diluted wrth water to a fixed volume in a 
vessel fitted with a glass stopper. For pH > 1, 
the acidity was measured before and after the 
sorption. Then 0.1-0.2 g of the sorbent was 
added and the vessel was shaken on a mechan- 
ical vibrator until eq~lib~~ was attained. The 
sorbent was filtered off and the equilibrium 
concentrations of metal ions m the aqueous 
phase were determined by spectrophotometry: 
Ru with l,lO-phenanthroline, OS with sodmm 
thio~yanate, Pd with 4-(2-py~dyl~o)resor~nol, 
Pt with stannous chloride, Rh with I-(2-pyridy- 
laze)-2-naphthol, Au with Chrompyrazole I 
(and radiometrically with “‘Au), and Ir by the 
luminescence method with 2,2’-bipyridyl. The 
equilibrium concentratton in the sorbent phase 
was determined as the difference between initial 
concentration and the eqmhbrium concen- 
tration in the aqueous phase. At pH < 1 the 
metal content in the sorbent phase was deter- 
mined by X-ray fluorescence analysis, 

To plot the calibration graphs, the required 
amounts of standard platinum metal solution 
were added to 0.2-g portions of sorbent and 
ground with silica in an agate mortar, the total 
weight being 1.5 g (for Ir, OS, Pt) or 2.0 g (for 
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Rh, Ru, Pd). The sample for X-ray fluorescence 
analysis was prepared by pressing the powder 
thus obtained into tablets (32 mm diameter, 
pressure 2 5 x lo3 kg/cm*). The background 
radiation was approximated by a cubic poly- 
nomial (by the least-squares method) and the 
maximum background noise was used.i4 The 
calibration curve of analytical signal us. metal 
concentration, Z =f(c), was obtained by the 
method of Savitchev and Fogelson.” The detec- 
tion limit for Rh, Ru and Pd is 6 pg/g, while for 
Ir, OS and Pt it is 4 pug/g. 

Sorption under dynamic conditions 

A O-2-0.4 g portion of sorbent was packed 
into a j-mm bore chromatographic column and 
washed with hydrochloric acid of the same 
concentration as that in the test solution. The 
test solution was then passed through the 
column at the preselected rate and the column 
was washed with 5-10 ml of the hydrochloric 
acid. In the case of the platinum metals, the 
sorbent was taken out of the column, dried and 
analysed by X-ray fluorescence. In the case of 
Au(III), the analyte was desorbed and then 
determined by spectrophotometry, or was deter- 
mined directly on the sorbent by atomic-emis- 
sion analysis. 

RESULTS AND DISCUSSION 

The commonest oxidation states of the noble 
metals-Ru(IV), Rh(III), Pd(II), Os(VIII), 
Ir(IV), Pt(IV) and Au(II1 )-were examined. 
Hydrochloric acid medium was used because 
the metals are generally separated and identified 
m the form of chloride complexes, and their 
standard solutions are generally prepared from 
the chloride complexes. 

Silicas chemically modified with (1) aliphatic 
mono- and polyamines that can act as weak 
anion-exchangers and complex-formers, and 
(2) tetra-alkylammonium salts, which are 
strong anion-exchangers, were used as sorbents 
(Table 1). They are easily obtained, especially 

Table 1 Sorbents investigated 

Surface of 
concentration 
grafted groups, 

Sorbent Grafted group mmolejg 

:I 
-W&NH, 0 36 

-(CH2)~NHCH2CH2NH2 0 40 
III -(CH,)sNH(CH,CH,NH),H 0.20 
IV -(CH,)jNH(CH,CH,NH),H 0 30 
V -_(CH,),N(CH,):Cl- 0 20 

aminopropyl-silica, and can be widely used in 
the analytical chemistry of noble metals. 

The concentration of the grafted ligands is 
fairly high, and equal to l-2 molecules per D* 
of surface. At the same time, there are still many 
residual silanol groups on the suface, and in 
some cases these groups can participate in sorp- 
tion.16 To find whether this was the case, an 
additional study was made of noble metal sorp- 
tion on the unmodified silica Silochrome S-120. 

The main factors influencing the sorption 
(duration of phase contact, acidity and ionic 
strength of the solution, metal ion concen- 
tration) were studied. All investigations were 
made at room temperature. 

Duration of phase contact 

One of the most surprising facts found 
was the high rate of equilibration, which was 
similar to that for non-ferrous metals. Under 
batch conditions a constant degree of sorption 
was reached for Rh(III), Pd(II), Ir(IV), 
Pt(IV), Au(II1) in l-5 min, and for Ru(IV) and 
Os(VII1) in 10 min. Under dynamic conditions 
the sorption of platinum metals attained a maxi- 
mum at a flow-rate of 10-20 ml .min-' . cm-*, 
and gold was quantitatively extracted at a flow- 
rate of 60-70 ml.rnin-’ .cme2. The sorption 
rates of Rh(II1) and Ir(IV) were almost the same 
m both strongly acidic and weakly acidic media. 

Solution acidity 

Figures l-3 show the effect of solution acidity 
on the sorption of rmcroquantities of platinum 
metal ions on sorbent I and silica, and of 
Au(II1) on all the sorbents studied. In the first 
place it can be concluded that the contribution 
of the silanol groups to the sorption is negligible 

~ ‘““-q;F:-‘, 

6 
t,.. . 

3 

e 
sf 6oyAJJ, I . . ..-.-. 

20 I 

/r 

..*.. 
( 

5 3 1 1 3 5 7 9 

c M HCl 1 PH 

Fig 1 Effect of pH on sorption of Ru(IV) (m), Rh(II1) (a), 
WI) (A), OWII) (01, WV) (0) and WV) (A) on 
aminopropyl-silica I. C,, = 5 x lo-‘A4, sorbent 0 1 g. sol- 

ution volume 10 ml, duration of phase contact 30 mm. 
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c HCL t M I PH 

Rg 2 Effect of pH on sorption of Ru(IV) (a), Rh(II1) (.), 
WOI) (A), Os(vIII) (Cl), Ir(IV) (0) and R(IV) (A) on 

slhca Condbons as for Fig 1 

and that the metal ions are bound solely by their 
interaction with the grafted ligands. 

The multiple maxima and minima on the 
curves for sorption of Au(II1) on all sorbents 
except strong anion-exchanger V were of great 
interest. The curves obtained were reproduced 
many times and their form was independent of 
the sorption mode (batch or dynamic) and the 
method of analysis (radioactive tracer method 
or spectrophotometry). The fact that similar 
maxima and mimma are obtained with different 
sorbents strongly suggests that they arise from 
changes in the forms of gold m the solution, 
owing to aquation and hydrolysis,” and differ- 
ences in the strength of binding of the grafted 
ligands with various Au(II1) complexes. Inter- 
action of Au(II1) with polyamines in hydro- 
chloric acid solutions also leads to different 
complexes, depending on the acidity of the 

I I 

1 2 

PH 

Fig 3 Effect of pH on sorption of Au(II1) sorption on 
sorbents I (10, II (2), IV (3) and V (4) C,, = 6 x 10-SM, 

I = 1 (NaCl), other conditions as for Fig. 1 

solution.18~1g Similar effects are also found for 
the platinum metal ions but, as can be seen from 
Figs. 1 and 2, to a much lesser extent. 

In our opinion, the form of the curves for 
sorption of Ru(IV), Ir(IV) and Rh(II1) on 
aminopropyl-silica is due to changes m the 
sorption mechanism. We propose that in 
strongly acidic medium (MM hydrochloric 
acid) these ions are sorbed on the protonated 
amino groups by an anion-exchange mechan- 
ism. Under these conditions, Rh(II1) will exist at 
least partly as the [RhCl,P- complex, and the 
charge of this, being higher than that of the 
other platinum-metal chloro-complexes, is pre- 
sumably responsible for the better sorption of 
Rh(II1). With decreasing solution acidity the 
contribution of complex formation to bonding 
of the metal ions increases. 

Sorption mechanism 

There are no direct proofs of insertion of the 
grafted ligands into the inner co-ordination 
spheres of the noble metal ions. However, in our 
opinion the results given below strongly support 
this hypothesis. As can be seen from Fig. 3, 
there is a fundamental difference between the 
sorption of Au(II1) on the complex-forming 
sorbents I-IV and on the strong anion- 
exchanger V. The decrease m sorption of 
Au(II1) on sorbent V with increasing acidity can 
be attributed to the aquation reaction, which is 
very specific for Au(II1): 

AuCl; + Hz0 X$ AuCl, (Hz 0) + Cl - 

This reaction takes place m strong acid medium 
and leads to the formation of uncharged 
species.” The sorption on the complex-forming 
sorbents in strong acid media is significantly 
higher than that on sorbent V. The decrease in 
the degree of extraction with increasing acidity 
is probably due to protonation of the grafted 
ligands and thus a decrease in the surface con- 
centration of the free complexmg ligands. The 
increase in the denticity of the grafted ligands, 
m the sorbent sequence I <II<III <IV, 
should enhance the stability of the complexes. 
This is confirmed by the shift of the sorption 
curves with mcrease m acidity (Fig. 3). With 
increasing concentration of background electro- 
lytes (NaClO,, Liz SO4 and NaCl) the degree of 
Au(II1) sorption decreases (Fig. 4). The effect of 
these electrolytes on the sorption is in the order 
LiCl > LizSO > NaClO,. If sorption had taken 
place by an anion-exchange mechanism, Li, SO, 
should have had the greatest effect. The fact 
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Fig 4 Effect of 1omc strength (I) on sorption of Au(II1) on 
sorbent I I-NaClO,, 2-I+SO,, 3NaCl 

that lithium chloride has the greatest suppres- 
Fig 5 Effect of metal 1011 concentration on sorption of 
Rh(II1) (1) and Ir(IV) (2) C,,, I-3.OM, 2-2 OM; sorbent 

sive effect indicates the existence of two com- 0 05 g, solution volume 10 ml, duration of phase contact 

petitive reactions. formation of a complex with 1 hr 

the grafted hgand and formation of chloride 
complexes. Desorptron 

Pt(IV), Ir(IV) and Pd(I1) ions have a greater Desorption of Au(II1) was studied in detail. 
tendency than Ru(IV), Rh(II1) and Os(VII1) to Two acids were selected for desorption: hydro- 
form complexes with aliphatlc ammes. As can chloric because chloride is a complexant for 
be seen from Fig. 1, at pH O-6 (where the 
complex-formation reaction 1s dominant) the 

Au(III), and perchloric because it contains a 
large anion. In addition, different compounds 

sequence of sorption of metal ions on sorbent I, forming stable complexes with Au(II1) were 
in general, coincides with the stability sequence used, among them ammomum salts, thio- 
of the amine complexes. Formation of different 
complexes during sorption of Ru(IV), Ir(IV) 

cyanate, thiourea and pyndine. The degree of 

and Rh(II1) and correspondmgly change in the 
desorption under the following conditions was 
used to estimate the elution power of these 

sorption mechanism with the solution acidity 
(Fig. I), is confirmed by mathematical amu- 

species. 50 pg of Au sorbed on 0.2 g of sorbent; 
5 ml of eluent at a flow-rate of 20 

lation of the equilibna in the system ml. mm-‘. cmA2. The degree of desorption was 
Pd(II)-(HCl,H,O)-aminopropyl-ahca. It has monitored by a radioactive tracer method. 
been shown that the predominant forms m the 
sorbent phase are the complex PdC13R (pH 

Typical dependences of the desorption on 

4-1M HCl) and the ion-assoaate PdCl; RH+ 
eluent concentration are shown in Fig. 6. Min- 
eral acids are ineffective for eluting Au from 

(> 1M HCl), where R is the sorbent functional 
group. Different molecular and ionic forms 

sorbents I-IV, but the elution power of hydro- 

were taken into consideration: PdCl,, PdCl,R,, 
chloric acid is higher than that of perchloric 

PdCl,(RH), RH (charges are omitted for slm- 
acid. Desorption by mineral acids is quantitat- 
ive only for the strong anion-exchanger V. This 

plicity). difference m the behaviour of sorbents I-IV and 

Efect of metal concentration 
V is additional evidence for the formation of 

As seen from Fig. 5, the sorption capacity of 4 

the sorbents for noble metals does not exceed 
100 

0.15 mrnole/g, much lower than for simdar sor- 
bents based on organic polymers. When the 
metal concentration and degree of surface 

2 a 

g 60 
coverage wth metal ions are low, the isotherms 5 

are linear. Under optimal sorption conditions, P 
51 

the distribution coefficients are lo4 ml/g for 
Ru(IV), Rh(III), Ir(IV), Pd(I1) and Pt(IV), 
lo3 ml/g for Os(VII1) and 10’ ml/g for Au(II1). 

The modified silicas studied can be rec- 
ommended for noble metal extraction from 
dilute solution. In this case the low sorption 
capacity 1s not important, but the high distri- 

Fig. 6 Desorptlon of Au(II1) with different eluents. l-3- 
NH,SCN; 4-pymlme, 5,6-HCl, 7-HCIO, Sorbents __ 

bution coefficients and sorption rates are. I&2,6, III-1,4, IV-3,7, V-5 



212 T I TIKHOMROVA et al. 

Au(II1) complexes with the ammo-groups of 
sorbents I-IV. 

Desorption of Au(II1) by an ammonium 
mtrate solution is also inefficient. Gold is quan- 
titatively desorbed from all sorbents with O.lM 
thiourea in O.lM hydrochloric acid, but this 
eluent cannot be used for analytical purposes 
because it causes difficulties in the determination 
of Au m the eluates. However, it is convenient 
to use for regeneration of the sorbents. Among 
the eluents studied, l-2M potassium thio- 
cyanateZo and 3Mpyridine are the best and give 
quantitative desorption of Au(II1) from all the 
sorbents. 

The platinum metals are eluted by acids only 
under conditions so severe that the sorbent is 
destroyed. An alternative is the application of 
strong complexants [as in the case of Au(III)], 
but the subsequent determination of metals is 
rather difficult. 

Analytical application 

There are two trends m application of sor- 
bents in analytical chemistry: (a) ion sorption 
with subsequent desorption and determination 
by routine techniques; (b) sorption and direct 
determination of the sorbed ions in the sorbent 
phase, by any physical method applicable to 
solid samples (hybrid methods of analysis2’). In 
general, the analyte is both separated from 
accompanying elements and concentrated at the 
sorption stage. During elution, the concen- 
tration factor decreases because the mass of 
eluent IS larger than that of the sorbent. The 
detection limits obtained by the hybrid method 
are then of particular advantage. 

Two methods were used to determine the ions 
in the sorbent phase: X-ray fluorescence for the 
platmum metals and atomic emission for Au. 

The noble metals were first concentrated from 
the initial solution. Sorbent I was used for 
Rh(II1) and Ir(IV), and sorbent III for Au(II1). 

The acidity was adjusted to give maximum 
extraction of the ion and at the same time 
separation from accompanying transition metal 
ions or other noble metals. Rh(II1) and Ir(IV) 
were concentrated from 3M hydrochloric acid, 
and at pH 0.6. The results obtained are pre- 
sented in Table 2. A systematic negative error 
(75% extraction) was found for Rh and Ir. This 
is probably due to a fraction of these metals 
being in a form with lower reactivity (as a result 
of competitive equilibria, polymerization, etc) 
which are not sorbed under dynamic conditions. 
The error can be compensated for by means of 
a correction factor or applying the whole pro- 
cedure to the calibration standards. 

The detection limit obtained by X-ray fluor- 
escence is 0.01-0.02 pg/ml, for concentration 
from 1 litre of solution with 0.3 g of sorbent. 
Atomic-emission spectrometry is more sensitive 
and permits the detection of 0.1 pg of Au(II1) 
on 0.02 g of sorbent, so the detection limit for 
concentration from 1 litre of solution with 0.1 g 
of sorbent is 0.5 ng/ml in the initial solution. 

Under similar conditions, the noble metals 
can be separated from large amounts of tran- 
sition metal ions-@ Co, Ni, Mn, Zn, Fe(III), 
etc. (Table 3). These metals are concomitant 
with noble metals in many natural and techno- 
logical materials. 

Separation of the platinum metals is also of 
great interest X-Ray fluorescence permits the 
detection of pairs of these metals, one from each 
of the triads (Ru-Rh-Pd and Os-Ir-Pt) in a 
ratio of 1: 103. For metals in the same triad, 
however, the analytical lines are so close that 
determination is difficult. Table 4 shows that 
sorption of Ir(IV) from 3M hydrochloric acid 
(dynamic conditions) allows its separation from 
a 50-fold quantity of Pt(IV) and lOOO-fold quan- 
tity of Os(VII1). The separation of Ir and Pt can 
be improved by using lower concentrations of 
these ions in the test solution. Under the same 

Table 2 Results for concentratton of Rh(II1) and Ir(IV) wrth sorbent I and of 
Au(M) with sorbent III under dynamrc condittons, mthal content of Rh and Ir 

100 pg, Au 15 pg; sorbent 0 3 g, mean f standard devtatton (n = 3) 

Soluhon Rh(II1) Ir(IV) Au(M) 
volume 

ml Found, % CF* Found, % CF* Found, % CF* 

10 8Ok2 27 90*4 30 lOOf 33 
100 79 f 2 2.6x 10r 77&4 2.6 x 10’ 100*1 33x102 
250 76 f 3 63 x lo* 76 f 2 63 x lo* 99 f 1 8.2 x lo* 
500 14 f 3 12 x 103 75 f 3 1.3 x 103 98 f 2 1.6 x 10’ 

1000 73 f 3 2 5 x 103 74&3 2 5 x 10’ 98 f 2 3.2 x 10’ 

*CF concentratron factor = (concentration m eluate)/(concentratron m mittal 
solution) 
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Table 3 Rh(III), Ir(IV), Au(II1) sorptron m the presence of accompanymg tons, lmhal content of 
Rh and Ir-50 pg m 1000 ml of solutton, Au-15 pg m 15 ml, means f standard deviation (n = 3) 

Element (E) Rh(Ir) : E Rh found, % Ir found, % Au: E Au found, % 

co2+ 1 104 99.2 f 2.0 97.2 f 1 9 1:lO’ 994* 1.0 
Ni2+ 1.104 99.6&10 97 2 f 1.9 1.10’ 99.9 f 1 0 
cl++ 1 104 99.8 f 2 0 97 2 f 2.9 1.W 99.4 f 2.0 
Fe’+ 1’ 10’ 99.6 f 1.0 97.8 f 2.9 1.10) 99.3 f 2.0 
Al’+ 1.5x 104 99.3 f 2.0 91.8 f 1.0 - - 

Z Co, Ni, Cu, Fe, Al 1.5 x 104 99.2 f 3 0 97 1 f 2.9 - Zn2+ - - - l.lol 98 6 f 2.0 
Cd2+ - - - 1.10’ 96.2 f 2.0 

Table 4 Separation of Rh and Ir from the other platinum metals on sorbent I, mittal content of Rh and 
Ir-100 pg; mean f standard devlatton (n = 3) 

Element Accompanymg 
(Me) element (E) 

Volume of 
solutton, Sorption 

E Me, w/w ml of Me, % Sorpbon of E, % 

Rh(II1) W(H) 10 500 72&4 1 
50 500 70*4 08 

Ru(IV) 1 10 78 f 2 23 
1 100 71*4 21 

z Pt(IV), Os(VIII), 1 (for 10 77 f 3 Pd-3, Ru-20 
Ru(IV), W(H), Ir(IV) each metal 100 71*4 Pd-non-detectable, 

Ru-20 

Ir(IV) Pt(IV) 

Os(VII1) 

z Pt(IV), Os(VIII), 
Ru(IV), Rh(III), W(H) 

10 
50 

100 
1000 
1 (for 

each metal 

500 75*4 
500 70*3 
100 17f4 
100 76&3 
10 84 f 3 

100 76&4 

non-detectable 
03 
non-detectable 
05 
Os-non-detectable, 
pt-82 
Pt and Os-non- 
detectable 

conditions Rh(II1) can be separated from a 
50-fold quantity of Pd(II), but quantitative 
separation of Rh and Ru is not successful even 
at 1: 1 Rh: Ru ratio. 

CONCLUSION 

Silicas with chemically grafted aliphatic 
mono- and polyamines have a high rate of 
sorption for noble metals. This is attributed to 
the combined mechanisms of ion-exchange 
and complex formation. The high strength of 
binding of the noble metal ions permits their 
concentration from dilute solutions, with con- 
centration factors of N 103, as well as their 
quantitative separation from 104-fold quantities 
of accompanymg metals. Desorption of the 
noble metal ions from the surface of the 
modified silicas is complicated, so it is best to 
determine them directly in the sorbent phase by 
X-ray fluorescence and atomic emission 
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OPTIMIZATION OF FLOW-INJECTION SYSTEMS FOR 
DETERMINATION OF SUBSTRATES BY MEANS OF 

ENZYME AMPLIFICATION REACTIONS AND 
CHEMILUMINESCENCE DETECTION 
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Summary-A flowqecbon system IS described that mcorporates a small column reactor contammg two 
co-tmmobthzed, synergrsttcally operating oxrdoreductases, allowmg determmauon of mmute amounts of 
substrates by means of enzyme amphficahon and subsequent chemdummescence detection of the hydrogen 
peroxide generated m the repeated redox cycling. With lactate oxrdase and lactate dehydrogenase, and 
takmg advantage of the fact that the enzymatic degradation step and the ensuing detectton step can be 
mdtvtdually opummed, the FIA-system has been opttmized by factonal expenments to yteld an 
amphficatron factor of over 140 for each of the two substrates lactate and pyruvate. With a lmear 
cahbratton range of 0-6/rM, the limits of detectton for the two specres were 48 and 1031&f, resgectrvely, 
and the samplmg rate was 50-6O/hr. The opttmtzed system has also been employed for assay of glucose 
by utrhzmg a column reactor wtth rmmobihzed glucose oxtdase and glucose dehydrogenase, but yielded 
amphficatton factors of only 3-4 The large discrepancy m the performance of the two enzyme systems 
1s dtscussed 

In a prevtous communication,’ we reported the 
determination of mmute amounts of substrates 
by means of enzyme amphficatton, with two 
synergisttcally operating oxidoreductase en- 
zymes co-tmmobilized on small glass beads m a 
small column-reactor which was mcorporated 
mto a flow-mJection analysis (FIA) system.’ 
Because the repeated recychngs consume oxy- 
gen and NADH and generate NAD+ and hy- 
drogen peroxide (Fig. l), it was found preferable 
to base the ultimate detection on a chemi- 
luminescence reaction of the hydrogen peroxide 
formed. To make the analytical system practt- 
cal, a preset conditton was that the entire 
analytical cycle could be accomplished within 
l-l.5 mm, thus facilitating a sampling fre- 
quency of at least 4O/hr Preliminary investi- 
gations with a model system comprised of 
lactate oxidase (LOD) and lactate dehydrogen- 
ase (LDH) demonstrated that the approach 
worked satisfactorily, but as the amplification 
factor was only 38 it was assumed that the 
system could be further optimized. This paper 
reports an optimization procedure which has 
resulted in amplification factors of more 
than 140 In addition, the optimized FIA 
system has been used m an attempt to assay 
glucose with a column-reactor containing 

immobilized glucose oxidase and glucose dehy- 
drogenase. 

Because the enzymatic step and the detection 
step m the FIA approach are entirely separate, 
in contrast to the case for enzyme electrodes, it 
is feasible to optimize them individually. In 
concordance with the prevtously reported work, 
this optimization was focused on (a) the influ- 
ence of the relative flow-rates and concentration 
levels of the reagents used in the chemilummes- 
cence detection of the hydrogen peroxide gener- 
ated and of the sequence of mixing the reagent 
and analyte streams (i.e., the detection step) and 
(b) the molar ratio of the two co-immobilized 
enzymes and their absolute quantities (i.e., the 
enzymatic degradation step). 

Inherently, the optimized FIA system should 
be applicable for assay of a variety of substrates 
provided that suitable oxidoreductase combi- 
nations can be found. One such combination is 
glucose oxidase (GOD) and glucose dehydro- 
genase (GDH). As seen m Fig. 1, the LOD/ 
LDH and GOD/GDH enzyme systems operate 
very similarly, but in the glucose system there 
is a possible side-reaction, I.e., the glucono-6- 
lactone formed as an intermediate in the degra- 
dation of glucose might be hydrolysed to 
gluconic acid; if this happens, the cycle will be 
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(a) @I 

Lactate Pyruvate Glucose Lactone 

Rg 1 Amphfication reactions for (a) pyruvate and lactate 
by means of lactate oxldase (LOD) and lactate dehydrogen- 
ase (LDH) and (b) glucose by means of glucose oxldase 
(GOD) and glucose dehydrogenase (GDH). In the latter the 
side-reaction leading to formatIon of glucomc acid wdl 
remove the substrate for the GDH and hence terminate the 

cycle 

terminated. This side-reaction is very fast, 
and indeed Schubert et a1.,3 who attempted to 
use this enzyme combination in a membrane 
electrode, only managed to obtain amplification 
factors of 3-8. In a column reactor in a FIA 
system, where the radial mass transfer is 
much more intense than in diffusion-controlled 
membrane, it might be expected that this side- 
reaction could be rninirmzed, thereby allowing 
determination of glucose m the sub-micromolar 
range. 

EXPERIMENTAL 

Reagents 

Distilled demineralized water was used 
throughout. L-Lactate dehydrogenase [LDHJ 
(EC 1.1.1.27, lyophilized, salt-free powder, 940 
U/mg), lactate oxidase [LOD] (EC 1.1.3.2, crys- 
talline, 30 U/mg), L( + )-lactic acid (Li salt) and 
pyruvic acid were purchased from Sigma. A 
batch of lactate oxidase (lyophilized, 20 U/mg) 
was also obtained from Boehringer Mannheim 
Biochemicals. Glucose dehydrogenase [GDH] 
(EC 1.1.1.47, lyophilized, 220 U/mg) and 
D( + )-glucose were from Merck. Glucose oxi- 
dase [GOD] (EC 1.1.3.4, lyophilized, 240 U/mg) 
and NADH were supplied by Serva. Other 
chemicals used were of analytical reagent qual- 
1ty. 

As support for the immobilized enzymes 
CPG 10 glass beads (diameter 0.75-0.125 mm, 
pore size 70 nm, Serva) silanized with 3-amino- 
propyltnethoxysilane in sodium-dried tolu- 
ene,lM4 were used. Approximately 4-5 mg of 
enzyme mixture was dissolved in 1 ml of phos- 
phate buffer (pH 7.0). For the LOD/LDH 
pair, the best results were obtained with a 

molar enzyme ratio of ca. 1.1 (see Results and 
Discussion). 

The enzymes were co-immobilized on 100 mg 
(250 ~1) of the support by the glutardialdehyde 
method as detailed previously.‘*4 For use, the 
treated glass beads were packed into a column 
consisting of a piece of polyethylene tubing (i.d. 
1.18 mm) furnished with small nylon nets at the 
ends to retain the glass beads within the reactor 
during operation. When not in use, the packed 
column reactors were stored in O.lM citrate 
buffer (pH 6.0) in a refrigerator at 4” to mini- 
mize microbiological degeneration. 

Aqueous lactate, pyruvate, glucose and hy- 
drogen peroxide standards in the range 
l-100pM were made by sequential dilution of 
1 .OmM L( + )-lactic acid, pyruvic acid, glucose 
and hydrogen peroxide stock solutions with 
distilled water. All solutions were freshly pre- 
pared every day. The liquid streams propelled in 
the FIA system shown in Fig. 2 (which depicts 
the finally optimized FIA manifold for the 
LOD/LDH system) were: carrier stream of dis- 
tilled water; buffer stream of 0.015M phosphate 
buffer (pH 6.8) containing 1.5mM NADH; 
1.5mM luminol (5-amino-2,3-dihydro-1,4- 
phthalazinedione) in O.lM potassmm carbonate 
(pH 11.5), and 30mM aqueous potassium hexa- 
cyanoferrate(II1). For the manifold containing 
the GOD/GDH enzyme reactor the parameters 
were the same, except that pH 6.0 phosphate 
buffer was used. 

Apparatus 

The FIA manifold (Fig. 2) comprised two 
peristaltic pumps: Pl (Ventur, variable flow, 
Alitea, Sweden) for the aqueous carrier stream 
[into which the sample solution (50 ,ul) was 
injected] and the buffer/NADH stream, and 
P2 (Mini-S-840, Ismatec, Switzerland) for the 

ml/mln - c 

Rg 2 Optlrmzed FIA manifold for the determmatlon of 
lactate or pyruvate by enzyme amphfication wth ensumg 
detection by chemllummescence (Lum). S, sample injection 
(50 pl), LOD/LDH, column reactor (140 ~1) contammg the 
two co-immotuhzed enzymes (LOD/LDH), C, nuxmg cod 
(40 cm) and W, waste Solutions were propelled by two 
peristaltic pumps (that for the earner and buffer/NADH 

streams allowing vanable pumping rates) 
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reagent streams [luminol and hexacyano- 
ferrate(III)] needed for the chemiluminescence 
determination of the hydrogen peroxide gener- 
ated by the enzymatic conversion processes in 
the packed reactor. The detector consisted of a 
home-made luminometer with two photodiodes 
(BPW 34), details of which have been given 
elsewhere.4 All connecting lines in the FIA 
manifold consisted of 0.5 mm id. Microline 
tubing. 

All experiments were executed at room tem- 
perature (ca. 20”) and to make the apparatus as 
simple and practical as possible, no attempt was 
made to operate the FIA manifold at controlled 
or elevated temperature. 

RESULTS AND DISCUSSION 

Optimization of the detection system 

The optimization was based on that of the 
previously used FIA manifold,’ which was 
rather similar m design to that in Fig. 2, except 
that the lummol and hexacyanoferrate(II1) 
streams were mixed before joining the combined 
carrier/buffer stream The reason for this ap- 
proach, which has been used extensively in this 
laboratory, is that a composite solution of these 
two reagents is not stable, so they have to be 
mixed immediately before use, which can best be 
done in the mamfold. However, it was found 
that the signal to noise ratio and the signal 
amplitudes could be considerably improved 
with the sequence of addition shown in Fig. 2, 
which was therefore adopted. This improvement 
is probably due to more efficient mixing of the 
strongly alkaline luminol stream and the com- 
bined carrier/buffer stream, which has a certain 
buffering capacity. 

The FIA system was first optimized for assay- 
ing hydrogen peroxide, in order to obtain as low 
a detection limit as possible, i.e., the LOD/LDH 
reactor was not used in these tests. In addition 
to the preselected condition as to sampling 
frequency (i.e., a minimum of 40 samples/hr), 
the following restrictions were imposed. 

(a) The injection volume should be mam- 
tained at 50 ~1 (to allow for situations where 
sample material might be limited). 

(b) The flow velocities of the buffer stream 
and the carrier stream should be about the same 
and the combined flow velocity should not 
exceed 1.0 ml/min (so that in the complete 
system there would be sufficient residence time 
for the sample m the enzyme reactor and any 
risk that tight packing of the column material 

might lead to increased back-pressure would be 
minimized). 

(c) The concentration of phosphate in the 
combined carrier/buffer stream solution should 
be 0.005M and the pH should be fixed at 7.0. 
This should secure sul%cient buffering capacity 
to maintain this pH within the enzyme reactor. 

(d) The concentration of potassium carbon- 
ate in the huninol solution should be maintained 
at 0. lM, which had previously been found 
reasonable.5 

(e) The length of the mixing coil should be 
40 cm, which is a judicious compromise between 
efficient mixing and acceptable dispersion (and 
hence dilution) of the injected sample solution. 

(f ) The distance between the last merging 
point and the chemiluminescence detector 
should be mmimized so that the chemihnnines- 
cence (CL) signal (which appears as a rapid 
pulse) actually recorded would be as large as 
possible. In this case the distance was 2 cm, the 
minimum physically allowable length m the 
detection device used.’ 

With these restrictions imposed, six par- 
ameters were to be optimized. These were first 
screened in a fractional factorial experiment, 
where each parameter was tested at two levels 
as follows (the values in brackets denote the 
high and low levels used). (1) The flow velocity 
of the combined carrier/buffer stream (0.5 and 
1 .O ml/mm); (2) the flow velocity (1.5 and 
2.5 ml/min) and (3) the concentration (10 
and 20mM) of the hexacyanoferrate(II1) 
stream; (4) the flow velocity (1.5 and 2.5 ml/min) 
and (5) the concentration (0.2 and l.OmM) of 
the luminol stream; (6) the pH of the luminol 
solution (10.5 and 11.5) The response function 
chosen was the peak height from injection of a 
30pM hydrogen peroxide standard solution, 
and the screening experiment showed that the 
parameters should all be used at the high level. 
Therefore two series of complete 2’ factorial 
experiments were executed to find the inter- 
dependence between the two reagent flows, and 
their combined influence on the response. One 
series used the flow velocities of the luminol and 
hexacyanoferrate(II1) solutions as parameters, 
and the other the concentrations of the two 
reagent solutions as parameters. Because the 
aim was to minimize the limit of detection, 
yet maintain high sensitivity and a low blank 
value, the response function (RF) was chosen 
as RF = 100 [0.50 PH, + 0.25~ + 0.25(1 - /I)] 
where PH, IS the peak height obtained for 
injection of a 5pM hydrogen peroxide standard 
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SCAN ---c 

Rg 3 Cahbration runs for lactate and pyruvate wtth the 
system m Rg 2 (a) Hydrogen peroxide standards m the 
concentranon range 67-200/1&f and (b) lactate standards m 
the same concentratton range, with a buffer stream not 
contammg NADH (r e , non-ampbtied signals), the peaks 
mdtcate that 100% converston of lactate was obtamed under 
the prevathng condthons (c) Lactate standards and (d) 
pyruvate standards m the concentratton range 0 25-6 OOpM 
wtth a tamer/buffer stream contammg NADH (r-e , am- 
phfied signals), reveahng an amphfication factor of 100 for 
both species (cf Fig 4) Note that the residence time for the 
sample IS less than 1 mm, allowmg a samphng frequency 

exceeding 60/hr 

solution, c1 the slope of the calibration graph 
and (1 - /?) the intercept on the ordinate. Obvi- 
ously, the three values were weighted 50,25 and 
25%, respectively. All values were normalized, 
e.g , PH, = (PH;b” - PH;“‘“)/(PHy - PHY), 
where the superscript obs refers to the observed 
values in an individual experiment and min and 
max to the minimum and maxtmum values in a 
series. 

This fine-tuning showed that the optimal 
combmations of flow velocity and concentration 
for the luminol and hexacyanoferrate(II1) sol- 
utions were 2.5 ml/min and 1.5mM and 
2.3 ml/mm and 30mil4, respectively Combined 
with the results of the screening experiment, 
this resulted in the manifold design depicted in 
Fig. 2 (except that the LOD/LDH reactor was 
absent and the carrier and buffer streams were 
pumped at equal rates, IX., 0.5 ml/mm). The 
system was calibrated by injection of standards 
of aqueous hydrogen peroxide, and the detec- 
tion limit was found to be 0.19@4. This is ca 
10 times lower than that with the non-optimized 
system ’ 

Optvmzation of the FIA enzyme amplrjication 
system 

The FIA system was next optimized with the 
LOD/LDH enzyme reactor installed. In these 
experiments a reactor with 1: 1 molar ratio of 
the two immobilized enzymes (corresponding to 

a weight ratio of 2: 3) was employed, because 
the earlier reported experiments indicated that 
this would be preferable (for further discussion, 
see below). The manifold was further slightly 
modified in that the ratio of the carrier to buffer 
flow-velocity was altered to 2: 1 to limtt the 
dispersion and hence dilution of the injected 
sample, thereby ultimately securing a lower limit 
of detection. For the same reason, the phos- 
phate concentration in the buifer stream was 
increased to 0.015M to give a final concen- 
tration of 0.005M in the combined carner/bufTer 
stream. 

For optimization of the total FIA system, one 
of the parameters would be the flow-rate of the 
combined carrier/buffer stream, because this 
affects the residence time of the sample in the 
enzyme reactor and thus the amplification. In 
this context it is important to keep in mind that 
the detection system was optimized to yield 
maximum CL response at a fixed flow-rate 
of the combined carrier/buffer stream (viz. 
1 ml/min). Because the CL signal is dynamic m 
nature and appears as a rapidly fading pulse, 
any change in the flow-rate of the carrier/buffer 
stream, and hence the flow velocity through the 
detector, will cause a shift in the portion of 
response that is actually recorded by the detec- 
tor. If the conversion of analyte is proportional 
to the residence time, a lower flow-rate through 
a given reactor volume should increase the 
conversion, but would result m a lower CL 
signal, whereas a higher flow-rate (i.e., close to 
1 ml/min), despite the shorter residence time 
would give a higher signal. With these consider- 
ations in mind, the following experiments were 
executed. 

With a packed enzyme column reactor having 
a volume of 75 ~1, the system was subjected to 
a complete 23 factorial experiment, where the 
following parameters were tested (the values m 
brackets denote the high and low levels used and 
refer to the conditions immediately prior to, and 
m, the reactor): (1) the pH (7.0 and 7.5); (2) the 
NADH concentration (0.33 and 0.50mM), (3) 
the flow-velocity (0.64 and 0.88 ml/min) of the 
combined carrier/buffer stream. In all cases, 
lactate standards in the concentration range 
O-6@$4 were injected. The response function 
was selected as RF = 100[(AFobS - AF”““)/ 
(AFmaX - AFm’“)], where AF is the amplification 
factor and the superscripts have the same mean- 
ings as above. This response function obviously 
requires that the efficiency of conversion of 
lactate by LOD (i.e., without NADH present m 
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l Pyruvate hmpl) 

0 Lactate (ampl) 

Rg 4 Cahbratlon plots for hydrogen peroxide and lactate 
(unamphfied) together wth pyruvate (a) and lactate (0) 
(both amplified) m the concentration range O-6/.& (cf 
Fig 3) For concentrations exceedmg ca 5-6@f, the cah- 
bratlon signals for both species start to level off, mdlcatmg 

depletion of reagent (1 e , NADH) 

the carrier stream) is 100% and this was found 
to be the case (Fig. 3). In addition to the 
amplification experiments, a calibration for hy- 
drogen peroxide was run for each combination 
of experimental parameters, because it can alter 
with a change m the pertinent parameters. In 
particular, the total flow velocity will influence 
the CL response. The sampling rate was omitted 
from the factorial design, because all the pre- 
liminary tests showed that a rate of 50/hr was 
possible, which satisfied the requirement of a 
minimum rate of 4O/hr. 

The results of this analysis showed that the 
influence of NADH concentratton within the 
range tested was negligible. However, wrth 
the other parameters constant it was found 
preferable to operate the system at the low 
flow velocity and low pH levels which yielded 
an amplification factor of 56. From the litera- 
ture it IS known that the two enzymes 
m soluble form have maximum activity at 
pH 6.5 (LOD) and 7.5 (LDH), respectively 6,7 
Although these pH maxima might change when 
the enzymes are immobilized, they will very 
likely remain at the same order of magmtude.’ 
A pH of cu. 7.0 should therefore be more 
favourable for the combined system, as corrob- 
orated by these experiments. The lower flow 
velocity implies a longer residence time of the 
sample within the enzyme reactor (allowing a 
greater number of redox cycles, leading to m- 
creased amplification), but leads to a lower 
sampling frequency. The lack of influence of the 
concentration of NADH can be explained by 
the fact that the LDH is already saturated with 
the coenzyme when this is present at the lower 
level. 

The length of the reactor might influence the 
amplification and hence the signal recorded, 
because a longer reactor should allow more 
redox cycles (provided that the reagents, oxygen 
and NADH, are in excess). For that reason, an 
experiment was conducted with a longer column 
reactor, of 1 lo-p1 volume, and the same enzyme 
preparation as before (with a flow-rate of 
0.64 ml/min for the combined carrier/buffer 
stream, containing 0.5mM NADH). Tlus 
system yielded an amplification factor of 82. 
Further optimization of the pH of the carrier/ 
buffer stream showed that the optimal pH was 
6.8, resulting in an amplification factor of 99.5. 
Hence, this pH was used in all further exper- 
iments. The concentration of the phosphate 
buffer was not altered, because the buffenng 
capacity at this slightly lower pH value is only 
marginally affected and was sulliciently large. 

As stated above, the original detection system 
was optimized with a combined carrier/buffer 
flow-rate of 1.0 ml/min, which for the given 
parameters of the detection system itself yielded 
the maximum CL response. Hence, with the 
pumping rate at the high level (0.88 ml/mm, 
which was the closest possible to 1.0 ml/min 
with the available pump tubes when operating 
at the carrier : buffer ratio 2 : l), it is necessary to 
use a longer enzyme reactor in order to reach an 
amplification factor of say, 100. In this case a 
140~~1 column was required. The FIA manifold 
of this system is that shown in Fig. 2, and its 
performance is reproduced m Fig. 3. When the 
signals for the unamplified lactate and hydrogen 
peroxide standards are compared, it is seen that 
the conversion for lactate was 100% and from 
the unamplified and amplified lactate signals it 
is seen that the amplification factor was indeed 
100. Pyruvate also gave 100% conversion and 
the amplified pyruvate and lactate signals were 
virtually identical for similar concentrations 
The calibration plots m the recorded range were 
linear, as shown m Fig. 4, and almost congru- 
ent. Therefore, a single calibration graph could 
be used, but for the highest precision it is 
preferable to calibrate for the two species indi- 
vidually. At higher concentrations (6@Qf and 
above) the calibration signals start to level off, 
mdlcating shortage of reagents. This is not a 
limitation, however, because at higher concen- 
trations the species can be assayed directly 
without the need for amplification reactions. 
The detection limit for this system was found to 
be 48nM for lactate and 103nM for pyruvate, as 
calculated from the regression bands (95% 
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confidence interval) of the calibration plot.’ The 
precision for lactate, determined from estimated 
response variances for the eight calibration stan- 
dards (n = IQ, was 1.9%; for pyruvate it was 
slightly higher. It was also calculated that for a 
response equal to the average response of the 
standards in the range 0-4@f inclusive, the 
95% confidence limits for the corresponding 
lactate concentration would be 1.20 f 0.05&V 
(expected value 1.2$.&f). The sampling fre- 
quency was 50-6O/hr. 

The mcorporation of even larger enzyme 
columns in the FIA system yielded higher am- 
plification factors, but the increase was not 
proporttonal to the reactor volume. There was 
also an increased back-pressure, resulting m 
variations in performance of the system and 
impaired precision, and for that reason it was 
decided not to use columns with a volume larger 
than ca. 140 ,ul, which already gave amplifica- 
tion factors (of CCI. 100) which were considered 
to be very satisfactory. Furthermore, increased 
amplification would lead to a still narrower 
calibration range because of depletion of the 
reagents, particularly NADH. Although the 
concentration of this species can potentially be 
increased, it was previously found that this was 
not advisable because higher concentrations ap- 
peared to induce side-reactions with the hydro- 
gen peroxide generated.’ Furthermore, it has 
been reported that impurities m high concen- 
trations of NADH can inhibit enzymes.” As far 
as the interplay between the pumping rate of 
the combined carrier/buffer stream and the 
length of the enzyme reactor column is con- 
cerned, it appears that for given dimensions of 
the detection system and a required sampling 
frequency, it is necessary to optimize each 
system individually. 

The results compare very favourably with 
those of a recent work where the detection limit 
for lactate was reported to be 119nM.” How- 
ever, in that work an enzyme reactor of 350 ~1 
and a sample volume of 200 ~1 were used and 
detection was based on use of a specially con- 
structed flow-cell for amperometric determi- 
nation of the consumption of oxygen. The 
largest amplification factor was 70. 

Optimization of the packed enzyme column 
reactor 

Previously published results indicated that the 
molar ratio of the two enzymes should be close 
to unity.’ This is intuitively to be expected, 
because it would mean (provided that the 

enzymes are randomly immobilized on the 
support) there would be a higher probability of 
contiguous site-fixation of the two enzymes, 
which should favour the repeated redox cycling 
of the analyte. To corroborate this, a series of 
enzyme columns was prepared with molar ratios 
of LOD/LDH ranging from 1: 3 to 4 : 1. With the 
same column size (140 ~1) and the optimized 
conditions stated in Fig. 2, the amplification 
factors varied between 100 and 142 (in the latter 
case the detection limit for lactate was lowered 
to 34nM). These variations were not statisti- 
cally significant, in view of the inherent lack of 
absolute control of the immobilization pro- 
cedure. It was therefore concluded that the 
molar ratio, contrary to expectation, does not 
play an important role provided that it approxi- 
mates to unity. Both crystalline and lyophilized 
enzyme preparations were tested, but owmg to 
lack of sufficient materials it was not possible to 
draw any tirm conclusion as to the preference 
for either. These findings are m good agreement 
with those reported by Asouzu et al.,” although 
these authors did not elaborate on this theme. 
The enzyme reactor columns did not reveal any 
significant decrease in activity over a period of 
two months. 

It is concluded that the increase in amplifica- 
tion, over that in the previously reported pro- 
cedure, is to be ascribed mainly to the optimized 
detection system. It is possible that glass beads 
of pore size other than that used in this investi- 
gation and enzymes of improved quality and 
higher specific activity could influence the 
amplification, but probably only marginally. 
However, although higher amplification would 
give a lower limit of detection, it would be at the 
expense of a shorter linear calibration range. 

Determination of glucose 

The optimized FIA system in Fig. 2 was 
subsequently adapted for assay of glucose by 
incorporating a 150~~1 enzyme column reactor 
with GOD/GDH mixed in ca. 1: 1 weight ratio 
(prepared from one Merck vial of GDH, i.e., 
ca. 250 U, and 2 mg of GOD, correspondmg 
to ca. 440 U). With the same NADH carrier/ 
phosphate buffer stream as for lactate (O.OOSM 
NADH, pH 6.8) and glucose standards m 
the range lo-lOOpM, the amplification factor 
was found to be only 3.5 (for 50pit4 glucose). 
Lowermg the pH of the combined carrier/buffer 
stream enhanced the amplification factor 
slightly Thus for a pH of 6.0 it was increased 
to 4.1, but further decrease in pH lowered it 
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again (to 3.7 at pH 5.5). Citrate buffers were 
also tested, but produced no significant change 
in amplification. Although very disappointing, 
these results are similar to those of Schubert 
et al.,’ who found an amplification of 3 for 
O.l-l.OmM glucose with 1mM NADH, which 
was increased to 8 by using 0.1 A4 NADH but at 
the expense of very long response times (several 
minutes). Scheller et al.‘* employed a large 
column reactor (0 8 ml) of co-immobilized 
GOD, GDH and catalase, and enthalpimetric 
quantification, but even with this very sensitive 
system they only managed to obtain an amplifi- 
cation of 8 for lOO@f glucose. Thus, although 
it was hoped that the combination of convection 
and diffusion in the column reactor of the FIA 
system would result in much better amplifica- 
tion, it appears that the poor results compared 
with those of the LOD/LDH-system are due to 
some fundamental differences, for which there 
are several possible explanations. 

First, the Michaelis-Menten constants (KM) 
for the GGD/GDH enzyme systems are almost 
two orders of magnitude larger than for the 
LOD/LDH enzymes. The &-values for the 
enzymes are as follows: LOD (lactate). 
0.7mM;” LDH (pyruvate) 0.14mM;12 GOD 
(glucose) 33mM;‘3,‘4 GDH (glucose) 47mM.i’ 
Thus although the substrate concentrations m 
all experiments were well below the Z&-values, 
ensuring pseudo first-order reaction conditions, 
the reaction rate of the GGD/GDH system 
would be considerably lower than that of the 
LOD/LDH system. This is all the more un- 
favourable because of the inherent risk of the 
side-reaction of spontaneous hydrolysis of the 
primarily formed glucono-d -1actone. This nre- 
versible reaction, whereby the lactone is re- 
moved from the reaction sequence and the cycle 
terminated, is very fast. Generally, the rate of 
hydrolysis of lactones decreases at lower pH 
values. Hence, the slightly enhanced amplifica- 
tion factor at pH 6.0 might be ascribed to this 
phenomenon, although this pH is not likely to 
be the optimum for the enzyme pair (pH,, is ca. 
8 for GDH,15 and 5.5 for GGD’3,‘6). It has also 
been reported that the hydrolysis per se IS fairly 
slow, but is catalysed by the enzyme glucono- 
lactonase present as an impurity in the commer- 
cial preparations of glucose oxidase.‘7*‘8 Thus, 
Hanazato et al.” found that at pH lower than 
6, the spontaneous hydrolysis of glucono-b- 
lactone hardly occurred, but its rate increased 
exponentially with pH at pH > 6, and was 
greatly accelerated when gluconolactonase was 

present. Interestingly, they also found that the 
activity of gluconolactonase was strongly inhib- 
ited by phosphate, and was mimmal at pH 5.5. 
Therefore the use of a phosphate buffer at this 
pH should ostensibly be preferable to other 
buffer solutions for the enzyme amplification 
applications. The results reported here do not 
appear to support this, however. 

A second complication is the potential pres- 
ence of catalase in the enzyme preparations, 
because this would result in degradation of the 
generated hydrogen peroxide and thus exclude it 
from detection by the luminescence procedure. 
Catalase is probably the enzyme with the 
highest known specific activity (4 x 104 U/mg), 
and therefore even minute amounts of this 
constituent would have serious effects on the 
method. Both enzyme preparations were there- 
fore examined for the possible presence of cata- 
lase, by making separate column reactors in 
which approximately similar number of units of 
the two enzymes were immobilized either indi- 
vidually or together, then injecting hydrogen 
peroxide standards into the FIA system with 
and without the enzyme column installed, and 
comparing the areas under the peaks. For the 
GOD, which according to the manufacturer’s 
specification contains less than 5 U of catalase 
per mg (the GOD/catalase ratio being guaran- 
teed to be at least 60), no significant differences 
in the recorded areas were found, indicating that 
catalase was not a problem. Furthermore, mjec- 
tion of equimolar standards of hydrogen per- 
oxide and glucose (SO@f) showed that the 
peaks were identical, indicating 100% conver- 
sion. For the GDH columns, however, injection 
of hydrogen peroxide standards gave consider- 
ably smaller signal areas than those for the 
“empty” system, irrespective of whether NADH 
was present. The commercially available GDH 
enzyme from Merck is reported to have been 
prepared by chromatography and no mention is 
made as to the presence of catalase. When 
NADH is present in the carrier/buffer stream, 
the decrease in signal could be explained by the 
previously mentioned side-reaction between hy- 
drogen peroxide and NADH (as catalysed by 
the enzyme), but the decrease without NADH 
present is truly surprising. Whether the decrease 
in signal is due to the presence of catalase 
remains to be determined, but the observed 
phenomenon does partly account for the fact 
that such poor amplification is recorded. In this 
context it is interesting to note that Schubert 
et al.’ measured the disappearance of oxygen as 
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the basis for quantification of the amplification. 
If the initially generated hydrogen peroxide is 
partly split mto oxygen and water, it would 
explain why these authors found amplification 
factors of the same order of magnitude as 
reported here, although their detection method 
relied only on diffusion (m the electrode assem- 
bhes), whereas the present work employed a 
combination of diffusion and convection in the 
FIA column-reactor 

CONCLUSIONS 

Apphcatton of the FIA approach for assaying 
substrate concentrations in the nM-PM 
range by means of enzyme amphfications, 
based on the use of co-immobilized enzymes 
contained within a small column reactor mcor- 
porated mto an FIA manifold, appears to be 
very attractive, because it allows the enzymatic 
degradation step and the ensuing detection 
of a suitable reaction product to be mdividually 
mvestigated and optimized. The conditions 
optimized by factorial experiments with co- 
immobilized LOD and LDH m a molar ratio 
of 1: 1 and chemiluminescence for detection of 
the hydrogen peroxide formed by the repeated 
redox cycling yielded an amplification factor of 
more than 140 m assays of lactate or pyruvate. 
Since the entire analytical cycle could be 
accomplished in less than 1 min, thus allowing 
sampling rates of cu. 60/hr, the FIA approach 
seems to have interesting potential. Inherently, 
the optimized FIA system should be applicable 
for assays of a variety of substrates, provided 
that suitable oxidoreductase combinations can 
be found. One such combination, glucose oxt- 
dase (GOD) and glucose dehydrogenase 
(GDH), has been tested, but the amplification 
factor was found to be only about 4. Possible 
explanations for this low amplification might 
be the presence of gluconolactonase in the 
GOD and catalase in the GDH. Glucono- 
lactonase would increase the rate of hydrolysis 

of the initially formed glucono-Nactone, 
thereby terminating the cycling procedure, 
and the presence of catalase would lead to 
degradation of the concurrently formed hydro- 
gen peroxide and thereby prevent monitoring 
of the amplification sequence. It is therefore 
possible that purer enzyme preparations 
could lead to considerably improved amplifica- 
tion 
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Summary-A general assay procedure for a wtde vanety of thtols ts descrmed The techmque has three 
steps (1) formatlon of S-mtrosothtols wtth nitrous actd, (2) destructton of the excess of nitrous acid, 
(3) hydrolysis of the S-mtrosothtols wtth mercuric Ions and subsequent formatron of an axe-dye by means 
of the nitrous actd l&rated Both manual and flow-mJectton analysts (FIA) versions of the assay are 
descrrbcd Smce the final step of the assay does not depend on the thtol assayed but only on the reacuon 
of nitrous actd to form azo-dyes, the cahbratlon graphs should be tdenhcal for all thtols The manual 
system IS about four rimes as senstttve as the FIA system, but the latter permtts a high sample throughput 
and shows stgmficantly lower senstttvtty to interference by tryptophan. Though tins general techmque 
cannot be used for the assay of many stencally hindered thlols, tt can be used for the assay of some protein 
tmol groups 

The assay of thlols IS of interest m a broad range 
of disciplines, mcluding biochemrstry, synthetic 
organic chemistry and environmental monitor- 
ing. Accordingly there are many reports of 
analytical methods for the assay of thiols, based 
on a vartety of techniques, including t~~etry, 
chromatography, atomic-absorptron spectro- 
metry and colonmetry. There have been several 
recent reviews on the assay of thiols.1-6 Though 
other techmques obviously have their strengths, 
calorimetric and ~uoromet~~ assays are attrac- 
tive because of then simplicity and ease of 
automation. The disadvantages of such assays 
are that some lack specificity, some respond to 
other functional groups, and many have drffer- 
ential responses to different throls.‘-” We have 
been interested m developing methods which 
retain the simplicity of the calorimetric and 
Buorometnc assays but have greater selectivity 
than most of them. We have chosen to examme 
multi-step methods based on the reaction of 
thlols with nitrous acid to form their stable 
S-nitroso derivatives, destruction of the excess 
of nitrous acid, metal-catalyzed hydrolysis of 

*Author for correspondence 

the S-mtroso derivatives, and formation of azo- 
dyes with the nitrous acid released. 

Specific methods for the detection and deter- 
mmation of thiols by means of their reaction 
wrth nitrous acid have been reviewed by Ash- 
worth.‘* The thiols are mixed with sodium ni- 
trite and ethanol, and then acid&d. Primary 
and secondary thiols yield a red product, 
whereas tertiary and aromatrc thiols produce a 
short-lived green product which then turns red. 
These products are the comparauvely stable 
S-nitrosothiols, which absorb light strongly in 
the range 330-344 nm. The reactions are nor- 
mally quantitative. Examples of this type of 
assay include the assay of 2-mer~pt~thanol in 
thiodrglycol, l3 t~oglycollic acid in harr-wavmg 
solution,r3*14 glutathione reductase in rat liver,r5 
and tertiary thiols.“j The addition of some metal 
ions, e.g., magnesium18 or cobalt,19 produces 
a hy~rchromic effect. The titration of thiols 
with sodium nitrite in acid medium has been 
reported.20 

The S-nitrosothiols are resistant to hydroly- 
sis,*’ and normally unaffected by large amounts 
of various compounds (e.g., ammonium sulfa- 
mate) which are known to react rapidly 
with nitrous acid. However, the hydrolysis of 
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the nitrosothiols is catalyzed by mercury(II), 
silver(I), and copper(I1) salts. The nitrous 
acid liberated can be detected by reaction 
with sulfamlamide followed by coupling the 
resulting dmzonium compound with N-(1- 
naphthyl)ethylenediamine to give an azo-dye. 
The azo-dye can then be determined spec- 
trophotometrically. The sulfhydryl groups of 
cysteme as the free amino-acid22*33 and in pro- 
teins”‘*’ have been determined in this manner. 

The potential usefulness of the coupling 
of S-nitrosation” and azo-dye formation*’ 
prompted us to investigate its utility as a general 
method for assay of thiols. We report the utiliz- 
ation of this method as a batch technique as well 
as its utilization in FIA systems for the assay of 
thiols in complex mixtures. The three steps are 
shown below. 

(1) RSH + HN02 -+ RSNO + Hz0 

HN02 (excess) + NH2 S0,NH4 

+N, + NH4HS04 + H20 

(2) RSNO + Hg*+ + H20 

--) RSHg+ + HN02 + H+ 

(3) HNO, + sulfanilamide 

+N-(1-naphthyl)ethylenediamme+azo-dye 

EXPERIMENTAL 

Reagents 

All reagents used were of analytical grade. 
The stock solutions were 2 mg/ml sodium nitrite 
in water, 20 mg/ml ammonium sulfamate in 
water and O.lM hydrochloric acid. Reagent A 
was prepared by stirring 2 g of sulfanilamide 
with 1.5 ml of concentrated hydrochloric acid, 
diluting the mixture with about 100 ml of water, 
adding 1 g of mercuric chloride and (after 
complete dissolution of the solid) diluting the 
mixture to a final volume of 200 ml. Reagent B 
was made by dissolving 0.1 g of N-(l-naph- 
thyl)ethylenediamine dihydrochloride m 50 ml 
of water, adding 1 ml of concentrated hydro- 
chloric acid and diluting to a final volume of 
100 ml. 

Samples 

All thiol samples were high-purity chemicals. 
Solutions of toluene-a-thiol, 4-toluenethiol and 
benzenethiol were prepared in acetonitrile and 
standardized by iodimetry.26 An accurately 
weighed amount of a fresh sample of pemcil- 

lamme (Sigma) was treated with 1 ml of O.lM 
hydrochloric acid, dissolved in water and di- 
luted to a known volume. Solutions of other 
thiols were made in water and standardized by 
titration with 2-iodosobenzoate for cysteine 
hydrochloride, homocysteine and glutatmone,*’ 
by reaction with hexacyanoferrate(II1) for mer- 
captosuccmic acid and 3-mercaptopropionic 
acid *’ by reaction with mercury(I1) for 2- 
merbaptopropionic acid and thioglycollic acid,29 
and by iodimetry for 2-mercaptoethanol, 2- 
diethylaminoethanethiol hydrochloride and 2- 
mercaptoethylammonium chloride.26 Stock 
solutions were standardized immediately before 
use and sequentially diluted to the desired con- 
centration. 

Apparatus 

A Pye Unicam SP8-100 spectrophotometer 
(l-cm fused-silica cells) was used for the batch 
method absorbance measurements. 

A schematic of the flow-injection manifold 
used is shown in Fig. 1. A Rainin model Rabbit 
mmiplus II peristaltic pump (with 1.0 mm bore 
Tygon pump tubings) was employed to deliver 
both the reagents and carrier solution. Samples 
were introduced into the carrier stream through 
a Valco C14W 6-way mjection valve with a 
50-~1 loop made of 0 5 mm bore tubing. Teflon 
tubing (0.5 mm bore) joined with Omnifit high- 
pressure connectors and Chemmert Milton Roy 
Tees (Kel-F, 0.79 mm bore) was used for the 
flow lines The absorbance of the azo-dye 
formed was measured at 544 nm in a Gilford 
260 spectrophotometer provided with a Hellma 
l-cm path-length 8-~1 flow-through cell. An 
OmniScnbe chart recorder operated at 100 mV 
full scale was used to record the FIA peaks. The 
peak maximum appeared 11 set after sample 
injection. 

P s 

a 

b 
C 

Rg. 1 Schematic of FIA manifold used for thiol deternu- 
nation (Ll = 50 cm, L2 = 100 cm). (a) Hydrochloric acid 
tamer; (b) reagent A (mercunc chloride and sulfanilamide); 
(c) reagent B [N-( I-naphthyl)ethylenedlarmne rllhydrochlo- 
ride] General features P, penstaltic pump (flow-rate m each 
channel, 1 ml/mm), S, sample injected (50 pl), D, detector, 
l-cm path-length, 8 ~1 volume; R, recorder; W, waste, all 

tubes m contact with the sample were 0 5 mm bore. 
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Procedures 

Batch method. In step (1) known volumes of 
standard thiol solution (to give 1-35 @i final 
thiol concentrations) were separately added to 
25ml standard flasks and mixed with 0.5 ml of 
2-mg/ml sodium nitrite solution and 1 ml of 1% 
v/v hydrochloric acid. In step (2) the reaction 
mixture was allowed to stand for 1 min then the 
residual nitrous acid was destroyed by the ad- 
dition of 1 ml of 20-mg/ml ammonium sulfa- 
mate solution, shaking the mixture, then letting 
it stand for 2 min. In step (3) 5 ml each of 
reagents A and B were added to the reaction 
mixture, with swirling, and the solution was 
diluted to the mark with demineralized water. 
The absorbance of the sample was measured at 
544 nm in l-cm path-length cells. A correction 
was applied for the reageant blank before the 
calibration graph was plotted. Samples were 
analysed in an indentical manner. 

FIA method. The general procedure for prep- 
aration of the calibration graph and analysis of 
unknown thtol solutions consisted of the man- 
ual reactions for S-nitroso derivative formation, 
steps (1) and (2), followed by flow-mlection 
analysis of the product from step (2). 

RESULTS AND DISCUSSION 

This method of determinmg thiols by then 
S-mtrosation should be of general applicability 
to a wide variety of thiols. Since each mole of 
thiol reacts with one mole of nitrous acid and 
that nitrous acid in subsequently released by the 
mercury-catalyzed hydrolysis, all thiol assays 
utilize the same final reaction (i.e., the azo-dye 
determination of nitrous acid), so widely differ- 
ing thiols should all yield the same standard 
calibration graph. 

Although mercury(II), copper(I1) and sil- 
ver(1) all catalyze the hydrolysis of S-nitroso- 
thiols, the use of mercuric chloride is 
recommended since it forms colorless water 
soluble mercaptides (RSHgCl) in the presence 
of excess of reagent Copper mercaptides may 
be colored3’ and these colors can interfere m the 
measurement of the azo-dye. Many of the silver 
mercaptides are insoluble and their precipi- 
tation could cause interference with the spec- 
trophotometric assay and could also plug the 
FIA tubing. 

The final step of the assay is diazotization of 
an aromatic primary amine by the liberated 
nitrous acid and the formation of an azo-dye 
by coupling to another amine or phenolic 

compound. Theoretically, any delay in the ad- 
dition of amine to the hydrolyzed solution 
of S-nitrosothiol could cause a partial loss of 
the nitrous acid, owing to a reaction with 
the ammonium sulfamate present. However, 
when we used a mixed reagent containing both 
mercuric chloride and sulfanilamide there was 
no evidence of a loss of nitrous acid by this 
side-reaction. 

Batch method 

With this method, the absorbance (A) of the 
azo-dye formed was a linear function of concen- 
tration (C, pJ4) of thiol in the final solution; 
over the range l-35 PM the observed regression 
equation was A = 0.002 + 0.0413C. The results 
for assay of fourteen different thiols (Table 1) 
demonstrate that this method has broad appli- 
cability and is precise. The mean molar absorp- 
tivity was 4.11 (kO.12) x lo4 l.mole-‘.cm-‘. 

The method has been used for the assay of 
primary, secondary and tertiary thiols in the 
presence of other reactive groups such as ali- 
phatic primary amino, tertiary amino, hydroxyl, 
carboxyl or amide groups. In general, such 
groups did not cause any interference (see 
Table 2). Tryptophan was an exception, prob- 
ably because its indole nucleus reacts with m- 
trous acid to yield a diazo compound that also 
couples (though relatively slowly) with N-(l- 
naphthyl)ethylenediamine.3’“2 Organic sulfides 
(e.g., methionme) and disulfides (e.g., cystine) 
do not interfere Urea, ascorbic acid, hydrazine, 
ammonium ion, guanine, adenine and 2-ammo- 
pyridine do not affect the color reaction but 
rapidly consume nitrous acid in step (1). A 
sufficient excess of sodium nitrite should be 
added in step (1) when these compounds are 
known to be present. A IO-fold molar ratio of 
hydrogen sulfite to thiol does not interfere with 
the reaction. Methanol and ethanol form nitrite 
esters which are not completely destroyed by the 
addition of ammonium sulfamate, step (2). The 
alcohol nitrite esters do decompose under the 
conditions of step (3), however, and thus at high 
concentrations they interfere with the thiol as- 
says. Thus we did not use alcohols as solvents 
for water-msoluble thiols, and used acetonitrile 
instead. 

This assay technique did not give acceptable 
results for sterically hindered thiols (e.g., 
triphenylmethane thiol), dithiols (e.g., 
D,L-dithiothreitol and 2,5-dimercaptoadipic 
acid), and thiol-thione tautomers (e.g., benzo- 
thiazol-Zthiol, benzoxazole-Zthiol, benzimida- 
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Table 1. Determination of th~ols through mtrosatron and azo-dye formatton 

ThlOl, pM 

ThlOl Taken* 

Found? 

Batch method FIA 

Cysteme 

Glutathrone 

2-Mercaptoethanol 

Homocysteme 

Mercaptosuccmrc actd 

2-Drethylammoethanethtol hydrochlonde 

2-Mercaptoethylammonmm chlonde 

Throglycolhc actd 

2-Mercaptoproptomc acid 

3-Mercaptoproptomc acrd 

1.01 
3 25 
8 71 

1154 
14 79 
20.13 
30 24 
35 27 

1.56 
3 77 
7.55 

10 32 
15.10 
18 87 
2.86 
5 26 
8.45 

12 33 
1849 
24 46 

3 75 
6 35 

10 11 
1428 
2240 

3 25 
671 

1484 
18 51 
1 85 
5 03 

1121 
14 15 
2107 
28 26 
35 11 
2 58 
5 33 
864 

14 74 
564 
8 73 

15.02 
20 52 
24 83 
2 03 
6 27 

12 55 
1788 
23 10 

3 12 
7 02 

10 14 
16 32 
21 71 
28 38 
201 
5 34 
9 97 

1160 
18 54 
23.19 
28 98 
33 10 

0.98 (00.5) 
3.18(04j 
8 80 

11 47 (0.5) 
14.86 
20.18 (0.6) 
30.31 
35 16 (0 8) 

1 51 (0.4) 
3 68 
7 65 (0.5) 

10.28 
15 19 (0 6) 
18 95 
2 80 (0 5) 
5 18 
8 52 (0 5) 

12 27 
18 57 
24 54 (0 6) 

3 82 (0 3) 
641 

10.02 (0 4) 
14.34 
22 49 (0 6) 

3.20 (0.4) 
6 79 

14 90 (0.5) 
18.60 

1 79 (0 5) 
5 06 

11.25 (0 5) 
14 10 
21 00(06) 
2831 
34 97 (0 8) 
2 63 
5 36 (0 5) 

1: : (0 6) 
5 69 (0 4) 
8 76 

15 lO(0 7) 
20 46 
2491(08) 
2 08 (0 5) 
6 19 

12 61 (04) 
17 83 
23 04 (0 6) 

3 08 (0 5) 
7 07 

10.09 (0 6) 
1628 
21 65 (0 6) 
28.42 (0 7) 

1 98 (0 6) 
5 42 

10.02 (0 5) 
11.54 
18 48 (0 6) 
23 36 
29.02 (0 6) 
33 19 (0 7) 

3 21(0 3j 
8.75 

1 00 (0.3) 

11 57 (0.4) 
14.85 

- 
- 

1; (0.2) 
3 75 
7 61 (0 4) 

10 39 
- 

282 (0.3) 
5 22 
8 50 (0.4) 

12 35 
- 

315 (0 3) 
644 

10.18(04) 
14 24 

327 (0 3) 
6 65 

14 83 (0 4) 

l-82 (0 3) 
5 08 

11 25 (0 4) 
14 17 

- 
- 
- 

2 56 
5 41 (0 3) 
866 

562 (0 4) 
8 79 

15 09 (0 5) 
- 

2% (0 4) 
6 24 

12 59 (0 4) 
- 

3% (0 3) 
704 

10 11 (0 5) 
16 35 (0 7) 

- 

2i (0 4) 

1;: (0 5) 
1164 
18 50 (0 8) 

- 
- 
- 
Contmued 
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Table l-contmwd 

Thtol, PM 

Thlol 

Renxenethiol 

Toluene-a -tluol 

4-Toluenethtol 

Taken* 

5 18 
10 35 
15 35 
2061 
25.63 
3107 
7 48 

14 97 
22 45 
29 83 
34 75 
4.85 
971 

14 56 
1942 
24 27 
31 18 

Found? 

Batch method FIA 

5 21 (0.5) - 
1029 
15 58 (0.6) q 
20 85 
2559(06) 1 
31 16 - 

7 52 (0 5) - 
15 10 
2257(06) = 
29 99 
34.63 (0 7) 1 
490(0.4) - 

1:&O 6) = 
19 34 
2412(06) q 
3109 - 

*The thtol soluttons were standardtzed as detailed m the text 
tAverage of 6 detennmattons, wtth relahve standard devtauon (%) m parentheses, -indicates 

that no determmatton was done 

zole-Zthiol and 1-methylimidazole-2-thtol). The thiol-thione tautomers; further studies on the 
results were not quantrtatlve and the recovery assay of these thiols are needed. 
vaned wtth the concentration and structure of 
the individual thiol. Thus the method described F1ow-m~ecrlon mefhod 
here cannot at present be recommended for the Nitrogen IS formed during the destruction of 
assay of sterically hindered thiols, dithiols, and nitrous acid, step (2), and gas 

Table 2 Detemunatlon of thtols m the presence of potenttally mterfermg substances 

Thtol Substance ThlOl 
Thtol Substance added molar ratro recovery,* % 

bubbles cause 

Cysteme 

Penictllamme 

Glutathtone Hydrogen sulfite 

2-Mercaptoethanol 

Throglycolhc actd 

Methtonme 

Htstrdme 

Tyrosme 

Tryptophan 

Glutamtc actd 

Asparagme 

Homocysteme 

Urea 

Cysteme 

Hydrogen suhide 

18 
1 10 
1 10 
1 10 
16 
1 10 
1 1 
1 10 
1 25 
1 50 
15 
1 10 
15 
1 10 
1 15 
1 20 
1 10 
1 15 
1 10 
1 10 
1 10 
1 10 
15 
18 
18 
15 
15 
17 

100.1’ 
99 8b 
99 7” 

1OOOb 
99.6’ 
99 9b 

1542a 
100 lb 
100 5s 
101 2s 
99 7’ 
99 4a 

b 

Eb 

97’6b 
95 7s 
99 8a 

1002s 
100 3” 
99 Sb 
99 7a 
99 8b 
99 6. 
99 8s 
98 6b 

100 lb 
99 6’ 
99 8b 

*Relattve to amount found m the absence of mterfermg substance, ‘batch method; 
bFIA 
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2 
x 
t 
4 

: 
0 I 

c 

- 
3 ml” 

Fig 2 FIA peaks from the tnphcate assay of homocysteme 
samples The numbers on the peaks correspond to the 

concentration of the thlol (PM) m the ongmal sample 

severe noise m FIA systems.33 Thus we did not 
attempt the nitrosation and the destruction of 
nitrous acid in the flow system, but performed 
these steps manually. 

We made a preliminary optimization of the 
flow-injection system, varying the parameters m 
the ranges given below in parentheses. The final 
configuration of the three-channel FIA mam- 
fold (Fig. 1) had a 50-cm hydrolysis coil (Ll) 
(30-150 cm) and a loo-cm coupling cot1 (L2) 
(60-200 cm). The flow-rate m each channel was 
1 ml/min (l-3 ml/mm). Maximum peak ab- 
sorbances were obtained with the reagent con- 
centrations given in the recommended 
procedure. Further increases in the reagent con- 
centrations had no effect on the peak heights 
obtained over the thiol concentration ranges 
reported. With a 50-,ul loop (20-200 pl), the 
S-nitroso derivatives could be assayed with a 
sample throughput of 180 per hr. Typical cah- 
bration peaks for 1.25-12.50 PM homocysteme 
standards are shown in Fig. 2. The regression 
equation obtained for the 1-15 PJV thiol range 
was A =0.0018 +O.O104C. The slope of the 
FIA system response was about a quarter 
of that for the batch method. This loss of 
sensitivity was apparently due to the dispersion 
of the sample plug. The dispersion coefficient, 

D,34 found for potassium dichromate injected 
into the flow system described in Fig. 1, 
was 4. 

Generally, the application and limitations of 
FIA methods parallel those of batch pro- 
cedures. However, a significant tolerance was 
found for the presence of as much as 50-fold 
molar ratio of tryptophan to thiol in the FIA 
method, whereas even trace amounts caused 
severe interference in the batch method. 

We have also made preliminary studies on the 
use of the FIA method for the assay of thiol 
groups in bovine serum albumin (molecular 
weight 6.6 x 10“). The levels of free thiol groups 
are known to vary from sample to sample, 
depending on the prior history of the sample. 
With our FIA assay we found 0.65 (1.1% RSD) 
thiol groups per albumin “molecule”, and 0.68 
(1.4% RSD) by use of the Ellman reagent35 
when we assayed the sample of bovine serum 
albumin. We believe that our technique has 
significant potential for the assay of thiols in 
proteins and peptides. 

1 

13 
14 
15 

16 

17 

18. 

19 
20 
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SIMPLE UNSEGMENTED FLOW CONFIGURATIONS FOR 
SIMULTANEOUS KINETIC DETERMINATIONS 

M. ROMERO-SALDANA, A Rms, M D. LUQIJE DE CASTRO and M. VALCARCEL 

Department of Analyhcal Chermstry, Faculty of Sctences, Umversity of Cordoba, Cordoba, Spam 

(Recewed 25 August 1989 Rewed 18 Aprd 1990 Accepted 3 September 1990) 

Summary-Two unsegmented-flow mamfolds were designed for stmultaneous determmattons based on 
differences m the kinettc behaviour of two analytes with the same reagent. The detemunation of Fe(III) 
and Co@), based on displacement of Fe(II1) and Co(R) from their EGTA complexes by PAR, was used 
as a model system. The displacement reactions were photometncally momtored at 510 nm 

Simultaneous determmations are of interest 
because they reduce analytical cost and time. In 
addition a high degree of automation can be 
achieved by using flow-injection systems.‘*2 
There are three basic ways of imple- 
menting simultaneous determinations in flow- 
mjection analysis (FIA) with single-channel 
configurations. 

(a) By using fast scan detectors, when the 
opticaPT or electroanalyttcals*6 features of the 
analytes (or reaction products) are suitable, 
the detector performing a complete scan at the 
maximum of the FIA peak. 

(b) By using stopped-flow methods,5 when 
the two analytes react with the same reagent to 
yield similar products, but at different rates 
(optical detectors are most frequently used for 
this purpose). Differential kinetic methods 
can be applied to determine the analyte 
concentration. 

(c) By altering the manifold to obtain more 
than one signal per injection. Proportional 
equation methods are normally applied in this 
case. 

The last option is the most interesting from 
the point of view of economy and design, and 
offers several possibilities, such as use of a very 
large sample volume,6 use of manifolds with 
splitting and merging points,’ internally coupled 
valves,* and open-closed configurations.’ Ad- 
ditional information about these alternatives 
can be found in monographs on FIA.2~‘o In 
all cases, signals at different reaction times 
are obtained, which can be used for kinetic 
determinations. 

This paper reports two manifolds which were 
evaluated by means of the well-known ligand- 

displacement reaction between EGTA com- 
plexes and PAR, based on the different reaction 
rates of the EGTA complexes of Fe(II1) and 
Co(II).” This chemical system was selected 
because its kinetic features make it suitable for 
checking the performance of the proposed auto- 
mated operational modes. The manifolds allow 
two absorbance signals to be obtained at differ- 
ent reaction times, the values of these forming 
the basis for the simultaneous determinations. 

EXPERIMENTAL 

Reagents 

The reagents used were aqueous 1 x 10m3M 
ethyleneglycol bii/? aminoethyl ether)-N,N,N’N’- 
tetra-acetic acid (EGTA) and 2 mg/ml 4-(2- 
pyridylazo)resorcinol (PAR) monosodium salt 
monohydrate solutions. The pH of the EGTA 
solution was adjusted to 10.1 with sodium hy- 
droxide. Standard stock solutions (1 JO0 g/l.) of 
iron(II1) and cobalt(I1) were also used. 

Apparatus 

A Pye-Unicam SP-500 single-beam spectro- 
photometer with a Hellma 178.12-QS flow-cell 
(inner volume 18 PI), a Gilson Minipuls 
peristaltic pump, a Rheodyne 5041 injection 
valve, a Tecator TM-III chemifold and a 
Radiometer REC-80 recorder were used. The 
tubing of the reactor lines had an internal 
diameter of 0.5 mm. 

RESULTS AND DISCUSSION 

Manifolds 

Both configurations allow the sample solution 
to react with the reagent for two reaction times. 
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Fig 1 Manifolds designed for the simultaneous determi- 
natlon of Fe(III) and Co(I1) (I), Wtth my&Ion valve; (II), 

wth selectmg valve 

The longer residence time is different for the two 
manifolds and results in different types of signal, 
transient for the configuration with the injection 
valve and a plateau for the configuration with 
the selectmg valve. 

Function of the mamfold(l) with injection valve 
and reagent injection. The sample containing 
both analytes is continuously merged with a 
1 x 10e3M EGTA stream (pH 10.1) and mixed 
within the reactor R, [Fig. l(I)]. When the loop 
of the injection valve, I V., is being filled with 
7.8 x 10-5M PAR (pH 9.82), the stream is 
merged with the main channel at a point be- 
tween R2 and R3. This configuration allows the 
displacement reaction to take place within R3 
while the injection valve is in the filling position 
and yields a continuous signal that is the sum of 
the contributions of both analytes. Switching 
I.V. to the load position inserts a plug of PAR 
between R, and R2, giving a longer duration of 
the displacement reaction and a corresponding 
change in the contributions of the two analytes 
to the total signal provided by the detector, 
resulting in a sharp peak superimposed on the 

(a) (b) 

Fig. 2 Recordings obtained wth, (a) manifold I, (b) mam- 
fold II A, and A; are the signals obtained at residence time 

t,, A2 and A; are those obtained at residence time t2 

continuous signal [Fig. 2(a)]. The difference in 
the contributions of the two analytes to the 
continuous and transient signals allows a set of 
simultaneous equations to be established for the 
system. 

Function of the mani$old(II) with a selecting 
valve. Replacement of the injection valve with a 
selecting valve, S.V. [Fig. l(II)] allows the two 
streams (sample + EGTA, and PAR) to be di- 
verted differently, depending on its position. In 
one position, the sample-EGTA mixture is se- 
lected and PAR inserted at point B (in this case 
the reaction takes place only in reactor R,). In 
the other position, the PAR stream is selected 
and the sample-EGTA mixture is inserted at 
point A; the reaction takes place in reactors Rz 
and R, before detection. The two contmuous 
signals or plateaux obtained [Fig. 2(b)] allow the 
mixture to be resolved. 

There are major differences between the two 
flow schemes. The simpler configuration I has 
the followmg shortcomings: (i) the volume of 
PAR injected must be large enough (250 ~1) to 
prevent the degree of reaction from being offset 
by the high dispersion; (iz) the mixing of the 
sample with the injected reagent is not very 
efficient; (iii) the signal is disturbed by the 
merging of the injected plug of PAR with the 
continuous PAR stream entering at point P, this 
disturbance being increased by the large injected 
volume (this effect is especially important with 
coloured reagents (e.g., PAR, or with solutions 
containing organic solvents). 

Manifold II eliminates these shortcomings 
and was therefore selected for developing the 
analytical method. 

Kmetics of the process 

The chemical reactions used were the instan- 
taneous formation of the M-EGTA complex 
[M = Fe(II1) or Co(II)] in basic medium and the 
displacement reaction with PAR: 

M-EGTA + PARsM-PAR + EGTA 

which occurs at different rates for Fe(II1) and 
Co(II), as shown in Fig. 3. The absorbance+time 
recordings were obtained with the manifold II, 
and a very short R, (12 cm). The rate constants 
(k) of these reactions were calculated from plots 
of log (A cc - A,) vs. time (A co being the final 
absorbance and A, that at a given reaction time), 
the slopes being -k/2.303. The values kFe = 
5 1 mine’ (r = 0.9994) and K,-, = 2.1 min-’ 
(I = 0.9988) show the faster displacement 
undergone by the Fe(III)-EGTA complex. 
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Fig. 3 Absorbanc+trme curves obtamed by stoppmg the 
flow nnmedtately after mtxmg the reactants Concentratron 

of Fe(II1) and Co(R) 2 0 pg/ml 

Efect of variables 

The optimum values found for the chemical 
variables were those stated m the experimental 
section. Because of the higher stability of 
the PAR complexes, the concentration of this 
reagent was kept lower than that of the EGTA 
to ensure the maximum possible difference m 
kinetic behaviour between the two chemical 
systems. 

The optimum injection volume for manifold 
I was 270 ~1. The influence of the flow-rate and 
reactor lengths was similar for both manifolds. 
Figure 4a shows the effect of flow-rate on the 
absorbance difference between the signals at 
the two residence times. The behaviour of 
the two analytes was similar and a flow-rate of 
1.3 ml/min was found to be optimum. The 
length of R, is not significant, as the formation 
of the EGTA complexes is instantaneous, so 
it was fixed at 45 cm. R, must be short enough 
(50 cm) to ensure a short residence time corre- 
sponding to the first signal; on the other hand 

AA 

0 300 400 500 600 

Reactor length (cm) 

Fig. 4 Influence of (a) the flow-rate and (b) the length of R, 
on the drfference (AA) between the srgnals obtamed at the 

two restdence umes 

the length of Rz is important since it must ensure 
an adequate difference between the two resi- 
dence times. Figure 4b shows an optimum 
length of 150 cm for iron(II1) (the faster reac- 
tion) and 300 cm for cobalt(I1). A compromise 
of 250 cm was chosen for RZ. 

Calibration curves 

Fe(II1) and Co(I1) (each in the absence of 
the other) can be determined by measuring 
(a) the absorbance of the first signal (measured 
at residence time t,), (b) the absorbance of 
the second signal (residence time tz) or (c) the 
difference between them. 

Table 1 summarizes the features of the cali- 
bration curves obtained. As the Fe(III)-EGTA 
displacement reaction was rather fast, the cali- 
bration curve based on method (c) had poor 
sensitivity [O.OlO &g/ml)], and was clearly un- 
suitable for the determination of this analyte; 

Table 1 Features of the mdrvtdual deternunatton of Fe(II1) and Co(I1) 

Regresston Linear 
Parameter* Equationt coefficient range, figlml 

Al A, = 0 2765[Fe’+] - 0.2047 0 9998 lo-50 
A, A, = 0 0375[Co2+] -0 0093 0 9985 1 O-120 
A2 A, = 0.2775[Fe3+]-0 063 0.9982 1 O-5.0 
~42 A, = 0 0975[Co2+]+0.031 0 9996 0 5-7 0 
AA AA = 0 060[Co2+] + 0 040 0 9951 05-80 

*A, = absorbance at residence time t, 
A, = absorbance at resrdence trme t2 

AA=A,-A, 

tConcentrattons in pg/ml 
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hence it does not appear in Table 1. This type of 
measurement was very suitable for Co(II), how- 
ever, the sensitivity being twice that obtained by 
method (a). 

E#ect of other metal ions 

The influence of various metal ions on the 
proposed method was studied. Alkali-metal 
and alkaline-earth metal ions, Ni(II), Cd(II), 
Hg(I1) and Pb(I1) did not interfere, at least in 
a 1: 1: 10 (Fe(II1): Co(I1): foreign ion) ratio. 
Zn(II), Cu(II), Al(III), MOO:- and WO:- gave 
positive and Mn(II), Sn(II) and Cr(III) negative 
interferences. Mn(II), Cu(I1) and Cr(II1) were 
tolerated at a 1: 1.1 ratio, while Zn(II), MOO:- 
and WO:- gave positive (between lO-20%), and 
Al(II1) and Sn(I1) higher negative errors at that 
ratio. 

Simultaneous determination of Fe(N) and CopI) 

When both analytes are present the signals 
are not linearly additive. To solve this problem, 
calibration curves for Co(I1) were run in the 
presence of constant amounts of Fe(III).12 Thus, 
the general equation for Co(I1) measured at 
residence time t, was: 

A, = m[Co’+]+n 

where the slope, m, and the intercept, n, are 
linear functions of the concentration of Fe(II1) 
in the sample. 

m = 0.0215[Fe3+]-0.0123 (r = 0.9965) 

n = 0. 1675[Fe3+] -0.026 (r = 0.9955) 

From the signals measured at t2, calibration 
curves for Fe(II1) in the presence of constant 
amounts of Co(I1) were constructed. The slopes 
found were very similar and their average was 

m’ = 0.1612 

and the intercept was a linear function of the 
Co(I1) concentration: 

n’ = 0.006625[Co2+] +0 095 (r = 0.9896) 

The final set of equations was 

A, =(0.0215[Fe3+]-0.0123)[Co2+] 

+ 0. 1675[Fe3+] - 0.026 

A2 = 0.161 2[Fe3+] + 0.0662[Co2+] + 0.095 

which were solved with the aid of a simple 
BASIC program which requires input of the 

Table 2 Analysis of mixtures of Fe(III) and 
CofII~ 

Added, pgcglml Found, pgglml 

Fe(III) Co(H) Fe(III) Co(H) 

300 100 2.98 I 09 
300 300 3 03 3 18 
400 100 400 091 
400 300 403 2 89 

:: 
200 1 16 1 91 
4.00 0.95 3.95 

200 100 201 108 
300 2 05 3 12 
400 2 03 4 02 

coefficients of these equations and the A, and A, 
values for each sample. 

Table 2 lists the results obtained for some 
synthetic samples. The precision, expressed as 
r.s.d., was 2.4% for Fe(II1) and 3.6% for Co(I1) 
(for n = 11, P = 0.05 and 2.0 pg/ml of analyte 
in both cases). The sampling frequency was 
25/hr. 

CONCLUSIONS 

Two novel manifold configurations are pro- 
posed for simultaneous determinations based on 
the different kinetic behaviour of two analytes 
with a single reagent. 
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KINETIC DETERMINATION OF EDTA AND CITRATE 
BY THE DISPLACEMENT OF FLUORIDE FROM 

A13+-F- COMPLEXES AND USE OF A FLUORIDE 
ION-SELECTIVE ELECTRODE 
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Summary-The dtsplacement of fluonde from Its alummmm complexes by the actton of EDTA, &rate 
and other hgands IS a relattvely slow process which can be monitored potenttometncally wtth a fluoride 
ton-selecttve electrode Some charactensucs of these reactions are presented There IS evtdence that [Al@+ 
reacts with the competttrve hgand faster than the sample free (hydrated) Al’+ specres does The relative 
rates of release of fluonde by the action of various ammopolycarboxyhc actds have been determined 
Potenttometrtc reactton-rate methods have been developed for the determmatton of 0 2-l 5 pmole of 
EDTA and 0 l-1 0 pmole of cttnc actd, wtth average relative errors of -3% 

Aluminmm forms a series of complexes with 
fluoride of the general type [AlF,(H,O), _ ,JC3 -N+ 
where n = l-6. For simplicity, water molecules 
will be omitted from the formulae for the alu- 
mmium species shown below. Baumann,’ using 
potentiometric data obtained with a fluonde 
ion-selective electrode (ISE), has calculated the 
successive formation constants of the lower 
(n = l-4) Al-F complexes, whereas Agarwal 
and Moreno,’ using the same sensor, have calcu- 
lated the formation constants of these com- 
plexes under a wide range of conditions (at ionic 
strengths 0.05-0.5, and in the temperature 
range 25-37”). 

Aluminmm ton reacts slowly with almost all 
hgands, including fluoride and ammopolycar- 
boxylic acids. Srinivasan and Rechnitz3 have 
investigated the kinetics of the formation of the 
complexes [Fef12+ and [AlF]*+, by usmg the 
fluoride ISE. They have also used the electrode 
for indirectly studying the kinetics of the reac- 
tion between Fe(II1) and iodide, by monitoring 
the rate of release of fluoride according to the 
overall scheme4 

WFI *++Fe3+ + F- (1) 

Fe3+ + I-*Fe*+ + ‘I 2 2 (2) 

As equilibrium (1) is quickly established and 
[FeF]*+ is inactive towards iodide, monitoring 

*Author for correspondence 

the rate of release of fluoride provides an indi- 
rect, but adequate, means of monitoring reac- 
tion (2), since the rate of release of fluoride will 
be governed by the rate of reaction (2). 

In the present study, the fluoride ISE has been 
used for monitoring the release of fluoride from 
its complexes with aluminium after the addition 
of a competitive complexing reagent (an amino- 
polcarboxylic acid or a-hydroxy-acid) in a 
buffered (acetate) medium. The overall displace- 
ment reaction can be written 

[AlF n ](3-n)+=A13+ + nF- (3) 

A13+ + L”- C$ [A1L]c3 - *)+ (4) 

Since the equilibria for reactions A13+ and F- 
are established slowly, the rate of fluoride 
release cannot be considered as indicative of the 
rate of reaction (4). Furthermore, the direct 
displacement reaction 

[AIF,]” - “)+ + L”‘- +[AlL]” -m)+ + n F- (5) 

cannot be excluded, and experimental data, 
presented in this study, reveal that it proceeds 
faster than the direct complexation of “fluoride- 
free” aluminium species with L”-. 

The overall rate of release of the fluoride, as 
the result of numerous parallel reactions, has 
only comparative value and may serve as a 
measure of the effectiveness of L as a “fluoride 
demasking reagent”. It should be stressed that 
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the rate and completeness of the fluoride dis- 
placement reaction 1s of particular importance 
for the potentiometrric determination of total 
fluoride in samples containing elevated con- 
centrations of ahuninium (e.g., tooth-pastes, 
mineral waters and industrial effluents). The 
treatment of such samples with solutions con- 
taining competitive complexing reagents such as 
DCTA or tartrate must always precede the 
measurement step.5.6 

In this study, the conditions of the reactions 
between the Al-F complexes and the complex- 
ing reagents were investigated and optimized to 
obtain potential recordings with a slope (AB/ 
At) proportional to the amount of the complex- 
ing reagent. A kinetic procedure based on these 
displacement reactions was developed and 
0.2-1.5 pmole of EDTA was determined with 
an average relative error of N 3 %. Other com- 
plexing reagents (DCTA, citrates and isoci- 
trates) readily displace fluoride from Al-F 
complexes, but the initial fast release of fluoride 
is followed by its slow recombination with the 
excess of alununium, resulting in a minimum in 
the potential-time recordings. It was found that 
the depth of the minimum can be linearly 
related to the logarithm of the amount of the 
complexing reagent. A kinetic procedure based 
on this observation was developed for the deter- 
mination of 0.1-l .O pmole of citrate with an 
average relative error of w 3% 

EXPERIMENTAL 

Apparatus 

A potentiometric rate measurement system 
conslstmg of a digital electrometer (Orion 801 
pH-pIon meter) interfaced to a microcomputer 
(Amstrad CPC-6128) was used. A brief descrip- 
tion of the system hardware and the control 
program KINMOD can be found elsewhere.’ 
Alternatively, the potential of the fluoride ISE 
can be conventionally recorded. 

A combmation fluoride electrode (Orion 
Model 96-09) was used and all measurements 
were performed m a constant-temperature 
(25 & 0.2”) reaction cell with continuous mag- 
netic stirring. The electrode was stored in 
l.OmM fluoride solution when not in use. 

Reagents 

All solutions were prepared from analytical 
grade reagents and deminerahzed distilled water 
was used throughout. The following stock sol- 
utions were prepared: 0. 1OOOM sodium fluoride 

(stored in a polyethylene bottle), 0.0500M 
aluminium nitrate, 2.50M sodium nitrate and 
acetate buffer solutions (O.lOM total acetate) 
over the pH range 3.8-5.5. 

The following aminopolycarboxylic acid sol- 
utions (O.OSOOM) were used: nitrilotriacetic acid 
(NTA), ethylenediamine-N,N,N’,N’-tetra-acetic 
acid (EDTA), N-hydroxyethylethylenediamine- 
N,N’,N’-tetra-acetic acid (HEDTA), trans- 
1,2-diaminocyclohexane-N,N,N’,N’-tetra-acetic 
acid (DCTA), 2,2’-ethylenedioxybis(ethylimino- 
diacetic acid) (EGTA), diethylenetriamine- 
N,N,N’,N”,N”-penta-acetic acid (DTPA), 
triethylenetetramine-N, N, N’,N”, N”, N”-hexa- 
acetic acid (TTHA). These solutions were pre- 
pared by the addition of small volumes of 5M 
sodium hydroxide to a vigorously stirred sus- 
pension of the free acid, maintaining the pH at 
6-7, and diluting to volume after complete 
dissolution. 

Solutions (O.OSOOM) of the following a- 
hydroxy-acids or their sodium or potassium 
salts were used: glycollic, pyruvic, lactic, a- 
hydroxyisobutyric, mandelic, malic, tartanc, 
citric and isocitric. These solutions were stored 
in a refrigerator. 

Standard Al’+/F- solutions, at a given pH 
and ionic strength, were prepared by mixing the 
appropriate volumes of fluoride stock solution, 
acetate buffer, and sodium nitrate stock solution 
in a standard flask, adding the required volume 
of aluminium stock solution (diluted with 
almost enough water to make up the total 
volume needed), with vigorous shaking (to ehm- 
mate the possibility of formation of msoluble 
aluminium salts by local excess of aluminium) 
and finally diluting to the mark. Standard 
solution A was 0.625mM Al(NO,),, l.OOmM 
NaF, pH 4.1 (total acetate 2.50mM), O.lOOM 
NaNO,. 

Standard solution B was prepared m the same 
way as solution A but was 0.750mM in 
Al(N03)3. These standard solutions were stored 
m polyethylene bottles and it was found poten- 
tiometrlcally that their fluoride activities re- 
mained stable for at least a week. 

Working standard solutions of EDTA (in the 
range 0.2-l 5mM) and citrate (in the range 
0.1-l .OmM) were prepared daily from the stock 
solutions by dilution with water. 

Procedures 

General studies. A lO.OO-ml volume of stan- 
dard A13+/F- solution was transferred into the 
reaction cell. The stirrer was started and after 
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the potential had stabilized (20-30 set) the 
reaction was initiated by the rapid injection of 
lo-50 ~1 of the stock solution of the complexing 
reagent. The reaction was followed for about 
30-60 set and its course was monitored by the 
microcomputer. The potential-time (E-t) data 
were stored on magnetic disks for later use. The 
cell was emptied and washed with two lo-ml 
portions of the A13+/F- solution. 

Kinetic measurement of EDTA. A lO.OO-ml 
volume of standard solution A was transferred 
into the reaction cell. The stirrer was started 
and, after the potential had been stabilized 
(about 30 set), the reaction was initiated by the 
rapid injection of 1.00 ml of working standard 
or sample solution of EDTA in the concen- 
tration range 0.20-1SmM. The reaction was 
followed for about 30-60 set and its progress 
was monitored by the microcomputer. The ana- 
lytical signal (BE/At, mV/sec) was automati- 
cally calculated by the program by linear 
regression of the E-t data obtained between 10 
and 30 set after sample injection. The cell was 
then emptied and washed as above. 

Calibration graphs of AE/At vs. CEDrA were 
constructed by using standard solutions of 
EDTA. 

Kinetic measurement of citrate. A modified 
version of the KINMOD program was used to 
facilitate the measurement of the peak height, 
AE, of the potential-time plot (AE = Eq - 

E,,), where Epeak was the lowest potential ob- 
tamed after the addition of the citrate sample, 
and Eq was the equilibrium potential prior to 
the addition of the citrate sample. 

A lO.OO-ml volume of standard solution B 
was transferred into the reaction cell. The stirrer 
was started and after the potential had stabilized 
the reaction was initiated by the rapid injection 
of 1.00 ml of working standard or sample 
solution of citrate (Cit) m the concentration 
range 0.10-l .OmM. The reaction was followed 
for 60 set and the analytical signal (AE, mV) 
was automatically calculated by the program. 
The cell was then emptied and washed as above. 

Calibration graphs of AE vs. log Cc,, 
were constructed by using standard solutions 
of citrate. 

RESULTS AND DISCUSSION 

Kinetic characterization of the AI’+/F-IEDTA 
system 

Although aluminium forms very stable com- 
plexes with EDTA (Kr = 1.3 x 1016) and other 

aminopolycarboxylic acids, its direct titration 
with these compounds (except DCTA)* is virtu- 
ally impossible in the presence of high concen- 
trations of neutral electrolytes.g 

The influences of parameters such as the 
analytical concentrations of aluminium (Cd 
and fluoride (C,), pH, ionic strength, and tem- 
perature were examined. With each set of par- 
ameters, the rate of displacement of the fluonde 
ion from Al-F complexes (expressed in terms of 
-AE/At) was measured with various amounts 
of EDTA. In each case the linearity of the 
recordings obtained was evaluated to establish 
conditions for reproducible measurement of 
AE/At. The linearity and slope of the resulting 
calibration graphs were also examined. 

With a constant analytical concentration of 
fluoride, the concentration of each aluminium 
species and the concentration of uncomplexed 
fluoride are dependent on the analytical concen- 
tration of aluminium. From the equilibria 

[AlF,_,](4-‘)f + F-&[AlF,](3-‘)+ (i = l-4) 

(6-9) 

A13+ + Hz0 ‘* e[A10H12+ + H+ (10) 

HF KHF ;--“H+ + F- (11) 

and the relevant mass-balance equations for 
alummium and fluoride, the followmg implicit 
function of [F-l is obtained: 

[F-l 

Equation (12) is solved numerically for [F-l 
by using the Newton-Raphson iterative pro- 
cedure.” The concentrations of all other species 
are calculated from their explicit functions 
obtained from the relevant equilibrium ex- 
pressions. The mole fractions of all aluminium 
species, and log [F-l, are shown as functions of 
C, in Fig. 1. 

The successive formation constants (K,) used 
for the calculations were Ki = 2.8 x 106, 
K2 = 1.6 x lo’, K3 = 6.2 x lo’, & = 1.5 x lo3 
(calculated at 25” and ionic strength 0.1).2 The 
dissociation constant of HF, KHF, and the 
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Fig 1 Calculated mole fractions of alummmm species and values of log [F-l (dashed hne) as fimctlons 
of CA,, C, 1 OOmM, pH 4 1, lomc strength 0 10, temperature 25” 

hydrolysis constant of A13+, &, were taken as 
5.9 x lop4 and 1 1 x 10m5, respectively.**” 

Standard A13+/F- solutions with C,, in the 
range 0.125-1.25mM and fixed C, = l.OOmM 
were prepared. The concentration of free fluor- 
ide in each of these solutions was measured 
potentiometrically and found to be m excellent 
agreement with the calculated values (the exper- 
imental points are shown m Fig. 1). This fact 
confirms that the acetate (total acetate concen- 
tration 2.50mM), added to increase the buffer 
capacity of the standard AP+/F- solutions, 
does not participate to any great extent in the 
overall Al-F equilibria. 

Calibration graphs, for amounts of EDTA 
corresponding to final analytical concentrations 
m the range 0.025-O.l25mM, were prepared 
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Rg 2 Effect of the analytlcal concentration of alummmm 
(C,,) on the recorded curves of the fluonde ISE potential 
dunng the reactlon of the Al’+/F- standard solutions with 
EDTA at 25 0 f0.2”, C,,, as shown on recordings, C, 
1 OOmM, Ce,, 0 150mM. pH 4 1 (total acetate 2 SOmM), 
lomc strength 0 10 (NaNO,), INJ = mJe&on of EDTA 

solution 

with each standard solution and it was found 
that optimum linearity and sensitivity were 
obtained at C,, = 0.625mM. At this analytical 
concentration of aluminium, the predominant 
alummium species are [AIF]*+ and [AIF*]+, with 
mole fractions of 0.40 and 0.55, respectively. 

Typical curves recorded during the reaction 
of the A13+/F- standard solutions with the same 
amount of EDTA, are shown m Fig. 2. The 
recordings obtamed with the standard solution 
with C,, = 0 625mM had an extensive linear 
portion and the highest (absolute) slope. The 
initial potential change is especially pronounced 
for C,, > 0.625mM, where the doubly-charged 
complex [AlF]*+ predominates. Probably, 
[AlF]*+ reacts much faster with the negatively 
charged species of EDTA than the other com- 
plexes do, owing to the stronger attractive 
coulombic forces. Apparently, the solution is 
quickly depleted of [AIF]*+, because of the slow 
re-establishment of the equilibria among the 
Al-F complexes. 

In an attempt to enhance the sensitivity of the 
kinetic determination of EDTA, the previous 
experiments were repeated with C, fixed at 
0.250mM and C,, in the range 0.04-0.40mM 
The optimum C,, was found to be -0.25mM, 
but no improvement m sensitivity or lmearity of 
the calibration graph was observed. Further- 
more, lower fluoride concentrations resulted in 
a much slower stabilization of the potential of 
the fluoride ISE. 

For standard solutions with C,, = 0.625mM, 
C, = 1 OOmM and pH values in the range 
4.1-5.6, recordings were obtained with various 
EDTA concentrations as before. It was found 
that the slope of the initial portion of the 
potential recordings increased with increasing 
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Fig 3 Recorded curves of the fluonde ISE potential durmg 
the reaction of the A13+/F- standard solution wth vanous 
aminopolycarboxyhc acids (L) at 25 0 & 0 2”, C, 1 OOmM, 
C, 0 625mM, C, 0. lOOmM, pH 4 1 (total acetate 2 5OmM), 
~omc strength 0 10 (NaNO,), INJ = mJection of ammopoly- 

carboxyhc acid solution 

pH, but the absence of extended linear portions 
of these recordings dictated the use of pH 4.1. 
Replacing acetate by monochloroacetate and 
repeating the measurements in the pH range 
3.5-4.0 resulted m linear potential recordings, 
but no increase in the slope of the calibration 
graph was achieved. 

The rate of the fluoride displacement by 
EDTA was examined with standard AP+/F- 
solutions with ionic strengths m the range 
0.1-1.0 (adjusted with sodium nitrate). The 
rate of fluoride release decreased when the 
ionic strength was increased, denoting a rate- 
determining step between species of opposite 
charge. It is known that the reaction of alu- 
mmium with EDTA is retarded by high ionic 
strength.8 Although the absence of ionic back- 
ground would result in enhanced sensitivity of 
the kinetic determination of EDTA, an ionic 
strength of 0.10 was selected to overcome small 
variations m the ionic strength of the samples. 

The rate of the displacement reaction in- 
creased with temperature. From the slopes of 
the calibration graphs obtained at temperatures 
in the range 23-32” (normalized for the tem- 
perature effect on the pre-logarithmic factor of 
the Nernst equation), an activation energy of 
16.0 + 0.8 kcal/mole was calculated. However, 
tt should be noted that the consistent curvature 
observed on the relevant Arrhenius plots 
denotes that more than one rate-determining 
reaction step is involved. 

Kinetic measurement of EDTA 

The EDTA contents of l.OO-ml samples of 
aqueous solutions containing 0.2-1.5 pmole of 

EDTA were measured by the reaction rate 
method. Calibration graphs were obtained with 
four standard solutions. A typical calibration 
graph is described by the equation 

-AE/At(mV/sec) = -0.014 

+ 0.232(EDTA, pmole), r = 0.999 (13) 

The average absolute and relative errors of 
the measurement (single measurements) were 
0.02 pmole and 3.1%, respectively. The relative 
standard deviations of repetitive measurements 
of samples containing 0.40 and 1.20 pmole of 
EDTA were 3.0 and 2.4%, respectively (N = 9). 

Comparison of EDTA with other aminopolycar- 
boxykc acitis 

Other ammopolycarboxylic acids were exam- 
ined to determine the relative rates of their 
displacement reactions. Typical recordings are 
shown in Fig. 3. 

DCTA reacts much faster than the others, 
resulting in a non-monotonic release of fluoride. 
Probably, the following reactions take place 
(H,Y = DCTA): 

[AlF]” + HzY2-X -[AlY]-+F-+2H+ 

(14) 

A13+(excess) + F- _ * [AlF]2+ 
(1% 

AP+(excess) + H2Y2-- -[Alyl- + 2H+ (16) 

Reaction (16) must be much slower than 
reaction (14), otherwise a monotonic release of 
fluoride would occur. Probably, partial com- 
plexation of aluminium with fluoride weakens 
the polymeric structure of hydrated aluminium 
ions, making them more reactive. 

The relative rate of release of fluoride by each 
of the aminopolycarboxylic acids examined was 
determined from the slopes of the calibration 
plots obtained by varying the amount of com- 
plexing reagent. The extended reaction curves 
were used for preparing the calibration plots 
except m the case of DCTA, where the initial 
slopes of the recordings were used. The rates for 
the aminopolycarboxylic acids examined, rela- 
tive to that for EDTA, are: 

DCTA EDTA NTA TTHA DTPA HEDTA EGTA 
90 100 075 074 0 70 0 33 0 20 

These values justify the customary use of 
DCTA, rather than EDTA, in total ionic 
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strength adjustment buffer (TISAB) formu- 
lations for fluoride ISE applications in the 
presence of ~u~nium. 

Kinetzc characterization of the system 
Al’+/F-Icitrate 

Citrate readily replaces fluoride from Al-F 
complexes. The fluoride ions released recombine 
with the excess of A13+, resulting in non- 
monotonic trough-shaped recordings even shar- 
per than those obtained with DCTA. It soon 
became apparent that the depth of the burns 
of the potential-time recordings could serve as 
an analytical signal for the determination of 
small amount of citrate and was a linear func- 
tion of the logarithm of the amount of citrate 
added. 

The reaction conditions were optimized with 
regard to high sensitivity and linearity, as de- 
scribed above for EDTA. 

hg. 4 Effect of the analytical concentration of alumuuum 
(Cd on the recorded curves of the fluoride ISE potentml 
during the reaction of the Als+/F- standard soiutions with 
citrate at 2&O* 02”; C, as shown on recwdings, C, 
1 OomM, c,, O.O3omM, pH 4.1 (total acetate 2 5omM), 
ionic strength 0.10 (NaN03), INJ = injectlon of citrate 

solution 

Typical recordings obtained with Cr fixed at The average absolute and relative errors of 
l.OOmM and C, in the range 0.25-lSOmM, at the measurement (single measurements) were 
pH 4.1 and ionic strength 0.10, are shown in 0.01 ,umole and 2.7%, respectively. The relative 
Fig. 4. The sharpest and deepest troughs were standard deviations of repetitive measurements 
obtamed at C, 0.750-l .OOmM, a con~ntration of samples containing 0.10 and 0.75 pmole 
range m which [A11?J2+ IS the predominant of citrate were 2.0 and 1.9%, respectively 
species (Fig. 1). (lv = 10). 

As m the case of EDTA, the effect of pH 
was examined by repeating the measurements 
with C A, = 0.750~ over the pH range 3.5-5.5. 
Sharp potential troughs appeared at pH 4.1-4.5, 
whereas at pH > 5.0 only a relatively small 
potential change was observed. It was found 
that increasing ionic strength results in a flatter 
change in potential. 

Comparz~o~ of citrate wzth other cr-hydroxy- 
a&& 

The effect of temperature was examined over 
the range 25-38” and at various analytical con- 
centrations of citrate. The thermal coefficient 
was found to be 0.1 mV/deg or less. Therefore, 
small temperature fluctuations will not have a 
noticeable effect on the measurements. , 

Other a-hydroxy-acids acids were similarly 
examined. It was found that the monocar- 
boxylic acids (glycolhc, pyruvic, lactic, a-hy- 
droxyisobuty~c and mandelic) did not displace 
fluoride from its aluminium complexes. The 
drcarboxylic acids (mahc and tartaric) displaced 
fluoride by an initially fast reaction which 
quickly subsided. Reaction curves obtained with 
isocitrate were similar to those obtained with 
citrate. Taking the analytical sensitivity (slope 
of the calibration graph) for the determmation 
of citrate as unity the analytical sensitivities of 
the four reactive a-hydroxy-acids are Kinetics mea~rement of atrate 

The citrate contents of l.OO-ml samples of 
aqueous solutions containing 0.1-1.0 pmole of 
citrate were measured from the maximum 
change in potential (AE). Calibration graphs 
were obtained with four standard solutions. A 
typical calibration graph is described by the 
equation 

AE(mV) = 14.70 + 10.04 log{Cit, pmole) 

r = 0.99992 (17) 

Isocltnc 
1 05 

Cltrx Mallc Tartanc 
100 0 38 0 20 

CONCLUSIONS 

The displacement of fluoride from its com- 
plexes with aluminium by the action of EDTA, 
citrate and other related compounds is rela- 
tively slow, and easily monitored potentiomet~- 
tally. The determination of individual reaction 
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rate constants is virtually impossible by exclu- 
sive mo~to~ng of free fluoride. However, semi- 
quantitative inspection of the experimental data 
shows that fluoride is displaced quickly from the 
[AIFlz+ species, and this complex reacts faster 
with DCTA, citrate and isocitrate than uncom- 
plexed alu~ni~ species do. 

The applicability of the described kinetic pro- 
cedures for the determination of EDTA and 
citrate is limited owing to the great number of 
interferents. Some kinetic di~~mination may be 
possible. Ions forming complexes with fluoride, 
EDTA or citrate that are more stable than those 
of aluminium, or that form precipitates with 
fluoride or aluminium, should be considered 
as potential interfere&. However, monito~ng 
of the displacement reaction by means of a 
fluoride ion-selective electrode may serve as a 
sufficiently sensitive scheme for the post-column 

detection of complexing reagents in LC and FIA 
systems. 
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w---A sensttlve kmec method for determmatlon of nanogram amounts of cyamde 1s reported 
It IS based on the measurement of the mduction penod Imposed by cyanide on the copper(catalysed 
owdatlon of 3-hydroxybenzaldehyde azme (3-OHBAA) by potassmm peroxydlsulphate Kinetic data are 
recorded spectrophotometically at 465 nm, the maximum absorption wavelength of the oxldatlon product 
of 3.OHBAA From the kmetlc study and other expenmental tests It may be concluded that the cyanide 
ton undergoes ~p~r(II)~t~y~ oxldatton durmg the mdu&on penod The cabbratlon plot IS hnear 
m the range L5O4OO ng/ml cyamde and the detection hrmt 1s 50 ng/ml The preclston of the method, 
expressed as the relative standard deviation, IS 3 2% for 350 ng/ml cyamde Good recovenes are obtamed 
m applymg the method to analysis for cyamde m water samples 

The determination of inorganic anions by their 
catalytic effect on redox reactions 1s less com- 
mon than that of metal tons. Many anions act 
as Inhibitors m metal-catalysed reactions be- 
cause they can form stable complexes with metal 
ions, but tlus facilitates their determination by 
kinetic or catalytic titration methods.’ 

Despne the great ability of cyanide to form 
stable complexes with transition metal ions, few 
kinetic methods have been developed for its 
determmation. Two types of method have been 
used: direct dete~ination of cyanide based on 
its catalytic effect on redoxz3 and decompo- 
sition reactions and indirect determmatron on 
the basis of its inhibitory effect on metal- 
catalysed reactions%’ and on one uncatalysed 
reaction8 Catalytic titrations have scarcely been 
used for cyanide determination ‘JO 

The kinetic determmation of cyamde reported 
m this paper is based on the copper(II)- 
catalysed oxidation of 3-hydroxybe~aldehyde 
azme (3-OHBAA) by potassium peroxydisul- 
phate in ammomacal medium, an mdicator re- 
action previously used for the kinetic 
determination of nanogram amounts of copper 
m a large variety of samples.” In this reaction, 
the cyamde Interacts with the potassium perox- 
ydisulphate rather than with copper( impos- 
mg an induction period (proportional to the 
amount of cyanide present m the sample) m the 
absorbance US. time plots recorded at the maxi- 
mum absorption wavelength of the oxidation 
product of 3-OHBAA. The proposed method 

permits the determination of ng/ml levels of 
cyanide wrth appreciable selectivity (e.g., in the 
presence of large mounts of ~locyanate) and 
its application to the analysis of water samples 
with good results. 

Reagents 

All chemicals used were of analytical-reagent 
grade. A 3-hydroxybenzaldehyde azine solution 
(3 mg~ml) was prepared In ethanol. The reagent 
was synthesized accordmg to the procedure of 
Luque de Castro and Valcbrcel.‘2 A standard 
cyanide solution (1 .O mg/ml) was prepared by 
dissolvmg 2.5 g of potassium cyanide (eqmval- 
ent to 1 g of cyanide) in 1 litre of 0.05&f sodium 
hydroxide, and standardized argentometri- 
cally.13 A standard copper solution (1.000 
mg/ml) was made by dissolving 1.000 g of pure 
electrolytic copper in the mimmum volume of 
nitric acid (1 + 1) and diluting to exactly 1 htre 
with 1% v/v nitric acid 

Appara~~ 

All spectrophotometric measurements were 
made with a Perkin-Elmer Lambda 5 double- 
beam spectrophotometer furnished with an 
automatic recorder and a dry thermostat 
(Peltier system) with l-cm cells. A Radiometer 
PHM62 pH-meter furnished with a combined 
glass-calomel electrode was also used. 
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Procedure 

To a IO-ml standard flask add 2.0 ml of 
ethanohc 3-OHBAA solution, 4.0 ml of ethanol, 
1.0 ml of distilled water, 100 ~1 of 1.000 pg/ml 
copper(I1) solution, appropriate volumes of 
cyanide solution to give a final concentration of 
cyanide between 150 and 600 ng/ml, 1.0 ml 
of 0. 1M potassium peroxydisulphate and 0.8 ml 
of concentrated ammonia solution Make up 
to volume with distilled water, mix, and after 
1 0 min, transfer a portion to a l-cm spec- 
trophotometric cell kept at 25 j, 0.1”. Wait 
for 30 set before starting to record the ab- 
sorbance (at 465 nm) as a function of time 
against a blank containing no cyanide or copper 
(uncatalysed reaction). Calculate the induction 
period from the kinetic curve; it should be 
proportional to the concentration of cyanide in 
the sample. 

RESULTS AND DISCUSSION 

Copper(I1) catalyses the oxidation of 3-hy- 
droxybenzaldehyde azine by potassium peroxy- 
disulphate in ammoniacal solutions. The 
oxidation product formed grves rise to an m- 
tense band centred at 465 nm. In the presence of 
cyanide this band is again present but there is an 
inductton period in the absorbance a.~. time plot 
(Fig. 1). After this delay time, the catalyttc 
reaction exhibits the same kinetic behaviour 
(initial rate) as in the absence of the cyanide ion. 
This can be attributed to an interaction between 
cyanide and potassium peroxydisulphate rather 
than with the catalyst. In fact, taking mto 
account the experimental results reported in this 
paper, it appears that the cyanide ion is oxidized 

by the potassium peroxydisulphate in a reaction 
which is also catalysed by copper(H). Thus, the 
start of the upper-ca~ly~ oxidation of 
3-OHBAA (once cyanide has been completely 
oxidized) is marked by an increase in the 
absorbance at 465 nm (Fig. 1). 

In~~ence of reaction parables 

The effect of temperature on the oxidation of 
cyanide was examined in the range 15-40” 
(Fig. 2). Although the induction period was 
longer at low ~rn~ratu~s (giving higher sensi- 
tivity in the kinetic determination of cyanide), 
the initial rate of the J-OHBAA/S,Oi- /Cu*+ 
system was lower and graphical errors in the 
determination of the induction period were 
therefore larger. Thus, the temperature was 
fixed at 25” (room temperature) for subsequent 
experiments, taking into account the appreci- 
able extent of the induction period and the ease 
with which this temperature can be achieved in 
the s~trophotometer cell compartment. 

To optimize the concentration of potassium 
peroxydisulphate the initial value was varied in 
the range 3 x 10-11.3 x IO-‘M, while keeping 
the concentrations of the other reactants con- 
stant [Fig. 3(a)]. From the results, we estab- 
lished the kinetic dependence of the oxidation 
of the cyanide ion on the concentration of 
potassium ~roxydis~phate. Thus, if a pseudo 
first-order dependence was assumed, the corre- 
sponding rate equation could be written as 

-d[CN-]/dl = k[S,O;-] (1) 

As the oxidant con~ntration was in large 
excess with respect to the cyanide concentration, 
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Fig. 1. Modifying effect of cyamde on the copper(II)- 
catalysed oxidation of 3-OHBAA by potassmm peroxy- 
daulphate. (I) reaction catalysed by 10 ng/ml copper(D), (II) 
as for (I), but m the presence of 300 ng/ml cyamde Reactzon 

con&tlons as descrrbed m “Procedure” 
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Rg. 2 Absorbance/trme curves recorded at &fferent 
temperatures for the 3-OHB~/S~~-/~z* system in 
the presence of 250 ng/ml cyamde Other conditions as 

de-bed m “Procedure” 
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Fig 3 Effect of chemxal vanables on the kmetlc determmation of 500 ng/ml cyamde (a) 
(b) 3-OHBAA, (c) NH,; (d) Cuz+ 
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it could be assumed to be constant, and inte- 
gration of equation (1) over the limits 
[CN-],-[CN-I,, corresponding to t = t,, (start 
of the reaction) and t = tf (end of the cyanide 
oxidation reaction), would yield: 

[CN-1, - [CN-1, = k[S,O;-](t, - to) (2) 

which, assuming tf - to = IP (induction period) 
and [CN-I,+ 0 can be simplified to 

[CN-1, = k[S,O,Z-]IP (3) 

from which, taking mto account that [CN-1, 
was constant in all the experiments concerned, 
equation (3) can be rewritten as: 

IP = k’/[S,Oi-] 

where k’ = [CN-1,/k. 

(4) 

This theoretical dependence was experimen- 
tally confirmed by the straight line (r = 0.994, 
n = 6) obtained in the plot of the induction 
period against the reciprocal of the oxidant 
concentration. From these studies, the optimum 
oxidant concentration was taken to be O.OlM 
(corresponding to 1 ml of 0.M potassium 
peroxydisulphate in the reaction mixture). 

The effect of the concentration of 3-OHBAA 
on the induction period is reflected in Fig. 3(b). 
Although the 3-OHBAA does not take part in 
the oxidation of cyanide ion, the results suggest 
that the 3-OHBAA/S,Oi- /Cu’+ system exerts 
an accelerating effect on this oxtdation reaction. 

In order to increase the sensitivity we used a 
3-OHBAA concentration of 2.5 x 10W3M (2.0 
ml of 3-mg/ml ethanolic solution m 10 ml) in 
the reaction. 

The effect of the ammonia concentration on 
the length of the induction period was studied 
by following the proposed procedure and 
adding between 0.4 and 2.0 ml of concentrated 
ammonia to a series of lo-ml standard flasks 
containing cyanide and the other reactants. A 
1.08M ammonia concentration was chosen as 
optimal since although lower concentrations 
would give longer induction periods and use of 
higher concentrations would be less sensitive to 
loss of ammonia, m both cases the graphical 
determination of the induction period proved 
more troublesome. 

The influence of pH was examined at a fixed 
initial concentration of ammonia (1.08M) by 
adding dilute hydrochloric acid or sodium hy- 
droxide. A zero-order kinetic region was found 
at pH values of about 10.8-13.2, so a pH of 
11.9, which was accomplished by addition of 0.8 
ml of concentrated ammonia solution to the 
reaction mixture, was selected 

The variation of the induction period was 
studied as a function of the copper(I1) concen- 
tration m the range 10-30 ng/ml [Fig. 3(d)]. The 
dependence of the mduction period on the 
concentration of copper was found to be similar 
to that on the concentration of the oxidant, 
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which suggests a pseudo first-order dependence 
of the rate of oxidation of cyanide on the 
copper(I1) concentration: 

- d[CN-]/dt = k, [Cuz+] (5) 

If copper(I1) does exert a catalytic effect on 
this reaction, its concentration must be kept 
constant during the determinatrons. Direct 
dependence between the induction period and 
the reciprocal of the copper(I1) concentration 
is Indicated by integration of equation (5) 
similarly to equation (1). The straight line 
obtained (r = 0.9988, n = 6) for the expenmen- 
tal relationship confirms this dependence and 
the catalytic effect of copper(I1) on the oxi- 
dation of cyanide by potassium peroxydisul- 
phate. The copper(I1) concentration selected 
was 10 ng/ml [ 100 ~1 of 1 .OOO pg/ml copper(I1) 
solution]. 

Increase in the ethanol concentration between 
20 and 65% v/v linearly increased the length of 
the induction period by a factor of up to 2.8. 
Thus, the cyanide oxidation reaction was 
markedly hindered by increased ethanol con- 
tents. According to the Krrkwood equation,14 
the rate of reaction between two ions with the 
same charge sign increases with increasing 
dielectric constant of the medium. Therefore, we 
may assume an mteraction of two ions with the 
same charge sign to be the rate-determining step 
in the copper(catalysed oxidation of cyanide 
by potassium peroxydisulphate. From this 
study, a 60% v/v ethanol concentration was 
chosen as optimum 

Finally, the length of the induction period 
was found to increase non-linearly with the 
cyanide concentration [Fig. 4(a)]. In order to 
account for this behaviour, we may assume a 
kmetic dependence of order - 1 between the 
oxidation rate of cyanide and its concentration: 

-d[CN-]/dt = k&N-] (6) 

Integration of equation (6) between the limits 
t, = t,,, [CN-], = [CN-1, and tz = tf, [CN-1, = 
[CN-1, gives 

[CN-12, - [CN-1: = 2k,(t,- to) = 2RJP (7) 

[CN-1, can be neglected and equation (7) can be 
rewritten as 

IP = &[CN-1; 

where k; = 1/2k0 

(8) 

This relation between the induction period 
and the cyanide concentration was experimen- 
tally confirmed, as shown in Fig. 4(b). 
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Fig 4 I(mets detemunahon of cyamde (a) effect of the 
cyamde concentration on the lnductlon period, (b) hear 
cahbratlon function used for the determmation of cyamde 

In consistence with the study above, the 
following rate equation is suggested for the 
copper(catalysed oxidation of cyanide by 
potassium peroxydisulphate, m which the 
3-OHBAA/S,Oi- /CU*+ system acts as a 
“developing reaction”* 

-d[CN-]/dl = K[S,O;-][Cu*+]/[CN-] 

where K is the rate constant. 

Oxidation of cyanide, and catalytic effect of 
copper 

According to the results found in the kinetic 
study, we may assume the 3-OHBAA/S,O:- / 
Cu*+ system to be subject to an induction period 
in the presence of cyanide ion, which is oxidized 
by potassium peroxydisulphate in a reaction 
also catalysed by copper(I1). Although the kin- 
etic dependence on copper(I1) is indicative of its 
catalytic effect, four further assays were made to 
confirm this point: (a) oxidation of 3-OHBAA 
by potassium peroxydisulphate catalysed by 10 
ng/ml copper(I1); (6) the same reaction m the 
presence of 450 ng/ml cyanide; (c) preparation 
of the sample as in (6) but with the 3-OHBAA 
added after 7 min [r.e., once the cyanide 
had been oxidized by S20i- in the presence of 
copper(I1) as catalyst]; (d) preparation of the 
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sample as in (b), but with both the 3-OHBAA 
and copper(I1) added after 7 min. 

The results are listed in Table 1. The absence 
of an induction period in (c) and its occurrence 
in (d) clearly confirm the catalytic effect of 
copper(I1) on the oxidation of cyanide by pot- 
assium peroxydisulphate. The small difference 
between the induction periods in (b> and (d) can 
be attributed to slight oxidation of cyanide in 
the delay time (7 min) before addition of the 

copper. 
In s~rna~, the kinetic curve recorded has 

two distinct parts: (1) an induction period in 
which the cyanide is oxidized by potassium 
peroxydisulphate m a reaction catalysed by 
copper(H) according to: 

CN- -t SzO;- + 20H- 

cuz+ 
+CNO- + ZSO$- + Hi0 

and (2) the typical absorbance us. time response, 
measured at 465 nm, corresponding to the oxi- 
dation of 3-OHBAA by potassium peroxydisul- 
phate, also catalysed by copper(H). 

Kinetic determination of cyanide 

Under the ex~~mental conditions given 
above, the plot of the induction period against 
the square of the concentration of cyanide was 
essentmlly linear between 150 and 600 ng/ml 
cyanide. The ~nslti~ty, expressed as the 
slope of the calibration function, was 62.8 
min. m12. nge2. The detection limit (50 ng/ml) 
was evaluated as the concentration correspond- 
ing to three times the standard deviation of the 
induction period for 30 determmations of low 
analyte concentration” (200 ng/ml cyanide). 
The reproducibihty of the method was checked 
on 11 replicate dete~ination of 350 ng/ml 
cyanide. The relative standard deviation ob- 
tained was 3.2%. 

The effect of various anions generally accom- 
panymg cyanide was studied at a cyanide con- 
centration of 300 ng/ml. The results obtained 

Table 1 Catatytzc effect of copper@) on the oludahou of 
cyamde 

InductIon 
period, 

Expenment set 

(a) CM+ + 3-OHBAA + S&- 
(b) 3-OHBAA f Cuz+ + CN- + S@- 370 
(c) CW+ + CN- + S,Q- 

+ wait 7 mm + %OHBAA - 
(d) CN- + S$$- + wait 7 mm 

+ 3-OHBAA + Cu*+ 340 

Table 2 Influence of foretgn amons on the kinetic determl- 
natton of 0.3 pg/ml cyamde 

Anron added 

F-, Cl-, Br-, BrO, , Sq- , CO:-, 
NO,-, SCN-, ClO;, PO:-, B,O$-, 
acetate, tartrate 

Sq-, A$$, SeO$-, c&rate 

CrO:- , I-, ClO, , IO?, S20:- 

C&X- 

IO,- 

Tolerate 
ratio, 
w/w 

loo 

50 

20 

10 

5 

are listed in Table 2, m which the tolerated ratio 
of each foreign anion is the largest amount 
yieldmg an error less than rfi5% in the induc- 
tion period. The maximum level tested was 
30 pgg/ml (tolerated anion to cyanide weight 
ratio = 100). 

The results Indicate a good tolerance to com- 
mon anions such as fluoride, chloride, bromide, 
bromate, nitrate, sulphate, etc., and especially 
to thiocyanate, which is a serious interferent 
in several methods for the determination of 
cyanide The effect of common metal ions 
was also tested. The maximum tolerated ratio 
of metal ions to cyanide were calcium and 
magnesium, 100, iron and aluminium, 20; 
lead, 10; cadmium, 5. Manganese, zinc, silver, 
mercury, cobalt and nickel interfered when pre- 
sent m l* 1 werght ratio to cyanide, owing to 
their ability to form strong complexes with 
it; this behaviour can be exploited for their 
determination and resolution m mixtures with 
copper(H) I6 

Determination of cyanide in water samples 

Cyanide, as a water pollutant, may enter the 
environment from many sources. Thus, as it is 
used extensively m many industnal processes, it 
may be present m wastes and wastewaters as 
well as in streams receiving uncontrolled and 
unpurified industrial effluents. Because cyanide 
is highly toxic even at low concentrations, moni- 
toring of low cyanide levels is required within 
sewage treatment works m order to improve the 
quality of the effluent. In this context, and in 
order to validate the proposed kinetic method, 
it was applied to analysts for cyanide in water 
samples. 

Water samples were spiked with 0.28-0.50 
pug/ml cyanide and analysed directly by the 
procedure described. As can be seen from the 
results obtained (Table 3), the recoveries ranged 
from 97.7 to 100.7%, with an average of 99.5% 
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Table 3 Recovery of cyamde added to water samples 

Sample 

Drmkmg water 

Rover water 

Cyamde content, ~/ml 

Recovery, 
Added Found* % 

0300 0.302 1007 
0.400 0399 99 7 
0.500 0491 98.2 
0.280 0 276 98.6 
0 350 0.342 97.7 
0 450 0447 99.5 

Mean 99 1 
Standard devtatron 1 2 

*For three separate determmanons 

for drinking water and 98.6% for river water. 
The relative standard deviation for the overall 
procedure was 1.2%. These recovenes show the 
good performance of the proposed kinetic 
method in the determination of cyanide in this 
type of sample. 

3. 

4. 

5. 

6 

7 

8. 

9 

10 

11. 

12 

13 

1 
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Summary-The kmetlcs of the dissolution of copper metal m an aqueous solution contammg copper 
and an unsaturated orgamc hgand was followed by using an automated flow-mJectlon analysis techmque 
to determme the conccntratlon of copper(I) m solution as a function of time The results suggest that the 
rate of dlssolutlon of the copper metal 1s dependent on electron transfer between the copper(I1) and copper 
atoms on the surface of the copper metal, and on the stabilization of copper(I) by the unsaturated organic 
hgand m solution 

Copper(I) has long been known to form stable 
rr -complexes with olefinic hgands. This property 
has been exploited for the determination of 
copper(I) m the presence of copper(I for the 
removal of trace levels of impurities from 
copper metal,2 for the purification of olefins3v4 
and in an investigation of the kinetics of 
reduction of copper(I1) by copper metal in the 
presence of ally1 alcohol.5 In the kinetic study 
it was found that the rate of oxidation of 
copper metal was first order with respect to 
the copper(I1) concentratton, the pH of the 
solutton and the ally1 alcohol concentration. 
The reaction was followed by periodically wtth- 
drawmg samples from the reaction vessel with 
a rmcrosyrmge and determining the concen- 
trations of copper(I) and copper(I1). This manual 
sampling was tedious and introduced errors 
caused by the difficulty m withdrawing samples 
at reproducible time intervals. An obvious 
solution to this problem 1s to automate the 
sampling procedure. 

In the work described m this paper, flow- 
injection analysis (FIA), was used to automate 
the sampling process 6 FIA has high reproduci- 
bility and sample throughput, and is relatively 
easy to automate. The kinetics of the oxidation 

*Present address Cahforma Public Health Foundation, 
Hazardous Matenals Laboratory, 2151 Berkeley Way, 
Berkeley, CA 94704, U S A 

of copper metal to copper(I) in the presence of 
a variety of unsaturated ligands was investi- 
gated by an FIA technique. In these reaction 
systems, the reaction rates were sufficiently 
rapid to enable us to obtain adequate kinetic 
data within minutes. 

EXPERIMENTAL 

hfaterlals 

Copper granules (20-30 mesh) were washed 
with dilute perchloric acid, rinsed with distilled 
demineralized water, rmsed with acetone, and 
dried prior to the experiment. The ethyl alcohol 
used to make up solutions was refluxed over 
solid potassium hydroxide and alummum 
powder for 8 hr and distilled prior to use. 
The ally1 alcohol and ally1 cyanide (Aldrich), 
acrylamide, propionitrile and butyronitrile 
(Eastman Kodak), acrylonitrile and acetonitrile 
(Mallinckrodt), were of reagent grade purity 
and all were used without further purification. 

Apparatus 

The apparatus used 1s shown in Fig. 1. 
It consisted of a main pump (# 1, Buchler 
Polystaltic), a sample recirculation pump (# 2, 
Cole-Palmer Masterflex # 7014), an air-actuated 
sample-injection valve system with a sample 
loop volume of N 100 ~1 (Rheodyne 5020 Teflon 
Rotary Valve, 50-01 Pneumatic Actuator, and 
7163 Solenoid), and a Gilford Model 240 
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310 F REBER BROWN et al 

0.1% dmp;F;;v; 
2 

50% v/v EtOH/H 2O 

I 
I 

nm 3 
UHP 
Nitrogen 

’ 20-30 Mesh 
Copper Granules 

Fig 1 SchematIc representation of the flowqectlon analysis system for the automated determmatlon 

of complexed copper(I) m solution 

spectrophotometer fitted with a flow-cell (NSG 
Precision Cells # 513). All tubing was 0.8 mm 
bore Teflon and the flow-rate m the FIA system 
was 5.5 ml/min. The temperature of the 300-ml 
reaction vessel was kept constant at 25”. 

An LSI-11 personal computer programmed 
with Fortran IV was used to perform the data 
acquisition, open and close the injection valve, 
and analyse the data A Data Translation 
DT2781 was used to perform the analog to 
digital conversion and to provide digital I/O to 
toggle the injection valve. The DT278 1 provided 
12-bit conversion, and was used in the bipolar 
mode. The range was + 1 V. 

Procedure 

The reaction mixture (N 35 ml) consisted of 
3 ml of copper(I1) perchlorate solution, the 
ligand, and 25 ml of 0 1M sodium perchlorate. 
The pH of the solution was adjusted with 
perchloric acid Dissolved oxygen was removed 
from the solution by passage of mtrogen which 
had been freed from traces of oxygen by 
bubbhng through an alkaline pyrogallol sol- 
ution The reaction was started by adding 15 g 
of the copper granules to the reaction mixture, 
which was recirculated through the sample 
injection valve, and injected into the carrier 
stream (50% v/v ethanol-water) at a rate of four 
injections per minute. The carrier stream was 
merged with a 0.1% solution of 2,9-dimethyl- 

1, IO-phenanthrohne (dmp) in 50% v/v ethanol- 
water The absorbance of the Cu(dmp): 
complex formed was measured at 450 mn. 

The effect of various unsaturated ligands on 
the rate of oxidation of copper metal was deter- 
mined in a system in which the initial copper(I1) 
concentration, pH and surface area of the 
copper metal were kept constant and the con- 
centration of the unsaturated ligand was varied. 
The rate of oxidation of copper metal, expressed 
as -d[Cu2+]/dt = fd[Cu+]/dt was determined 
by the initial rate method. 

RESULTS 

The effect of the initial copper(I1) concen- 
tration, pH, and ally1 alcohol concentration on 
the rate of oxidation of copper metal was inves- 
tigated. The effect of the initial copper(I1) con- 
centration is shown m Fig. 2. Each experimental 
point m Fig. 2 was obtained from the average 
of a large number of measurements of the initial 
rate, It was found that the reaction was first 
order with respect to the initial copper(I1) con- 
centration up to 2.5 x 10e3M, at pH 2.25 and an 
ally1 alcohol concentration of 0.41M. 

The effect of pH on the reaction rate is shown 
m Table 1. The results show that the reaction 
rate increases by more than a factor of two, with 
increase in pH from 0.7 to 4.8. 

Table 2 shows that the rate of reaction m- 
creases linearly with ally1 alcohol concentration 
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CCu*+l, mM 

Fig 2 Effect of copper(H) concentrahon on the reaction 
rate, at pH 2 25 and 0 41M ally1 alcohol concentratron 

up to about 1.47 x 10-zM, and then becomes 
constant. 

The effect of various unsaturated ligands on 
the reaction rate was investigated and the results 
are shown m Table 2. As in the case of ally1 
alcohol, the reaction rates initially 
linearly with hgand concentration 
sequently leveled out. 

DISCUSSION 

increased 
and sub- 

The following sequence of reactions 1s 
proposed for the dissolution of copper metal 
in the presence of an unsaturated ligand, L. 
Copper(I1) ions are adsorbed on the surface of 
the copper metal and the resultant species is 
represented as Cue-CL?’ This species on the 
surface of the copper metal is in equilibrium 
with the species Cu’-Cu’, as a consequence of 
electron transfer. In the presence of the ligand 
in contact with the surface of the copper metal, 
the species Cu’L, is formed m the solution 
phase The rate constants, k, , kZ, k3, that are 
involved in this series of reactions are shown in 
the reaction scheme. 

cue-Cu” + cl+-Cu’ -% CU’L, (1) 

and are given by the following rate equations: 

- $ [Cu”-Cu”] = k, [Cu”-Cu”] 

- k,[Cu’-Cu’] (2) 

$ [Cd-Cd] = k, [CuO-Cd'] 

- k2 [Cu'-Cu'] 

- k, [Cu’-Cu’] [Ll” (3) 

Table 1 Effect of mtual pH on the 
rate of reaction at an mihal cop 
per(H) concentratton of 2 x lo-‘M 
and ally1 alcohol concentratton 

of 0 41M 

PH 
Rate x 104, 

mole.l-’ mm-l 

0.70 2.4 
101 26 
1.40 30 
201 37 
3.01 37 
360 40 
4 10 45 
4 75 5.6 

$ [Cu’L,] = k3 [Cu’-Cu’] [L] (4) 

Since the reaction rates were found to be fist 
order with respect to the ligand L, the value 
of n in equations (3) and (4) is unity. Under 
steady-state conditions, when [Cu’-Cu’] is 
constant, 

[cu’~u’l = 
k, [Cu"-Cu'*] 

k + k [L] 

2 3 
(6) 

Table 2 Effect of the mitral concentratton of unsaturated 
hgand on the reactron rate at pH 3 01 and [Cu(II)] = 

105mM 

Llgand 
Concentration, Rate x lti, 

mM mole I-’ mm-’ 

Ally1 alcohol 

Acrvlamrde 

Acrylomtnle 

Acetomtnle 

Ally1 cyanide 

294 
5 88 

147 
29 2 

118 
100 
400 

100 
200 
600 

120 
304 
608 

152 
304 
608 

122 
3 77 

190 
38 0 
75 9 

152 
228 

304 
497 

124 
249 
49 7 
99 4 

11 
16 
23 
23 
22 
0 34 
12 
21 
29 
28 
30 
0.20 
0 38 
060 
13 
15 

216 
0 24 
0 33 
0 59 
18 
22 
28 
27 
0 88 
12 
16 
16 
18 
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Table 3. Calculated ratros of the rate constants, &/kr, 
[equation (lo)] from the expenmental values of S and C 

[equations (8) and (9)l 

Unsaturated 
hgand s x 102 

Cxl~ rxlo-s=~xlo-’ 

Ally1 alcohol 0 40 2.0 2.0 
Acrylamide 3.6 3.0 1.2 
Ally1 cyanide 0 54 2.0 0.27 
Acrylonitnle 0.49 1.6 031 
Acetonitnle 054 
Propiomtnle 0.62 
Butyromtnle 0 20 

Hence, the rate of the reaction is given by 

2 [CU’L] = 
k, kJ[L] [CuO-cu”] 

kz + WI 
(7) 

When k,[L] 4 k,, the initial slope, S, of a plot of 
the rate of the reaction us. [L] is given by 

When k2 4 k,[L] in equation (7), a plot of 
the rate of the reaction vs. [L] is a constant, C, 
given by 

C = k, [Cu”-Cu”] (9) 

The ratio of the rate constants k, and k2 
can be calculated from the ratio, r, of the 
experimental values of S and C: 

The larger the numerical value of r, the 
greater the tendency for the forward reaction, 
i.e., dissolution of copper metal, to occur 
[equation (l)], Since the total surface area of 
the copper metal and the concentration of the 
copper(I1) remain constant during the course 
of an experiment, it may be deduced from 
equation (9) that the higher the value of C, 
the greater the value of the rate constant, k,. 
The values of S, C, and r for the various 
unsaturated ligands investigated are shown m 
Table 3. The variation in the value of r in 
the series of ligands reflects the stability of the 
species Cu’L. 
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Suuuuary-The hy~ol~Is unsung of Gd3+ and the solubihty products of Gd(OH), and Gd(OD), m 
n&ate solutrons at 25 and 70” m Hz0 and D,O have heen determined because of thetr importance 
m nuclear technology. The constants am defined (charges omrtted for chutty) as *Ku = (IO~~~Q,&~, 
‘K,, = a~oah&rrOa, *Km = uo&‘, The values for the Hz0 system were p*K,, = 7.87 f0.02, 
P*K2, = IS 16f009, p*k;,= -19.32 f0.03 at 25” and p*K,, = 7.55 f0.03, p*Kr, = 13.04&0.03, 
P’% 
P’K~ 

= - 16.16 & 0.04 at 70”. For the 40 system they were p*K[ = 8.17 f 0.01, p*Kt = 16.00 f 0 09, 
= -21 18 4: 0.04 at 25” and p*Kfi = 7.84 & 0.02, p*K$ = 13.95 f 0.02, p*Kg = - 17.34 f 0 04 

at 70°. The mean enthalpy changes of the reactions were also calculated. 

Our Interest in the stability of Gd3+ species 
in light and heavy water is due to the use of 
gadolinium as a neutron-absorber in the con- 
trol of reactivity in CANDU nuclear reactors. 
Gadolinium nitrate solution is added to the 
moderator heavy water circuit, where the tem- 
perature is about 70”. The use of this additive 
requires the heavy water to be kept shghtly 
acidic to avoid hydrolysis, and precipitation of 
gadolinium deuteroxide. 

Calculation of the solubrhty limit of Gd(NO,), 
as a function of pD in CANDU nuclear reactors 
requires not only knowledge of the solubility 
product of the gadolinium deuteroxide but also 
of the first and second hydrolysis constants 
of Gd3+ in heavy water at the temperatures of 
interest in the reactor (25-70”). At present there 
seems to be no reliable information in the 
literature. It is also of interest to compare the 
behaviour in heavy and light water in order to 
enlarge knowledge of the properties of electrolyte 
solutions in both media. 

Hydrolysis constants of Gd3+ in Hz0 at 25” 
have been reported in the literature. The *&, 
values (*& = [Gdp(OH)J3P-q)+ [H+]q/[Gd3+]p) 
were determmed at different ionic strengths, so 
to make a comparison between them, we calcu- 
lated the *& values (*K, = a&&qaf,+ /a!&+) 
listed in Table 1 from the literature data by 
means of the Pitzer equation,’ 

The spread in the *p&i values is consider- 
able, some methods being more reliable than 
others;6 however, the values in the range 7.8-8.0 
fit closely with the trends of the hydrolysis 

constants for the other lanthanide ions.” The 
solubility product in H,O at 25” has also been 
determined by several authors under different 
conditions, for different aging times, and the 

P*B, values (*B, = [Gd3+]/[H+13) range from 
- 21.7 to - 15.1 .z6*11-‘7 In some instances, over- 
simplifications were made in which hydrolysis 
was not considered.‘2-‘f In Table 1 we list only 
the p*/3, values obtained by the best defined 
experimental and calculation procedures.2*6 We 
also include the *&, value (*II;, = am3+/ah+) 
from an empirical relation” derived for aged 
lanthanide hydroxides. 

For polynuclear complex formation, Ngo 
and Burkov found results compatible with 

Gd,(OH):+ (P*&z = 14.23): and Kragten and 
Decnop-Weever postulated the existence of the 
species Gd3(OH){+ (p*fld3 = 19.0).6 These poly- 
complexes have not been characterized by other 
means. 

The studies of gadolinium in heavy water 
solutions are limited; Amaya et ~1.~ reported 
p*KE = 6.82 at 25”, and Baumann,13 disregard- 
ing hydrolysis, reported p*j?E to be - 19.96 for 
a precipitate aged for 7 days. 

In the present study the hydrolysis con- 
stants of Gd3+ and the solubi~ty product of 
Gd(OH),(s) or Gd(OD),(s) in light or heavy 
water at 25 and 70” were determined by potentio- 
metric measurements, under experimental con- 
ditions reasonably close to those existing in 
the moderator system in the CANDU nuclear 
reactor. The thermodynamic parameters of the 
Gd3+ species in both media were also examined. 
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EXPERIMENTAL. 

All reagents were analytical grade and the 
solutions were prepared with triply distilled 
light or heavy water (99.8% pure). Gadolinium 
nitrate [Gd(N03)3’6H20, 99.9% pure], from 
Nucor Research Chemicals, was used without 
further purification. Solutions were saturated 
with nitrogen to eliminate carbon dioxide. 

Potentiometric titrations were performed at 
25.00 + 0.02” and 70.00 & 0.02” with a Metrohm 
654 pH-meter provided with a glass combined 
electrode standardized with standard buffer 
solutions at pH values (conventional activity 
scale) of 4.00 + 0.02 and 7.00 + 0.02 at 25” and 
4.11 + 0.02 and 6.98 f 0.02 at 70”. For heavy 
water solutions, the electrode was standardized 
with phosphate and carbonate buffers prepared 
in heavy water. The pD values given by Bates’* 
for these solutions are 7.43 f 0.02 and 10.74 
) 0.02 at 25” and 7 39 f 0.02 and 10 44 & 0 02 
at 70”. 

The titrations were performed with standard- 
ized sodium hydroxide solution, and gadolinium 
nitrate concentrations of 1 .OO x IO-*M for H,O 
at 25 and 70” and 1.00 x lo-* and 8.00 x lo-‘M 
for D,O at 25 and 70”, respectively, for deter- 
mmation of the hydrolysis constants. For the 
solubility product measurements the concen- 
trations were 0.920 x 10m3 and 0.732 x 10e3M 
in H20 and 0.857 x 10e3 and 0.953 x 10e3M 
m D20 at 25 and 70” respectively. The pH or 
pD of the solutions reached a constant value 
within about 5 mm after addition of base. 
No supporting electrolyte was added, so that 
the conditions would be close to those m the 
CANDU moderator system. 

Evaluation of the thermodynamic constants 

For evaluation of the hydrolysis constants 
*K,, and *K,, and the solubility product *X, in 
aqueous or deuteroaqueous solutions of Gd’+, 
equations (l)-(3) were considered (charges are 
omitted in the subscripts, for the sake of clarity): 

Gd3+ + H,O z$ GdOH*+ + H’ 

*Kl, = (aOd0HaHYaOd (1) 

Gd3+ + 2H,O z$ Gd(OH): + 2H+ 

*K21 = (aGd(OH)z aH )laGd c2) 

Gd3+ f 3H,G z$ Gd(OH)3 + 3H+ 

Gd3+ + 3H2G + Gd(OH),(s) + 3H+ 

*4, = a 0d(OH)3(a)a?i/aOd = l/*4, (3) 

together with the mass-balance relationships (4) 
and (5): 

c = [Gd3+] + [GdOH*+] + [Gd(OH):] 

+ [Gd(GH),I + n,l(P, + P) (4) 

cb = (Pco,)/( vo + P) = [GdOH*+ ] 

+ 2[Gd(OH):] + 3[Gd(OH),] 

+3n,/(Vo+ V)+[OH-] (5) 

where a, is the activity of species 2, aod(ou)&) = 1, 
c, Cou and cb are the molar concentrations of 
gadolinium nitrate, sodium hydroxide and base 
m the solutton, n, is the number of moles of 
Gd(OH)3 precipitated and V0 and V are the 
volumes (m litres) of the Gd(NO,), solution and 
added base respectively. The slight influence of 
Gd3+-NO; ion-association IS discussed below; 
volume changes due to reaction are negligible at 
the concentrations used. From these equations, 
as shown in the Appendix, equations (6) and (7) 
were derived, in which the constants *K,, , *K,, 
and *Z& can be evaluated from the experimental 
results: 

y = *K,,x + *K,, (6) 

where 

n, = 0, [Gd(OH),] = 0, c >>cb, [OH-]<<Cb, 

Y = @b /2C)aiiYOd(OH), hd 

x = aHkd(OH)z i2YOdOH 

Y, = *K& (7) 

where 

y,=3c -c,,, cb/c <3 

x, = %hOd + 2*K,l&hoH + *K21aH/YOd(oH)2 

The activity coefficients of species I were 
calculated at the given ionic strengths by both the 
Davies equation (8)19 and equation (9) derived 
by the mean spherical approximation (MSA) for 
aqueous electrolyte mixtures? 

log y[ = Azf{[JI/(l + JZ)] - 0.301) (8) 

lny,=lnyp’&+Inyp (9) 

In (8), z IS the charge of species 1, Z is the ionic 
strength and A is the DebyeHtickel constant. 
The A values for H,O and D20 are 0.5115 and 
0.5155 at 25” and 0.5625 and 0.5691 at 70”. In 
(9), the first and second terms are the electrostatic 
and the hard-sphere contributions respectively. 
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Table 1 Reported stablhty constants of Gd’+ species m hght and heavy water at 25”, calculated 
for zero ionic strength 

P’K,, P*KU P*BSO P*K: Method Reference 

1.8 
80 
78 
80 
6.6 
69 
61 
68 

8.8 
84 
69 

-175t 

133 -170$ 

68 

164 p*K, = - 15.6 

potentlometric titration 2 
potentlometnc titration 3 
potentlometnc titration 4 
empmcal relation 5 
pGd-pH determmatlon (23”) 6 
solvent extraction 7 
solvent extraction I 
coulometry and pH 8 
coulometry and pH 9 
pH determmatlon 10 
pH determmatlon 10 
pH determmatlon 10 
empmcal relation 11 

t3M NaClO,, agmg time 20 mm 
SNaClO,, I = 10, agmg time 30 mm 

The complete sets of explicit equations to calcu- 
late these terms are given by Corti.” The only 
parameters involved m this calculation are 
charge, concentratron of ionic species and radii 
of hydrated ions. For the latter we have chosen 
the following values: Gd3+ 0.335, GdOH*+ 0.30, 
Gd(OH): 0 30, OH- 0.18, NO; 0.175, Na+ 
0.158 nm. 

Equation (6) 1s valid in a pH or pD range low 
enough to avoid the presence of Gd(OH), and 
Gd(OH),(s) or their deuterated analogues, and 
equation (7) must be applied at higher pH or 
pD values when solid is present. This method 
provides an independent determination of *K,, 
and *K,, from *K, . 

r o20 25:c_ 

.I e- 
1 2 3 6 ‘I 6 9 

Fig 1 Potentlometrlc titrations of Gd(NO,), solutions 
for hydrolysis constant evaluations 0, 0, 0, c = 1.00x 
10-2A4, n , c = 8 00 x IO-‘M The hnes are calculated from 
the least-squares fit to the expenmental data [equation (6)] 

RESULT!3 AND DISCUS!SION 

Hydrolysis constants 

Figure 1 shows the pH and pD measurements 
in light and heavy water solutions of Gd(N03)3, 
as a function of the fraction of added base, CJC, 
at 25 and 70”. The ionic strength, 0.048M in 
D,O soluttons at 70” and 0.06M m all the 
others, was constant within 0.6%. The activity 
coefficients calculated by the Davres equation 
and the MSA approxrmatron agree within 
0.05%. 

Least-squares calculatrons of the slope and 
intercept of the linear equation (6) with these 
expenmental results gave the values for *K,, and 
*Kz, listed m Table 2 (with their standard devi- 
ations). The theoretical curves calculated with 
these values give a good fit to the experimental 
data, as shown m Fig. 1. 

The presence of polynuclear species is not con- 
sistent with our results: the species Gd,(OH):+ 
(p*/& = 14 23 at Z = 3M) postulated by Ngo 
and Burkov’ would be formed at higher Gd3+ 
concentration, and Gd3(OH):+ (p*fia3 = 19.00 
at Z = 1M) postulated by Kragten and Decnop- 
Weever does not fit with our data. 

From Tables 1 and 2, comparison of our 
p*K,, values wtth published data indicates good 
agreement wrth the results of Ngo and Burkov,’ 
Usherenko and Skonk,3 Frolova et al4 and the 
empulcal correlatton of Kumok and Serebren- 
nikov,5 but not with those of Kragten and 
Decnop-Weever,6 Guillaumont et al.,’ Amaya 

Table 2 Hvdrolvsls constants and solublhtv Droduct for Gd3+ m haht and heavy water 

Temperature, 
“C P&K,, P*K,, P+K, P*K; P*K: P+K: 
25 7 87 k 0.02 15 16*009 -1932+003 8 17*001 1600&009 -21 18&004 
70 7 55 + 0.03 13.04 f 0 03 -16 16&004 784&002 1395&-002 -1734*004 
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et aL8sg and Moeller.” The results obtained by 
the last three sets of authors are subject to rather 
large uncertainties: Guillaumont et al. used a 
not too reliable solvent extraction method, 
Amaya et al. reported hydrolysis constants for 
several lanthanide ions besides Gd3+, all lower 
than those found in the literature,” and Moeller 
gave *K,, values which depended on the con- 
centration. The procedure used by Kragten and 
DecnopWeever is accurate and gives results 
coincident with those of the Kumok and 
Serebrennikov method, as well as with reliable 
literature data for other lanthanides,2’*22 but not 
for Gd3+. We cannot elucidate the discrepancy. 

With respect to *K2,, again our result is lower 
than that of Kragten and Decnop-Weever: but 
not too far away from the prediction made by 
Baes and Mesmer” that p*K2, is approximately 
twice the p*K,, values, as for most other 
lanthanides. 

With regard to the results for the D20 system, 
the values of *Kf, and *Kg are slightly lower 
than *K,, and *K12. This effect is consistent with 
that found in the hterature for other cations.23 
Agam, the p*KE value reported by Amaya 
et ~1.~ is higher than ours. 

The hydrolysis constants increased with 
temperature for both solvents, as expected. 

The constants in Table 2 were calculated by 
assuming that [GdNO:+] was negligible com- 
pared with [Gd3*] at [Gd(NO,),] = O.OlM; this 
IS true only to a certain extent. The Gd3+-NO; 
ton-association constants 8, (8, = [GdNO~+]~ 

tGd3+l WXI) 19 ‘ven in the literature refer to 
higher concentrations than those in the present 
study* 2.33 for the Gd(NO,), concentration 
range 0.23-2.17M,24 and between 6.40 and 2.38 
for 0.05-0.35M Gd(N03)3 .25 These values give 
an estimate of the extent of the association but 
are not precise enough to be used in our calcu- 
lations. Equation (I) in the Appendix shows the 
correctrons to be made to *K,, and *K,, to allow 
for the association. If we assume /3, = 2, the 
constants will increase by 6% and p*Kn = 7.84 
and p*& = 15.13 will be obtained. The corre- 
sponding corrections for the D20 system should 
be similar to these. 

Solubility product 

Figure 2 shows the pH and pD measurements 
in light and heavy water solutions of Gd(NO,), 
at 25 and 70” as a function of c& until 
hydroxide precipitation occurs. 

Least-squares fitting of these results to equa- 
tion (7) gives the *K, values listed in Table 2. 

Because the ionic strength did not remain 
constant during the ti~ations, the true activity 
coefficients of the species were calculated by an 
iterative procedure until two successive *& 
values were the same. The activity coefficients 
calculated by the Davies equation” and the MSA 
approximationZO agreed within 0.05%. The 
theoretical curves in Fig. 2, calculated with the 

*Ku 7 *K,, and *& values from Table 2, gave a 
good fit to the experimental data. 

The solubility product of Gd(OH), is higher 
than that of Gd(OD),, in agreement with 
Baumann’s results for the aged hydroxides.13 
The solubility products also increase wrth tem- 
perature, which seems to be in contradiction with 
the results of Meloche and Vratny’2 over the 
range 10-40”. However, these authors did not 
take into account the change in the ionic product 
of water with temperature. Making the proper 
corrections to their results, we found not only 
an increase in the solubility product with tem- 
perature for Gd(OH),, but also the hydroxides 
of Pr, Nd, Sm and Y. 

The p*Kso value from our experiments is 
smaller than any of those listed in Table 1; the 
difference is even larger at 1 = 0. This discrep- 
ancy perhaps should be attributed to the longer 
aging times used in the earher work. On the other 
hand, from the standard free energy of reaction 
(3), 110.3 W/mole, calculated from the *K, value 
m Table 2 by using the relationship AG! = 
-RT In *KS*, and the standard free energies 
of formation -688 kJ/mole for Gd3+(aq) and 
-237 kJ/mole for H20,26 the value - 1289 kJ/ 
mole is derived for the standard free energy of 
formation of Gd(OH),(s), in close agreement 

9r A 

Rg. 2. Poten~omet~c titrations of Gd(NO& solu~ons 
for solubdlty product evaluations. c+ 0, 0 920 x lo-‘M; 
IJ, 0 857 x 10-3M; 0, 0 732 x IO-‘M; W, 0.953 x lo-‘A4 
The lmes are calculated from the least-squares fit to the 

experrmental data [equation (7)] 
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Table 3 Mean standard enthalpy change 
of reactlons flH3) (kJlmole) 

,I.,.. , 

AH:, AH;, AH;, 

H,G 14+2 92 f 5 138 + 3 
D,G 14*1 89 f 5 167&4 

with the value - 1288 kJ/mole reported in the 
literature.26 

The influence of Gd3+-NO; ion-association 
on the *K, values m Table 2 could be estimated 
by use of equatlon(I1) m the Appendix. If we 
consider fi, = 2, *K, will decrease by 5% and a 
value of p*K, = - 19.30 will be obtained. It is 
clear that the main source of error in the values 
of the constants given in Table 2 is the lack of 
information regarding Gd’+-NO; association. 

From the data in Table 2, thermodynamic 
functions for the equilibria involved can be 
derived. Table 3 shows the mean standard 
enthalpy change AH$ = RT2 dln *K,,/dT for 
reactions (l)-(3) in the temperature range 
25-70” in H,O and D20. The values are positive 
and, within experimental error, identical for 
both solvents with the exception of AH!I, which 
is more endothermic for D,O medium. 

In Fig. 3, the distribution of Gd3+ species is 
plotted as a function of pD at 70” for 10e4M 
Gd3+, the maximum concentration of this 
“poison” used in the moderator circuit to shut 
down the reactor The species distribution at 
25”, correspondmg to the period during which 
the reactor is not under operation, is also in- 
cluded. The concentrations m this diagram were 
calculated by taking into account the changes in 
the activity coefficients with pD, by application 
of the iterative procedure used for the *KS0 
calculation. The vertical lines correspond to 
the pD for mitral precipitation at each 
temperature 

This stability diagram indicates that pD m 
the CANDU moderator circuit should be kept 

Ftg 3 Speclatlon m lo-‘M Gd(NO,), solution m heavy 
water, - 25”, ---- 70” 

below 7.36 (for safety reasons the pD is much 
lower) to avoid precipitation of the hydroxide 
after the liquid shut-down system has operated. 
When the moderator cools down to room tem- 
perature the pD should be below the precipi- 
tation value (9.20). 
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APPENDIX 

Fiquabon (6) IS derived as follows. Equations (4) and (5) 
are expressed in terms of [Gd’+] and equated 

ct.]1 + *Qkd/w0d0~ + +fQbd/a2,y0dt0Hhl 

= c I*& h+l(~Hy~oH) + 2*~21bd4aod,0n~,l 

TAL 3813-O 
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Rearrangement gtves 

es/c = (1 - cllIc)+K,,Y,/c”Yodo” 

+ (2 - %lc)*K*,Yodl&od,ooHh 

If c, is neghgrble compared wrth c, then 

cb/c = *K,,Yo&,~odo,i + 2*Kx~o&Ycd,ou,z 

and multtplylng by a&Y,Cou,,lY, gves 

(cb/2c)af,Y,(0,,,/%id = *K,,aHy~~OH~$hO~ + *K2, 

whrch IS rdentrcal to equatron (6) 
Equatton (7) IS denved as follows [Gd(OH),] and 

n,/( V, + V) are ehmmated by means of equahons (4) and 
(5), to gtve 

3c -c, - [OH-] = 3[Gd3+] + 2[GdOH*+] + [Gd(OH);] 

Then [OH-] IS treated as neghgible compared wrth c,, and 
[Gd3+], [GdOH*+] and [Gd(OH):] are replaced by funchons 

of l K,, , *K2, and l Iz, , gtving 

3c - cb = l LS34h~ + 2*K,&lhOH + •K2,adh~~d 

which IS the same as equatton (7). 
The Gd3+-NO; ion-associatron reactron 

Gd3+ + NO, C= GdNq+; /I, = [GdNO;+]/[Gd3+][N0,-] 

could be taken mto account by mcludmg [GdNOz+] m the 
mass balance equatron (4) Then, instead of equations (6) 
and (7), the following equatrons can be dertved by a 
procedure smular to that above 

(cb/2c)ahd(OHhhGd 

and 

= ‘4, /(I + B,PJ(X I)aH~~~oH~,12~~~ 

+*K,,/U +B,W;I) (I) 

3~ - cb = *K,(3a&/yo,, i- 2*K,,ah/yodoH 

+ *K21adyGdcoH)r + /WJO~l%/kd (11) 
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Summary-The ion flotahon of rhodmm(II1) and palladmm(I1) wtth some anionic surfactants has been 
investigated Two flotatton procedures are proposed for the separation of some platinum metals, based 
on dtfferences m the kmetic properties of the chloro-complexes of rhodmm(III), palladmm(I1) and 
platmum(IV) The first mvolves the selective flotation of Rh(H,O):+ from WCC- and PtCl:- m dilute 
hydrochlonc acid with sodmm dodecylbenzenesulfonate (SDBS) After prectpttatton of the hydroxide and 
redtssolution m dilute actd, the Rh(III) IS converted mto Rh(H,O), , 3+ Pd(II) and Pt(IV) rematmng as 
PdCli- and PtCl~- respecttvely, and separation is achieved by floating the Rh(H,O)z+ wtth SDBS The 
second IS for separation of Pd(I1) Pnor to flotation, the solution of PdCl:- and PtCg- 1s heated with 

2 + ammonium acetate to convert PdCl:- mto Pd(NH,), The chloro-complex of Pt(IV) is unaffected The 
complex catton, Pd(NH,):+ , IS then selecttvely floated with SDBS The procedures are fast, sample and 
do not require expensive reagents and apparatus 

In recent years, there has been considerable 
interest in ion flotation, leading to the develop- 
ment of a number of methods for separation of 
numerous catiomc and anionic complexes.‘-” 
The ion flotation properties and separation of 
the anionic chloro-complexes of some platinum 
metals have been studied systematically,‘2-‘7 but 
no flotation studies of the catiomc complexes of 
platinum metals have been noted in the litera- 
ture. 

The platinum metals have similar chemical 
properties. In many cases several of these metals 
are present in the sample, and interferences may 
occur in determinations. It is important to 
separate the platinum metals from each other 
in their determination and purification The 
differences in kinetic properties of the platinum 
group metals in the formation of cationic, an- 
ionic and neutral species have been widely used 
for their separation Though many studies have 
indicated considerable success in separation of 
some platinum metals by ion-exchange and 
solvent extraction methods, the advantage of 
the differences in their labile character could be 
further utilized. In this paper, we describe use of 
the charge selectivity of surfactants to achieve 
separation by adJustment of the initial solution 
conditions so that the complex ions of interest 
are opposite in charge sign. Our results show 
that the rapid formation of Rh(H,O)z+ can be 
used in the flotation procedure. The aquo-cation 
of Rh(II1) can be obtained by precipitation of 

the hydroxide and its redissolution in dilute 
acid, and can then be floated with sodium 
dodecylbenzenesulfonate (SDBS) from Pd(I1) 
and Pt(IV) which remam as PdCl:- and PrCg- 
respectively. Our results also indicate that the 
rate of formation of the cationic ammine- 
complex of Pd(I1) from its chloro-complex is 
sufficiently different from that of the Pt(IV) 
complex to permit isolation of the Pd(I1) com- 
plex by flotation. The complete conversion of 
PdCl:- into Pd(NH$+ can be achieved by 
heating the solution with ammonium acetate. 
Pt(IV) does not form an ammine-complex under 
these conditions. The Pd(NH3):+ can then be 
floated from PtCli- with SDBS. In this paper, 
the influence of several factors on the flotation 
is reported, and the optimum ion flotation 
conditions are presented. 

EXPERIMENTAL 

Apparatus 

The flotation cell is made by Joming a G4(3-4 
pm nominal pore size) sintered-glass funnel to 
a glass tube. A hole 1s drilled in the funnel 1 cm 
above the sintered glass disc and fitted with a 
rubber stopper for sample removal. Nitrogen 
saturated with water is passed through the 
sintered-glass disc. The flow-rate is controlled 
by a regulator valve. 

A Shimadzu model UV-240 spectropho- 
tometer was used to obtam the spectra of the 
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Fig 1 The spectra of Rh(III), Pd(I1) and R(W) (a) Rh(III) 
(b) Pd(II) (c) Pt(IV) The dotted lines mean the spectra after 

pretreatment 

complex ions of Rh(III), Pd(I1) and Pt(IV). 
A model 72 spectrophotometer (Shanghai Ana- 
lytical Instrument Factory) and a Hitachi 
model 180/80 atomic-absorption spectrometer 
were used for determination of the metals. 

Reagents 

Tetrachloropalladate(I1) and hexachloro- 
platinate(IV) stock solutions were prepared by 
dissolving high-purity palladium and platinum 
m aqua regza, repeatedly evaporating the sol- 
utions to dryness with hydrochloric acid, and 
making up to known volume m 2M hydro- 
chloric acid. Hexachlororhodate(II1) stock sol- 
ution was prepared by dissolving Rh,O,’ 5Hz0 
(99.9% pure) in concentrated hydrochloric acid, 
refluxing the solution for 2 hr to ensure that all 
the rhodium was present as RhCli-, and 
making up the final solution in 2M hydrochloric 
acid. The anionic surfactants sodium dodecyl- 

benzenesulfonate (SDBS), sodium dodecyl- 
sulfonate (SDS) and sodium lauryl sulfate (SLS) 
were prepared and 5 x 10e3M stock solutions m 
water were made. All other chemicals used were 
analytical reagent grade. 

Procedures 

Sample pretreatment. To convert RhCli- into 

Rh(H@) i+ , the sample solution was treated in 
the following manner. Sodium hydroxide sol- 
ution was added to the sample solution 
until Rh(II1) hydroxide was completely precipi- 
tated. After standing for 2 hr at pH 2, the 
precipitate was dissolved in OSM hydrochloric 
acid to yield Rh(H,O)i+. When treated in the 
same way, Pd(I1) and Pt(IV) were reconverted 
into PdCli- and PtCli- respectively. For the 
complete conversion of PdClj- into Pd(NH,)j+ 
the solution of PdCl:- was heated with am- 
monium acetate until the brownish-red color of 
PdCl:- disappeared; the chloro-complex of 
Pt(IV) was unaffected. 

Flotation experiments. Solutions were pre- 
pared for flotation by pipetting sufficient of the 
pretreated sample solutions into 50-ml standard 
flasks to give a final metal concentration of 
1 x 10-4M, followed by addition of 4 ml of 
surfactant solution and 0.3 ml of absolute 
ethanol and dilution to volume. The solutions 
were then mixed for 10 min. Each was 
then transferred to the flotation cell, and 
nitrogen saturated with water was passed 
through it at a controlled flow-rate of 30 ml/min 
for 25 mm. 

Measurement technzques. After the maximum 
flotation was achieved, the foam was collected 
with a sampling tube described by Mizmke and 
Hiraide,’ and collapsed by addition of a small 
amount of ethanol. The floated metals were 
recovered from the sublates by wet ashing with 
mtric acid, followed by repeated heating to 
dryness with a few drops of concentrated hydro- 
chloric acid. Finally, the residues were taken up 
in dilute hydrochloric acid and the amounts 
recovered were measured by atomic-absorption 
spectrometry. The progress of the flotation 
was monitored by measurements on samples 
removed from the cell at appropriate intervals. 
Spectrophotometric measurements were also 
used to supplement the tracer studies. Both 
palladium and platinum were determined 
with 2-(5-bromo-2-pyridylazo)-5-diethylamino- 
phenol in the presence of poly(ethyleneglycol)- 
octylphenyl ether.” 
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Wavelength (nm) 

Rg 2 The spectra of (a) Pd(I1) and (b) Pt(IV) The dotted lmes mean the spectra after pretreatment 

RESULTS AND DISCUSSION 

Oxidation states of Rh, Pd and Pt after pretreat- 
ment 

The solutions of Rh, Pd and Pt, after pretreat- 
ment as described above, were examined spec- 
trophotometrically and the absorption spectra 
are given in Fig. 1. For comparison, the absorp- 
tion spectra of RhCIi-, PdC1,2- and PtCIi- are 
also shown. It was observed that after pretreat- 
ment the spectra of the Pd(I1) and Pt(IV) species 
were the same as those of PdCl:- and PtCli- . 

This indicated that the Pd(I1) and Pt(IV) re- 
mained as PdCl:- and PtCli- respectively. The 
case of Rh(II1) was different. After the hydroly- 
sis and acidification, the pmk color of the 
solution of Rh(II1) changed to a yellowish color. 
Figure l(a) shows the change m the spectra. The 
absorption peak at 396 nm confirmed the pres- 
ence of Rh(H,O)i+ (‘A,B-‘T,,).‘9 

When the solution of Pd(I1) was heated 
with ammonium acetate, the brownish-red color 
of PdCl:- disappeared, and a colorless ammine- 
complex of Pd(I1) was formed. This colorless 
ammine-complex of Pd(I1) was regarded as 
Pd(NH,):+ .*O**’ The differences in the spectra of 
PdCl:- and Pd(NH,):+ are shown in Fig. 2(a). 
However, the chloro-complex of Pt(IV) was not 
affected by the presence of ammonium acetate. 
The color and spectrum [shown in Fig. 2(b)] of 
the solution of Pt(IV) did not change. 

Reactions of Rh(H,O)p and Pd(NH# with 
surfactants 

It was found that white precipitates were 
formed in the bulk solutions when Rh(H,O)i+ 
and Pd(NHj):+ were mixed with SDBS, SDS or 
SLS. However, Rh(H,O)i+ and Pd(NH,):+ do 
not form precipitates with cationic surfactants 
such as tetradecyldimethylbenzylammonium 

chloride, cetylpyridinium chloride and cetyltri- 
methylammonium brormde. No rhodium or 
palladium remained in the solutions after the 
precipitates were filtered off. Thus flotation 
procedures seem reasonable choices for recover- 
ing these elements. 

As Rh(II1) and Pd(I1) formed cationic com- 
plexes after pretreatment, anionic surfactants 
should be used as collectors in the flotation. The 
flotation curves for Rh(H,O):+ and Pd(NH&+ 
with different surfactants are presented in Fig. 3. 
It can be seen that SDBS is the most efficient 
collector. The reason for this may be that SDBS 
has a longer hydrocarbon chain than SDS and 
SLS, that stabihty of the foam layer is pro- 
portional to the chain length, and stable foam 1s 
necessary to support the sublate. Thus, SDBS 
was chosen for further experimentation. 

Eflects of surfactant and metal concentrations 

It is important to know whether variations in 
the initial concentrations of either the surfactant 
or metal ion result in significant differences 
in flotation efficiencies. For the first series of 
experiments, the metal concentration was 
5xed at 1 x 10d4M and the surfactant con- 
centration was varied. For the second series, 
the molar ratio of SDBS to metal ion was 
held at 4: 1, and the metal ion concentration 
was varied. 

As the sublate salt has a stoichiometric ratio 
of colligend to collector, to obtain complete 
flotation of bivalent and tervalent ions, the 
surfactant must be present in at least 2: 1 and 
3 : 1 molar ratio respectively, to these tons. The 
experimental results confirmed that quantitative 
flotation was obtained only when there was 
an excess of collector. However, a large excess 
of collector, which produces a large volume 
of foam, should be avoided. Suitable molar 
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Fig 3 The effects of flotation time and surfactants (a) The flotahon curves of Rh(H,O):+, (b) The 
flotation curves of Pd(NH&+ The concentrattons of metals and surfactants were 1 x 10m4 and 

4 x lo-‘M, respecttvely A SDBS B SDS, C SLS 

ratios of SDBS to metal ion in the initial 
solution were found to be 3.5-5.0. The initial 
concentration of SDBS used in this work was 
therefore fixed at 4 x 10e4M. 

The results of the second series of experiments 
indicated that satisfactory flotation efficiencies 
with SDBS were obtamed tf the concentrations 
of Rh(II1) and Pd(I1) were in the range 
2 x 10e5-4 x 10m4M. If the concentrations of 
Rh(II1) and Pd(I1) were higher than 4 x 10e4M, 
large amounts of SDBS were needed, and 
flotation was incomplete The decrease m 
flotation efficiencies was attributed to the for- 
mation of micelles which rendered the sublate 
hydrophilic. 

Effect of ethanol 

It was observed m the flotation experiments 
that addition of a small amount of ethanol 
increased the flotation efficiencies. The reason 
for this was that the addition of ethanol reduced 
the coagulation of gas bubbles and produced a 
stream of numerous tmy bubbles. Bubbles hav- 
ing diameters below 0.5 mm are easily captured 
by precipitates, and therefore flotation was 
more efficient in the presence of a small amount 
of ethanol. However, it was of importance to 
control the amount of ethanol added. A large 
amount should be avoided, since it destroys the 
foam layer and causes partial redispersion of the 
sublate mto the solution. A suitable amount of 

Table 1 Recovery data for flotatron separatton of 
bmary mtxtures of Rh(III), Pd(II) and Pt(IV) (each 500 pg 

per 50 ml) 

Recoveries, % 

Floated Not floated 

Mtxture Rh Pd Pd Pt 

Rh(III)-Pd(I1) 94 0 99 8 
Rh(III)-Pt(IV) 91 2 99 1 
Pd(II)-Pt(IV) 88 3 994 

ethanol was found to be 0.1-0.5 ml in 50 ml of 
sample solution. 

Eflects of bubbling time and gas flow-rate 

Bubbling time and gas flow-rate should be 
carefully optimized. If the gas flow-rate is too 
low, it would take a long time to achieve 
complete flotation. If it 1s too high, the stability 
of the foam layer decreases, and moreover some 
bulk solution will be captured in the foam layer. 
From the flotation curves shown in Fig. 3, it can 
be seen that the best flotation efficiencies were 
obtained by the passage of nitrogen for 20 min 
at 30 ml/min flow-rate. In the flotation exper- 
iments, 25 min and 30 ml/min were chosen as 
the bubbling time and flow-rate, respectively. 

E#ect of ammomum ion on the separation of 
Rh(III) and Pd(III) 

It was observed that the presence of am- 
monium ion in the initial sample interfered with 
the separation of Rh(II1) and Pd(I1). When the 
pH is adjusted for precipitation of the Rh(III), 
the ammonia will be liberated and form an 
ammine complex with the Pd(I1). This complex 
is so stable that it is not decomposed by the 
addition of dilute hydrochloric acid. Since not 
only Rh(H,O), 3+ but also Pd(NH&+ can be 
floated by SDBS, if ammonium ion is originally 
present the separation of Rh(II1) and Pd(I1) is 
mcomplete and even impossible. Therefore, am- 
momum ion must be absent from the original 
sample, or removed from it chemically, e.g., by 
evaporation to low bulk and heating with con- 
centrated nitric acid.** 

Separation tests 

Binary mixtures of the ions were separated. 
Rh(II1) was floated by the first procedure from 
two binary mixtures under conditions similar to 
those for Rh(II1) alone. Pd(I1) was floated by 
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the second procedure from a binary mixture 
under conditions similar to those for Pd(I1) 
alone. The results presented in Table I indicate 
that binary mixtures of these three platinum 
metals can be satisfactorily separated. 

As osmium and ruthenium are easily con- 
verted into their tetroxides, which can be dis- 
tilled, it was not considered necessary to 
examine their behavior m the system. Iridium 
was also not examined, because of its compli- 
cated oxidation and complexation behavior. 

CONCLUSIONS 

(a) The cationic complexes of rhodium(II1) 
and palladium(I1) can be floated with SDBS. (b) 
The differences in the kinetic properties of plati- 
num metals can be used in their separation by 
ion flotation. (c) Satisfactory separations of 
binary mixtures of Rh(III), Pd(I1) and Pt(IV) 
can be achieved by the proposed flotation pro- 
cedures. (d) The proposed flotation procedures 
are fast, simple and do not require expensive 
reagents and apparatus. They may be useful for 
both laboratory and industrial separations of 
these three platinum metals. 
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Summary-Electrothermal atonuc-ermsston spectrometnc determinatton of hthmm wtth use of a tungsten 
tube has been mvesttgated Lanthanum mtrate IS used as a matnx modifier to ehmmate the mterference 
of Al, Ca, Cu, Fe, K, Mg, Na, Pb and Zn Ltthmm m hologcal samples has been deternuned by the 
method The recovery of hthium m the samples was >91% 

Electrothermal atomic-emission spectrometry 
with graphite furnaces and metal tubes’-12 is 
very useful as an analytical method for some 
elements. However, the high levels of back- 
ground radiation emitted by graphite furnaces 
are a drawback. We have found atomic-emis- 
sion spectrometry with a metal-tube atomizer to 
be a useful altemative.6-‘0 

Lithium is an essential element in the life 
processes of organisms. Some workers have 
reported the trace determination of lithium 
in food as well as somatic and biological 
samples by electrothermal atomic-absorption 
spectrometry2,’ ‘-I4 with graphite furnaces but 
there is severe chemical interference.‘.2~‘5*‘6 

In this paper, we report on the effect of 
lanthanum as a matrix modifier m lithium emis- 
sion spectrometry. A relatively simple and sensi- 
tive method for trace determination of lithium 
in biological samples is demonstrated. 

EXPERIMENTAL 

Instrumentation 

The atomic emission was measured with a 
Nippon-Jarrell Ash Ebert-type monochromator 
fitted with an R 928 photomultiplier (Hama- 
matsu Photomcs Co.), run at 680 V, a dc 
amplifier, an oscilloscope (Iwatsu MS-5021), 
and a microcomputer (Sord M223). The slit- 
width was chosen so as to give a spectral 
band-pass of 0.02 nm. The time constant of the 
detection system was 4 msec. The signal from 
the computer was recorded with a plotter 
(Graph& WX4675). A lithium hollow-cathode 

*Author for correspondence 

lamp (Hamamatsu Photomcs Co.) was used for 
alignment of the atomic-emission line at 670.78 
nm. The small tungsten tube (2-mm internal 
diameter, 35 mm long and 0.05mm wall) used 
as an excitation source was made from high- 
purity tungsten sheet (99.95%, Goodfellow 
Metals Ltd.). Two legs for supportmg the tube 
at both ends were made from molybdenum 
sheets (0.1~mm thickness, 99.95% purity, Rem- 
bar Co.). The power for heating the metal tube 
atomizer was applied by a step-down trans- 
former (TP-Y, Takabayashi Electric Co. Ltd.) 
and a volt-slider (3 kVA, Yamabishi Co.). The 
arrangement of the tube atomizer, condensing 
lenses, light apertures, and detection system was 
described earlier. lo The temperature signal 
from the tube wall, which was preliminarily 
calibrated with an optical pyrometer (Chino 
Works), was obtained from a photodiode (S641, 
Hamamatsu Photonics Co.) and fed to the 
microcomputer with the simultaneous emission 
signal. A glass micropipette (1 ~1) with a Teflon 
tip was calibrated gravimetrically with a mi- 
crobalance (Mettler H20). 

Water used in the study was purified four 
times by demineralizing and distilling, with an 
autodistiller (Isuzu Works), a demineralizer 
(Monopet type, Organ0 Co.) and a superpurifier 
(FS-1 type, Fujiwara Works). 

Reagents 

A standard 1 mg/ml stock solution of lithium 
was prepared by dissolving lithium carbonate in 
0.15M nitric acid. A lanthanum stock solution 
(10 mg/ml) was prepared by dissolving lan- 
thanum nitrate [La(NO,), .6H2O] in water. 

325 
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Matrix solutions were prepared from the metal 
mtrates. All working solutions were prepared 
from the stock solutions just before use. 

Analyttcal-reagent grade chemicals were used 
throughout. 

Procedure 

Hydrogen at a flow-rate of 20 ml/min was 
added to the argon purge gas (flow-rate 
480 ml/mm) to protect the metal tube from 
oxidation by traces of oxygen in the system. 
This mixture was selected on the basis of a 
previous study.9 Since lithium may be present 
at trace levels in glassware and laboratory 
apparatus, Teflon and plastic ware cleaned with 
acid and fourfold purified water was used. The 
voltage supplied to the photomultipher was 
680 v. 

A 1 pl-aliquot (10 pg of Li) of sample solution 
was placed in the metal tube by micropipette, 
dned at 360 K for 10 set, pyrolysed at 570 K for 
20 set and atomized by heating to 2620 K (at a 
ramp rate of 5.0 K/msec). Molecular emission 
generated by decompositton or vaporization of 
concomttant species was characterized by heat- 
mg the mterferent alone and measuring the 
emission at the lithium atomic resonance line 
(670 78 nm). 

RESULTS AND DISCUSSION 

Reproduclbhty and detection llmlt 

The detection limit (0 02 ng/ml, S/N = 2) for 
plasma-emission determination is poorer than 
that of flame emission determination (1 pg/ml, 
S/N = 2), I7 because a large fraction of the 
hthmm atoms will be tomzed in an inductively 
coupled plasma having a gas temperature of 
9000-10000 K I8 The detection limit by atomic- 
fluorescence spectrometry with ICP as an atom 
cell has been reported as 0.3 ng/ml.” The mass 
detection limit m the graphite-funace emission 
method is 0.5 pg,‘5,‘6 corresponding to 0.025 
ng/ml However, the detection limit m our 
metal-tube atomizer system, defined as the 
weight of lithium giving an emission signal 
equal to three times the standard deviation of 
the background signal, is 0.04 pg (correspond- 
mg to 0.004 ng/ml m a lo-p1 mjection). Even 
though the efficiency of the small tube for 
emission measurements is limited, owing to the 
short residence time of the atomic vapour, the 
detection limit is comparable to that of flame 
emission. 

0 OS 10 15 

Time, set 

Fig 1 CRT display showmg the effect of lead on atormc 
enussion of hthmm (a) 10 pg of hthmm, (b) 10 pg of hthmm 
and 10 ng of lead, (c) 10 ng of lead, (d) temperature trace, 

a.u = arbitrary umts 

The relative standard deviation (RSD) calcu- 
lated from 9 measurements of 10 pg of lithium 
was 8%. The RSD for lithium (10 pg) in the 
presence of 50 ng of lanthanum was 5% (10 
measurements). The RSD in the presence of 
organic matrix and 50 ng of lanthanum was 
18-32% for three replicates. 

Interference and matrix modifier study 

Biological material, m general, contains large 
amounts of Al, Ca, Cu, Fe, K, Mg, Na, Pb and 
Zn (particularly Ca, K and Mg). The effect of 
these elements on the lithium emission profile 
was investigated by injection of a mixture of 
10 pg of lithium and 10 ng of interferent into the 
metal atomizer (Table 1). A typical interference 
is shown in Fig 1. The results show that all 
these elements except iron caused a reduction in 
peak height. When the interferences caused by 
Ca, K and Mg in 100 ng amounts were further 
investigated, the lithium signals were found to 
be decreased to 35-40% of the signal in the 
absence of mterferent. 

Lanthanum is one of the most popular 
matrix modifiers for determinations of alkali 
and alkaline-earth metals by flame and electro- 
thermal atomization atomic-absorption spec- 
trometry.20-24 The effect of 50 ng of lanthanum 
on the lithium emission signal is shown m Fig. 2. 
It was found that the second peak in the emis- 
sion signal for lithium alone was suppressed 
when lanthanum was present, and the lithium 
signal was slightly depressed and shifted to a 
lower temperature region. The second peak (in 
the signal for lithium alone) is thought to be due 
to molecular emission. 



Electrothermal atomtc-emrssion spectrometric determmatron of hthmm 

Table 1 Effect of lanthanum on mterferences m determmatron of hthmm (10 pg)* 

Interfermg Peak herghtt Peak areat 
element 
(10 ng) Wtthout La Wrth La without La With La 

0 808*064 679f0 12 611*031 615kO32 6700 5950 f f 210 210 4370 4790 f f 530 130 
Ca 595*031 6.73 f 0 32 2150 f 320 7210 f 1200 
cu 7.17&020 6.15fO37 3509 f 300 6480 f 1180 
Fe 808fO21 622fO33 9071+ 1540 6210 f 780 
K 5 54*0.51 6.00&O 13 2440+290 6200 f 900 

Mg 530*016 6.23 f 0 66 1880 f 150 4390 f 300 
Na 643&054 6 lo&O69 3400 f 350 7560 f 960 
Pb 350&026 627fO22 5340 f 950 9130 f 570 
Zn 6 23 f 0 75 628&021 5980 f 350 5950 * 1770 

*3-10 measurements m each case 
TArbrtrary units 
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The effect of lanthanum as a matrix modifier 
for suppressing the interferences was investi- 
gated. Figure 3 shows the effect of lanthanum 
(50 ng) on the lithium emission signal in the 
presence of lead. The emission signal for lead in 
the presence of lanthanum was negligible, and 
so was the effect of lead on the signal for 
lithium. The addition of lanthanum modified 
the interferences with respect to peak height 
(Table 1) but all the interferents except potass- 
ium, sodium and lead caused the lithium signal 
to be broader and to shift to a higher tempera- 
ture region. The appearance temperature of the 
lithium signal, which is defined as the tem- 
perature of the atomizer at the time when an 
emission signal can first be perceived above 
the baseline noise, and the temperature for 
maximum emission were similar in the presence 
or absence of K, Na or Pb when lanthanum was 
added as matrix modifier. The presence of 
100 ng of Ca, K or Mg lowered the lithium 
signal by about 25%. 

Time, set 

Fig 2 CRT drsplay showmg the effect of lanthanum on 
atomic emrsston of hthmm (a) 10 pg of hthmm, (b) 10 pg 
of hthmm and 50 ng of lanthanum, (c) 50 ng of lanthanum, 

(d) temperature trace, a u = arbitrary umts 

Though lanthanum is known to act as a 
releasing agent for metal ions by preferential 
formation of compounds with interfering 
anions,20-23 and has been used as a radiation 
buffer m determination of calcium in phosphate 
rocks,24 the mechanism in the present case is less 
obvious. It has been reported, however, that 
when lithium nitrate and lanthanum nitrate are 
heated together for 10 hr at 800” a compound 
LiLaO, is produced. *’ This reaction should pro- 
ceed much more rapidly at the higher tempera- 
tures attained in the tungsten tube, and the 
modifying effect of the lanthanum may be due 
to “protection” afforded by formation of this 
compound. 

Determination of lithium m biological materials 

Biological samples were dried in an electric 
oven at 350 K for 4 hr and a 0.1-g sample was 
weighed and transferred into a Uni-seal vessel; 
4 ml of concentrated nitric acid and 1 ml of 30% 

2620K 

7 

05 10 15 
Time, set 

Rg 3 CRT drsplay showmg the effect of lanthanum on the 
mterference of lead (a) 10 pg of hthmm and 50 ng of 
lanthanum, (b) 10 pg of bthmm and 10 ng of lead with 
lanthanum, (c) 10 ng of lead and 50 ng of lanthanum, 

(d) temperature trace, a u = arbitrary units 
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Table 2 Detemunatlon and recovery of hthmm 
m blolog& samples 

Amount of litbmm, 
LWlg 

Sample Added Found 

Bovme hver* - 042*007$ 
51 551*0.8# 

Oyster tissue* - 2.4 f 0.7$ 
48 6.9 f 0.58 

Pepper bush7 - 0.56f0.11$ 
113 10.8 & 1.4 

Orchard leaves # - 06OfOl9t: 

*NIST standard 
tNIES standard 
IThree determmauons. 
§Rve determmattons 

lithium in biological materials. The main dis- 
advantage at present is the lack of a suitable 
commercial instrument, and this restricts wider 
use of the technique, despite its obvious 
applicability. 
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1 
2 

# NIST standard, certtfied value 0 6 M/g 3. 

4, 
hydrogen peroxide were added and the sealed 
vessel was heated for 3 hr in an electric oven at 
390 K. After the digestion, the solution was 
transferred to a Teflon beaker and evaporated to 
dryness in a poly(ethylene glycol) bath at 380 K. 
The residue was dissolved in about 2 ml of IM 
nitric acid and the solution was evaporated to 
dryness. This cycle was repeated, then the 
residue was taken up in 1 ml of the acid, the 
requisite amount of matrix modifier was added, 
and the solution was transferred to a lo-ml 
standard flask and made up to the mark with 
water. When necessary the solution was further 
diluted with water. 
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For atomic-emission measurements, 1 ,ul of 
the solution was introduced into the excitation 
tube by pipette after the addition of lanthanum. 
The emission signal was measured and a cali- 
bration graph was obtained by use of standard 
solutions (containing lanthanum); it was linear 
up to 10 pg of lithium. 

Some studies with known quantities of 
lithium added to the samples indicated good 
recovery (Table 2). A result compared with a 
certified value is also listed in Table 2 and found 
to be almost quantitative. 

and sensitive technique for the determinatron of 

The method presented requires only acid 
digestion of the biological sample. With lan- 
thanum as matrix modifier, atomic emission 
spectrometry with a metal tube offers a simple 
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AND YTTRIUM IN SILICATE ROCKS BY ICP-AES 

WITHOUT SEPARATION AND PRECONCE~~TION 
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Summary-Lanthanum, cenum, neodymium, samarium, europium, gadohmum, dysprosnun, erbmm, 
ytterbium, lutetmm and yttnum have been determined m 8 international rock standards by inductively 
coupled plasma atormt: emzssion spectrometry (ICP-AES) wrthout pnor ion-exchange separation and 
preconcentration The results for La, Ce, Nd, Eu, Dy, Yb and Y were m good agreement with the reported 
values, whereas those for Sm, Gd, Er and Lu were less accurate. However, the results for Sm, Gd, Er 
and Lu can also be used for stu&es of petrogenesls 

Rare-earth element (REE) geochemistry has 
been established as one of the most powerful 
tools for petrogenetic studies of rocks. REEs 
(except for Ce) are comp~atively inert towards 
secondary geological processes, and hence their 
relative abundances even m altered rocks, give 
valuable informatron about the origin of rocks.’ 

High-resolution ICP-AES has become a 
wrdely used and popular technique for measure- 
ment of major and trace elements, including 
REEs, 3% in analytical geochemistry. However, 
preparation of samples for ICP-AES determi- 
nation of the REEs in rock samples generally 
mvolves separation of REE fracttons by cation- 
exchange, followed by concentratron by evapor- 
ation.%* This procedure IS quite tedious and thus 
hinders the routme productron of REE data. 

The atm of the present lnvestigatlon was to 
find whether the separation and preconcentra- 
tion steps can be avoided by calibrating the 
instrument with standards having a chemical 
matrix similar to that of the samples. 

EXPERIMENTAL 

Dried samples (0.5 g) were digested wrth a 
hydro~uo~~-perchlo~~ acid mixture in open 
PTFE beakers. The digestion was repeated 5 or 
6 times with evaporation to perchloric acid 
fumes after each, in order to ensure complete 
dissolution, and the final solution was made up 
accurately to 50 ml. The instr~entation used 

*Author for correspondence 

was a Jobin Yvon model JY 70 Plus ICP, with 
a l-m focal length Czerny-Turner, holographic 
grating, 3600 grooves/mm, and a Memhard 
concentric glass nebuliier “type C”. The RF 
generator was a 40.68 MHz single-phase unit, 
with power stable to better than 0.01%. The gas 
flow-rates (l./min) were: outer (coolant) 12; in- 
termediate (au~lia~) 0; central (carrier -t 
sheath) 0.55. 

A set of four rock standards (Syenite STM-1, 
Quartz latite QLO-1, Diabase W-2, supplied by 
U.S.G.S. and Granite GS-N, supplied by 
A.N.R.T., France) and a blank were used for 
calibratton m order to cover a wide compo- 
sitional range of geologrcal materials. Six rock 
standards (Basalt BE-N, from A.N.R.T., Basalt 
BHVO- 1, Mica schist SDC-1, Granite G-2, 
Rhyolite RGM-1 and Granodiorite GSP-1 
from U.S.G.S.) were treated as unknown 
samples and analysed for REE and Y. A vali- 
dation test was done with a different set 
of standards for cahbranon (SDC-1, BE-N, 
BHVO-1, W-2, and Gabbro MRG-1, supplied 
by C.C.R.M.P., Canada) and a blank, for 
measurement of REEs and Y in QLO- 1, GS-N, 
G-2, RGM-1 and GSP-1. The results are 
summarized in Table 1. 

RESULTS AND DISCUSSION 

The concentrations of the REEs and Y in the 
reference rock standards were taken from the 
latest compilation by GovindarajuP Some of 
the REE values for these reference rocks are not 
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Table 3 Slopes and Intercepts of the cahbration graphs obtained with 
the two sets of standards 

Set (A) Set (B) 

Element Slope Intercept Slope Intercept 

La 0093 -95 
Ce 0 18 -244 
Nd 0069 -198 
Eu 0 0032 -12 
DY 0 0078 -33 
Yb 0 0026 -05 
Sm 0 017 -102 
Gd 0 0037 -19 
Er 3 6 x 1O-6 00 
Lu 0 0032 -12 
Y 0.0028 00 

0 023 
0 052 
0 039 

‘00027 
0 0072 
0 0023 
0012 
0 0076 

2 3 x 10-5 
0 0027 

-62 
-202 
-144 

-08 
-24 
-03 
-69 
-07 

0.0038 -12 

well characterized and are proposed only for 
information (they are marked with an asterisk in 
Table 1). 

A comparison of our results (Table 2) with 
those obtained by use of a separation 
techmqueH,‘O*” and also with the consensus 
values,’ shows that those for La, Ce, Nd, Eu, 
Dy, Yb, and Y are in good agreement. Agree- 
ment for Sm, Gd, Er and Lu is rather poor, but 
most of the differences are within the acceptable 
limits of error for petrogenetic purposes. Some 
of our measurements (underlined in Table 2) are 
in better agreement with the reported values 
than are those obtained by using a separation 
technique. 

The values found for Er were always 
lower than the reported values, whereas 
those for Sm were always high. The accuracy 
of the results for these two elements was 
better for basic rocks than for granitic rocks. 
The reason for this is unclear, but is possibly 
spectral interference by elements such as Ba, Sr, 
Zr, etc. which are generally present in gramtic 

rocks at levels as much 10-100 times those in 
basic ones. 

The cation-exchange methods do not give 
complete separation of the REEs from the other 
rock components, some elements, such as Ba, 
Ca, Sr, Ti and Zr, being incorporated m the 
REE fraction.3*7 In our method, however, rock 
standards were used instead of salt standards 
for calibration, and as these are chosen so that 
their matrices are similar to those of the 
samples, there is some degree of compensation 
of chemical and spectral interferences. The re- 
sults obtained for G-2, RGM-1 and GSP-1 
differed, however, according to which set of 
calibration standards was used. All the calibra- 
tions were found to satisfy a first order fit. The 
slopes and intercepts obtained for both cali- 
bration sets are given m Table 3. The major 
component composition of the standards is 
given m Table 4. 

In summary, it may be concluded that separ- 
ation and preconcentration of REEs is not 
essential for their determination in sihcate rock 

Table 4 MaJor component composlhon (%) of the standards used for cahbration 

Standard BO, Al@, Fe,G, Fe0 MnO MgO CaO Na,O K,O TlO, P,O, 

GS-N 
(Gramte) 
QLO-1 
(Quartz latlte) 
STM-1 
(Syemte) 
gtbase) 

SDC- 1 
(Mica s&St) 
BE-N 
(Basalt) 
BHVO- 1 
(Basalt) 
MRG-1 
(Gabbro) 

65 80 14 67 1.92 1.65 0 056 2 30 2 50 3 77 4 63 0 68 0 28 

65 55 16 18 102 2 97 0093 100 3 17 420 360 0 624 0.254 

59 64 1839 2 87 2 09 0 22 0101 109 8 94 4 28 0 135 0 158 

52 44 15 35 1 52 831 0 163 6 37 10 87 2 14 0 627 106 0 131 

65 85 1575 2 62 3 93 0 114 169 140 2 05 3 28 101 0 158 

38 20 10 07 5 34 6 74 0 20 13 15 13 87 3 18 1 39 261 105 

49 94 13 80 2 82 8 58 0 168 7 23 1140 2 26 0 52 271 0 273 

39 09 8 46 8.36 8 66 0 17 13 55 14 71 0 74 0 18 3 77 0 08 
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samples. It is difficult to determine Pr, Tb, Ho 
and Tm by this method, but the rest of the 
REEs and Y can be measured with reasonable 
accuracy in a IO-mg/ml rock solution by 
using high-resolution ICP-AES. The accuracy 
achieved is sufficient for the purpose of geologi- 
cal interpretation. The results could probably be 
further improved by using calibration standards 
that all closely match the samples in chemical 
composition. 
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COULOMETRIC GENERATION OF H+ AND D+ IONS IN 
AQUEOUS MEDIA BY ANODIC OXIDATION OF 
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Summary-Coulometrrc generation of H+ and D+ ions in aqueous media by the oxrdatron of hydrogen 
and deutermm dissolved m palladium, 1s described.. Hydrogen and deutenum dissolved m palladium were 
found to be oxldmed at more negative potentials than the oxldatlon potentmls of water and other 
components present The H+ and D+ ions generated were used for the htranon of trrs(hydroxymethy1) 
ammomethane, plpendme, tnethylamme and sodium tetraborate, the end-point bemg determmed 
potentlometncally wnh a glass electrode and an SCE In tltratrons of 0 004 1 M solutions of the bases, 
the current effimency was 100% 

In previous work,lm3 we have generated H+ ions 
in non-aqueous media by anodic oxidation of 
hydrogen dissolved in palladium. Titrations of 
organic bases with the ions generated m this 
way showed that the current efficiency m the 
generation was 100%. Therefore, we considered 
it interesting to mvestigate the generation of H+ 
and D+ ions m aqueous media by anodic oxi- 
dation of hydrogen and deutenum, dissolved in 
palladium. No data on the coulometnc gener- 
ation of D+ ions have hitherto been reported. 

EXPERIMENTAL 

Reagents 

All chemicals used were of analytical reagent 
grade (Merck and Fluka). Tris(hydroxy- 
methyl)aminomethane4 and sodium tetraborate 
were prepared as primary standard solutions. 
Ptperidme and triethylamine solutions were 
standardized by potentiometric titration with 
standard perchloric acid solution. The support- 
ing electrolyte was 1M sodium perchlorate or 
sulphate in water. Deuterium oxide (heavy 
water), 99.8%, was purchased from the Radio- 
isotope Division of IGN Chemicals. 

*Author for correspondence 

Electrodes 

The electrode for generating D+ was a 
palladium plate (1 x 2 x 0.5 cm) saturated with 
deuterium obtained by electrolysis of heavy 
water. The other electrodes used, the appar- 
atus and 
earlier.3 

20 

15 

E 
e 

ii 
;; 10 

05 

the procedure were as des&bed 

0 1 2 

E(V) 

Rg 1 Change m anoQc potential urlth current density (1) 
H, (Dr) dissolved m palladium, (2) THAM, (3) water 

T.4L 38/z-” 
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Table 1 Current efficiency m the tltratlon of bases m water with H+ and D+ 
lous generated by the oxldahon of hydrogen and deutermm dtssolved tn 

pailadmm, at 0 015 A 

Purity 
Base Generator Taken, Number of found, 
titrated electrode mg detertnmations % 

THAM 
THAM 
THAM 
THAM 
Plpendme 
Trlethylanune 
Na, B& 
THAM 
Na, B& 
Plperldme 
Tnethylamme 

2248 6 999*03 
14.28 4 looO&-04 
22 48 4 1002fO3+ 
14 28 5 1003fO2+ 
421 5 999*07 
744 : 1000+09 
7 56 999*01 
642 5 999+05 

23 59 5 998+07 
2 12 5 997+07 

1197 s 1000*09 

*Supporting electrolyte 1M sodmm sulphate 

RESULTS AND DISCUSSION 

Although hydrogen and deuterium dissolved 
in palladmm have been extensively studied,- no 
data are reported on then practical application 
as sources of H+ and D+ ions for quantrtative 
dete~ina~on of bases in aqueous medra. 

Previous direct coulometric titrations of 
organic bases with H’ eons generated by the 
oxidation of water at a platmum anode were not 
successful, as the bases titrated were oxidized as 
well. 

By recordmg the current-potential curves 
for water, the bases to be titrated, and 
hydrogen and deuterium dissolved in palladium 
(Fig. I) we found that in 144 aqueous solutions 
of sodim sulphate or perchlorate, hydrogen 
and deutermm dissolved m palladium were oxi- 
dized at potentials more negative (slightly above 
OV) than those for oxidation of the bases and 
water. 

In order to establish whether the reactions 

Ht/Pd+2H+ + 2e- and D,/Pd-+2Df + 2e- 

are q~ntitative, we titrated solutions of 
tns(hydroxymethyl)aminomethane (THAM), 
piperidine, triethylamine and sodmm tetra- 
borate, with H+ and D+ ions obtained by the 
oxidation of hydrogen and deutermm. The re- 
sults obtained under the optimum experunental 
conditions are presented in Table 1. Under the 
optimum conditions the current efficiency was 
100%. 

*The wrong date for thrs reference was e;lven m an earher 

Since the oxidation potentials of hydrogen 
and deuterium dissolved in palladia are only 
slightly above OV, these species can be used for 
generation of H+ and D+ for titnmetric deter- 
mination of organic bases, with 100% current 
efficiency. 

The palladmm plate used (1 x 2 x 0.5 cm) can 
be utilized for the generation or H+ (D+) tons 
m water for more than 80 hr at a current of 
0.015 A. After consumption of the hydrogen 
(deuterium) dissolved in the palladmm, the elec- 
trode can again be saturated wrth hydrogen 
(deutermm), 

From the results presented m Table 1 it may 
be concluded that hydrogen and deuterium dis- 
solved in palladium are ideal for the co~ometnc 
generation of H+ and D+ ions in water; their 
oxldatlon potenttals are low and they can 
be quantitatively oxidized. Furthermore, their 
application brings no foreign organic com- 
pounds mto the solutton under investigatton. 

1 V J VaJgand, R P MlhaJlovlC, R M DZudov& and 
LJ N JakS& Anal Cham Acta, 1987, 202, 231 

2 V J VaJgand, R P MlhaJlovlC and R M DzUdov& 
Talanta, 1989, 36, 1154 

3 R P M~~J~o~~, LJ V MihaJlovl~, V J VaJgand and 
LJ N JakBc, z&f,, 1989, 36, 1135 

4. W C Hoyle, W F Koch and H DIehi, &id., 197&U, 
649 

5 T Graham, Phtl Tram, 1866,156,389, Proc Roy. Sot 
1868-9, 17, 212* 

6 G A Moore, Trpns Eiecctrochem Sot , 1939,7S, 237 
I. F A Lews, G E Roberts and A R Ubbelohde, Proc 

R Sot. A, 1953, 22@, 279 
8 F A Lews and A R Ubbelohde, .I Chem Sot , 1954, 
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INDICATOR CHARACTERISTICS OF BROMOTHYMOL 
BLUE DERIVATIVES 
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(Recewed 3 January 1990 Rewed 5 September 1990 Accepted 10 September 1990) 

Summary-Some Bromothymol Blue derivattves wrth a mtro, ammo, rsothmcyanato or sulfonamrde 
group substrtuted on the sulfonated rmg of the dibromo~~ols~fon~h~l~n have been studred 
spectrometrrcally. All the dyes have two character&z absorptton peaks whtch can be used to measure 
pH m the phystologmal range The molar absorpttvitres, wavelengths of maximum absorptton and pK, 
values have been deternuned from the absorbances, and are srmtlar for all four dyes 

Indicator dyestuffs can be used to measure pH 
s~ctrophotomet~~lly, by use of the Hender- 
son-Has~lbalch equation.’ The scope of this 
method can be widened by the use of fiber optics 
m measurmg the absorbance of the dyestuff. 
Light is transmitted by a fiber to a chemically 
sensmve dye i~obili~d at the fiber tip. The 
fraction of the light absorbed by the dye is 
determined by measuring the absorbance or 
reflectance by carrying the appropriate radi- 
ation through another fiber to a detector. Sev- 
eral pH sensors based on this principle have 
been reported.” In these systems, the dye was 
immobihzed on a cross-linked hydrophilic 
copolymer, attached to glass fibers. One of the 
disadvantages of these methods is that the 
reagent IS not covalently bound to the fiber and 
may be leached out. Some applications may 
require high flexibility of the fibers and high 
resistance to breakage on bending and twisting. 
Glass fibers are much more fragile than plastic 
fibers. It IS also difficult to mimaturize some of 
these devices 

Zemel and co-workersa*’ reported the use of a 
pair of twisted plastic fibers, which gave a high 
degree of mechani~l flexibility combined with 
very small size and a low cost construction of a 
disposable probe. 

In our work on development of a fiber optic 
sensor for rn uzvo pH me~u~ments, it was of 

*Author for correspondence 

mterest to prepare flexible plastic optical fibers 
wtth dye molecules covalently bound to their 
surface.” For the construction of such a probe, 
phenolsulfonephthalem and 3,3’-dibromothy- 
molsulfonephthalein (Bromothymol Blue, BTB) 
are among the most suitable dyes, because they 
are sensrtive to pH in the physlolo~~l range. 

Attachment of dye molecules to the optical 
fibers requires the presence of reactive 
fun&tonal groups on the fiber surface as well as 
on the dye itself. Introduction of groups other 
than the hydroxyl group mto Bromo~~ol 
Blue offers a possibility for tmmobilization of 
the indicator on a plasttc optical fiber. We have 
therefore prepared denvatives of Bromothymol 
Blue containing mtro (NBTS), amino (ABTS), 
rsothiocyanato (IBTS) and sulfonamtde (SBTS) 
groups on the sulfonated rmg of Bromothymol 
Blue. 

NBTS ABTS IBTS SBTS 

3-Nitro-2-sulfobenzoic anhydride was 
condensed with thymol in the presence of anhy- 
drous zinc chloride to yield 3nitrothymol- 
sulfonephthalein (NTS), which was then 
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brormnated in acetic acid to afford 3-nitro-3’,3”- 
dibromothymolsulfonephthalein (NBTS). This 
compound was catalytically reduced, by using 
palladium on charcoal, and hydrazine hydrate, 
to obtain the corresponding 3-amino-3’,3”-di- 
bromothymolsulfonephthalem (ABTS), from 
which the isothiocyanato (IBTS) and p-toluene- 
sulfonamide (SBTS) derivatives were prepared.” 
ABTS and IBTS were subsequently covalently 
attached to plastic fibers with functional groups 
on their surface, e.g., ammo groups on the 
surface of poly(methylmethacrylate) fiber 
cladding” and sulfonyl chloride groups on the 
surface of the polystyrene fibers. It is hence 
important to know how such chemical modi- 
fication affects the indicator characteristics of 
the dyes. SBTS was used as a model for predict- 

1 00 

1 (a) 

080 

060 

I 

mg the behavior of ABTS attached to chlorosul- 
fonated polystyrene fibers. 

The synthesis and characterization of the dyes 
used are described elsewhere.” 

EXPERIMENTAL 

An IBM 9430 spectrophotometer and a 
Fisher Accumet Model 805MP pH meter were 
used. For each dye, a stock solution of known 
concentration was prepared in dilute alkali, and 
divided into several portions. Various small 
amounts of hydrochloric acid were added to 
these portions to yield solutions of different pH. 
The change in volume resulting from addition of 
the acid was negligible. The spectrum of each 
solution over the 300-700 nm range was then 
recorded and the pH was measured. 

pH 666 
6.6 

n n 

0 
300 400 500 600 700 

A hm) 

0 32 

0 24 

0 16 

0 
300 400 500 600 700 
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Fig. 1 Spectra at various pH values and 25” for (a) 2 0 x lo-‘A4 IBTS In water, (b) 0 76 x lo-‘M SBTS 
m water 
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RESULTS AND DISCUSSION 

The effect of pH on the spectra of IBTS and 
SBTS over the 300-700 nm range is shown in 
Fig. 1. For both dyes, two absorption peaks are 
seen, the peak at about 600 nm being the more 
sensitive in the pH range 6.5-8.5. The isosbestic 
points at -500 nm indicate quantitative trans- 
formation without any side products. A similar 
effect of pH was also observed for NBTS and 
ABTS. The occurrence of two absorption peaks 
and the observed effect of pH on the spectrum 
can be explained on the basis of the work of 
Blow and Rich,” who postulate the following 
structures for BTB* 

Acld form pH c 3 

pH 10-14 

At low pH the sultone form exists as a yellow 
neutral species, which on addition of alkali is 
ionized to the blue form and its canonical forms, 
which can be further deprotonated at high pH. 
The short wavelength peak for the derivatives 
(Fig. 1) can be attributed to the corresponding 
yellow form and the long wavelength peak to 
the quinonoid form. In the pH range of interest, 
the first equilibrium shifts to the right when 
alkali is added, resulting in an increase in the 

1.0 
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Fig 2 Dependence of the absorbance of 2 0 x 10-5M IBTS 
at I,_ = 615 nm (temperature 25”) 

PH 

Fig 3. Dependence ratio of the absorbances at the 
twp maxima, on pH, for IBTS, ABTS, and SBTS m water, 

at 25” 

concentration of the phenolate ion (due to 
neutralization of the phenolic proton). At lower 
pH the neutral form predominates. It is clearly 
seen from Fig. 1 that the absorbances of the two 
peaks, which are proportional to the concen- 
trations of the relevant species, vary with pH. 
Similar results were observed for NBTS and 
ABTS. 

Since there is a sharp isosbestic point in the 
spectra (Fig. 1) the ratio of the absorbance at 
the long wavelength peak to that at the tsos- 
bestic point is independent of the dye concen- 
tration and is a function of only the pH. 
Likewise, the ratio of the absorbances at the 
short and long wavelength peaks will be a 
function of only pH. For ABTS, IBTS and 
SBTS, these ratios are plotted against pH in 
Fig. 2. This property is the basis of the spec- 
trophotometric determination of the pH of sol- 
utions.13 ABTS and IBTS give almost the same 
values as each other for the ratio over the pH 
range examined. For SBTS, however, the ratio 
is much lower for pH above 8. 

The pK, values were estimated by the Brode 
procedure. I3 For each dye, the absorbance at the 
long wavelength peak was plotted as a function 
of pH. The abscissa of the point of inflexion 
gave an estimate of pK, . A typical plot for IBTS 
is shown in Fig. 3. The pK, of IBTS at 25” was 
estimated as 7.6, m good agreement with the 
reported value of 7.1 for BTB. 

Table 1 lists the pH sensitivity ranges, pK, 
values, wavelength maxima, molar absorptivi- 
ties and color changes for various Bromothymol 
Blue derivatives, and pertinent literature infor- 
mation on TS and BTB. The molar absorptivi- 
ties were determined from the absorbances, at 
the long wavelength maximum, of alkaline 
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Table 1 Wavelength maxima, pH sensittvtty ranges and color changes for vanous dyes 

&UX, L+ 
Dye pH range pK, nm Wlm*le’-‘*cm_ Color change 

TS 80-96 89 594 46 yellow-blue 
NTS g&l00 90 592 22 yellow-vtolet blue 
BTB 6.2-76 11 617 49 yellow-blue 

NBTS 7 5-9 5 85 607 1.6 yellow-blue 
ABTS 65-85 76 612 35 yellow-blue 
IBTS 65-85 76 615 yellow-blue 
SBTS 65-85 77 612 vellow-blue 

*At the longer wavelength maxtma and the highest pH 

solutions of known concentrations. The pH 
transition range of 8-10 observed for NTS is in 
excellent agreement with the pH range 8.2-9.6 
reported earlier.14 

From the tabulated data, the effect of sub- 
stituents on the Indicator characteristtcs can be 
assessed. Substitution on the sulfonated ring 
appears to shift the pH transition range to 
slightly higher values. From comparison of the 
pK, values of TS and NTS and of BTB and 
NBTS, it can be seen that the mtro group, which 
has a strong electron-withdrawmg character, on 
the sulfonated ring slightly increases the pK, 
values. Similar results have been reported for 
some phenolsulfonephthaleins with halogen 
substituents on the sulfonated rmg.15 In con- 
trast, the introduction of bromine atoms into 
the thymol moiety of TS lowers the pK, from 8 9 
for TS to 7.1 for BTB. Thus, the electron-with- 
drawing group attached to the phenol rmgs has 
an opposite and stronger effect on the pK, value 
than when it is attached to the sulfonated rmg. 
These apparently anomalous effects can be rec- 
onciled by considering entropy effects,16 by anal- 
ogy with the chloroacetic acids When the 
electron-withdrawing groups are on the sul- 
fonated ring, the effect will be to increase the 
degree of localization of negative charge on this 
rmg and hence increase the ordering effect on 
the water solvation shell, which in turn makes 
the entropy of solvation less positive and hence 
the free-energy change of ionization more posi- 
tive, thus increasing pK,. When the groups are 
on the phenol rmg however, the charge on the 
amon is more uniformly distributed over the 
ion, the entropy of salvation is more positive 
and hence pK, is reduced. Similar results have 
been reported for phenolsulfonephthaleins pre- 
pared from substituted phenols.15 

In conclusion, the results of the present 
study indicate that the introduction of a 

functional group on the sulfonated ring of BTB 
or further sulfonamide derivatization does not 
change the absorption wavelength or the high 
sensitivity of TS and BTB, which can be 
conveniently used as spectrophotometric pH 
probes with the low cost He-Ne laser (wave- 
length 632 nm). Further work on the surface 
modification and the covalent attachment of 
Indicator molecules to optical fibers as well as 
the probe construction and pH sensing by laser 
optics is under way 
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SYNTHESIS AND CHARACTERIZATION OF 
2-(3,5-DICHLORO-ZPYRIDYLAZO)-5-DIMETHYLAMINO- 

PHENOL AS A REAGENT FOR DETERMINATION 
OF LANTHANUM 
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Department of Analyttcal Chemtstry, Faculty of Chemtstry, Bmchemtstry and Pharmacy, 
University of San Ltus, Argentina 

(Recewed 16 October 1989 Rewed 11 September 1990 Accepted 19 September 1990) 

Summary-2-(3,5-Dtchloro-2-pyrtdylaxo)-5-dtmethylammophenol (3,5-QCIDMPAP) has been syn- 
thesized and Its spectral properhes, acid-base eqmhbrta, phystcal constants, and solubthty and stability 
are presented This reagent IS htghly promtsmg for the determmatton of lanthamdes The influence of 
Tnton X-100 on the dtssoctatton constant has been mvesttgated and the assoctatton constant between the 
reagent and the surfactant determmed Analyucal data for the 3,5-drClDMPAP complexes wtth La(III), 
Eu(III), Gd(III), Er(II1) and Yb(III) are gven, La(II1) m synthettc samples has been determmed wtth 
3.5-dtClDMPAP 

The lanthanides have a wide range of industrial 
applicattons, especially in the preparation of 
catalysts, in alloys and as geochemical tracers, 
and there has been much interest m develop- 
ment of organic reagents for their determi- 
nation l-9 

The reagents of azo-type, particularly the 
pyridylazo compounds,G9 give colored lan- 
thanide complexes that are suitable for spec- 
trophotometric determmation. Introduction of 
halogens mto the pyridme rmg should conader- 
ably increase the sensitivity,” so in the present 
work 2-(3,5-dichloro-2-pyridylazo)-5-dlmethyl- 
aminophenol (3,5diClDMPAP) was examined 
as a reagent for spectrophotometric determi- 
nation of some lanthanides. To enhance the 
sensitivity further, a surfactant was added to the 
reaction mixture 

Apparatus 

EXPERIMENTAL 

A Varian 634-UV spectrophotometer was 
used with l-cm path-length glass cells. An Orion 
701-A pH-meter equipped with a combination 
glass-calomel electrode was used for pH 
measurement. 

Reagents 

Reagents were of analytical quality, except 
for those used in the synthesis of 3,5- 
diClDMPAP, which were purified before use. 

Syn thesis of reagent 

3,5-Dichloro-2-aminopyridine was syn- 
thesized by the method of Shibata et al.” A 
solution of 10 g of the purified product in 150 ml 
of benzene was placed in a 500-ml glass flask 
fitted with a reflux condenser and a tube for 
introduction of a gas. The solution was deaer- 
ated by passage of nitrogen through it for 5 min. 
Sodium amide (3 g) dispersed in benzene that 
had been deaerated was then introduced, and 
the mixture was refluxed for about 1 hr under 
an atmosphere of nitrogen; 15 ml of recently 
prepared isoamyl nitrate were then added’* and 
the mixture was refluxed for 5 hr with continu- 
ous passage of nitrogen. The condenser was 
removed, and the mixture was evaporated to 
half its volume, then cooled The light yellow 
precipitate of diazotate was filtered off by gentle 
suction and washed with small portions of 
diethyl ether. A solution of 12 g of diazotate in 
70 ml of distilled water and a solution of 5 g of 
recently purified 3-dimethylaminophenol in 30 
ml of ethanol were placed m a 500-ml glass 
flask fitted with a reflux condenser and bubbler 
tube, and the mixture was refluxed at a tempera- 
ture not above 65” for 5 hr, with passage of a 
slow stream of carbon dioxide. When the sol- 
ution was cooled, a dark red product was 
obtained, and filtered off with a sintered glass 
filter. 
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The product was purified by repeated recrys- 
tallization from chloroform. Analysis gave C 
50.1%, H 4.0%, N 17.9%; C1xH,2N40Clz re- 
quires C 50.18%, H 3.99% and N 18.01%. The 
melting point was 191”. 

RESULTS AND DISCUSSION 

Spectral studies 

The mass spectrum was taken and had a peak 
at m/z = 310, for the 3sC1 isotopic compound. 
The proton NMR spectrum was in agreement 
with that reported by Nakamura et al.13 

The reagent should exhibit three acid-base 
equilibria. Starting with the species present in 
very acid solution, these equihbria are 

HzROH2 + & HROH + + H + 

correspondmg to deprotonation of the pyn- 
dimum rmg, followed by 

HROH+sROH+H+ 

for deprotonation of the quaternary ammonium 
group, and finally 

ROH p&9 ;--‘RO- +H+ 

An absorptiometric method was used to evalu- 
ate the constants.14 In all cases the solvent used 
was 15% v/v ethanol and the ionic strength was 
kept constant at O.lM. 

Azo-reagents are widely applied m the deter- 
mination of metal ions. Solvent mixtures such as 
ethanol-water are frequently used to dissolve 
the reagent and the complexes formed Addi- 
tives such as surfactants are also used to stabil- 
ize and/or solubilize the complexes and increase 
the sensitivity of the method. Triton X-100, a 
non-ionic poly(ethylene oxide) surfactant, was 
used in the present work. 

The acidity constants in the presence of the 
surfactant were determined m conditions 
analogous to those described above, with the 
concentration of Triton X-100 kept constant at 
0 4% v/v ( zz 7x10e3M), which permits the exist- 
ence of micelles (the cmc is 2 x 10V4M). Table 1 
shows the values obtained m the presence and 
absence of Triton X-100 

The presence of the surfactant shghtly 
changes the absorption spectra of the various 
reagent forms. In the case of the ROH species, 
there is a red shift of 5 nm and an absorbance 
decrease of 19%. This is related to changes in 
the probability of the transitions of the Ir-elec- 
trons present m the chromophores ‘W 

Table 1 Acldlty constants of 3,SdlClDMPAP 

Constant Condltlons Value 

PK, 15% v/v ethanol -12 
P& 15% v/v ethanol 17 

0 4% v/v Tnton X-100, 
15% v/v ethanol 09 

PK., 15% v/v ethanol 116 
0.4% v/v Tnton X-100, 

15% v/v ethanol 11.8 

Association constant of the reagent with Trlton 
X-100 

The acid-base properties of 3,5-diC1DMPAP 
are strongly modified by the presence of micellar 
additives. The lanthanide complexes of the re- 
agent are generally formed at pH > 7, so the 
reagent form generally involved is ROH. The 
variation of pK,, with Triton X-100 concen- 
tration was studied in the absence of ethanol. 
To determme the association constant the 
expression’5 

l/&appj = l/&o, + C&A/&H~O~ 

was used, where &,,) is the dissociation con- 
stant of the phenohc OH group in the presence 
of the surfactant, Ka(uZO) is the same constant for 
aqueous medium, KHA IS the constant for associ- 
ation of the reagent anion and the micelles, and 
CD is the concentration of surfactant present in 
micellar form. 

(CD = Cr-cmc) 

Figure 1 shows the results obtained. The 
value of &A is 6.1 x 10p3. 

4 0 

’ 4 
4” * 

4 

1 

I I 
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PH 

Fig 1 Determmatlon of the assoclatlon constant C, (M) 
1, 2 x 10-4, 2, I 5 x lo-‘, 3, 2 8 x lo-‘, 4, 3 6 x IO-‘, 5, 

6 3 x lo-‘, 6, 1 7 x IO-* 
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Table 2 Spectrophotometnc measurement of rare-earth 
elements urlth 3,5&ClDMPAP 

Molar 
absorptivity, M, Other 

Ion lo5 I mole-’ cm-’ pH nm condmons* 

La(II1) 145 98 135 1 
Eu(II1) 140 II 145 1 
Eu(II1) 196 

i: 
80 2 

Gd(II1) 3 10 145 
Gd(II1) 1.95 8’3 80 : 
Er(II1) 200 104 112 
Er(II1) 1 80 105 82 : 
Yb(II1) 1 84 66 140 1 
Yb(II1) 1 55 100 110 2 

*l, 0 4% v/v Tnton X-100, [reagent]/@anthamde] = 15 2, 
Extraction from benzene; [reagent]/[lanthamde] = 20 

Determination of lanthamdes 

Table 2 presents some experimental con- 
ditions for the spectrophotometric determi- 
natton of lanthanides with 3,5diClDMPAP, 
and the molar absorptivttres obtained. 

The main advantage of the reagent, however, 
is that all its lanthanide complexes except that 
with lanthanum can be extracted into benzene. 
Thus if the lanthanides can be separated from 
the elements accompanymg them m rocks, etc., 
3,SdiClDMPAP can be used to determine lan- 
thanum in the aqueous phase after extraction of 
its complexes with the other lanthamdes. 
Methods such as that of Crock et a1.17 can be 

Table 3 Detennmatlon of La(II1) m synthetic samples 

Composltlon, La(II1) found,* 
Sample % % 

La(II1) 400 402i-06 
Other REE 600 CL=400&04 
La(II1) 30 303*007 
Other REE 910 CL=303*006 
La(II1) 90 0 897&06 
Other REE 100 cL=897+005 

*Mean & standard devlatton of u determmatlons, and 95% 
confidence hmlts (CL, _ 0 ,,s) 

used for the initial separation of the lanthanides 
from the matrix elements. 

The method has a sensitivity equal to that of 
atomic-absorption spectrometry with elec- 
trothermal atomization and four orders of 
magnitude better than that of flame atomic- 
absorption spectrometry. 

Table 3 shows some results for analysis of 
synthetic mixtures of lanthanides. 
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SPECTROPHOTOMETRIC DETERMINATION OF 
ANTIMONY WITH VANILLYLFLUORONE IN THE 

PRESENCE OF POLY(VINYL ALCOHOL) 

ITSUO MORI,+ YOSIUKAZU FUJITA, MINAKO TOYODA, Kam KATO, 
KAZUMI FUJITA and YUJI OKAZAKI 

Osaka University of Pharmaceutical Sciences, Matsubara-sht, Osaka 580, Japan 

(Recewed 12 June 1989 Rewed 26 January 1990 Accepted 30 August 1990) 

Summary-Antimony m the range up to 2.5 pg/rnl m the final solution IS determmed spectrophoto- 
metncally wtth vamllylfluorone m the presence of poly(vmy1 alcohol) m acubc media The method is 
compared with that using o-hydroxyhydroqumonephthalem (Qnph) It is simple, rapid and sensitive, 
without need for heatmg or solvent extractton, and the apparent molar absorpttvity (E) LF 5 0 x 104 
1 mole-‘.cn--’ at 545 nm, for the Qnph method c 1s 2 8 x IO4 1 mole-’ cm-’ at 520 nm Tests with an 
artificial wastewater gave 99-103% recovery 

High-purity antimony is used m the manufac- 
ture of semiconductors, and the antimony levels 
in the urine of workers in the factories should be 
monitored.’ 

Numerous xanthene and tnphenylmethane 
dyes such as phenylfluorone and its deriva- 
tives,2A Gallem, 5*6 Bromopyrogallol Red7 and 
Brilliant Green, 8,9 have been used for spec- 
trophotometric determination of antimony, and 
the effect of surfactants on some of these 
methods has been examined.s~7*‘0-‘2 However, the 
purity of commercial phenylfluorones is vari- 
able and their solutions in methanol are not 
always stable. 

Vanillylfluorone (2,6,7-tnhydroxy-9-vamllyl- 
xanthene-3-one, Vfl), is reported to be superior 
in ease of purification and stability in organic 
solvents I3 

In this paper, the colour reaction of 
Vfl with antimony m the presence and 
absence of dispersion agents is compared 
with the corresponding reaction with o- 
hydroxyhydroqumonephthalein (Qnph), which 
is also recommended’4s’s as superior to phenyl- 
fluorone. A simple, rapid and sensitive 
spectrophotometric method for the assay of 
antimony with Vfl in the presence of poly- 
(vinyl alcohol), PVA, is proposed and compared 
with the corresponding method employing 

Qvh. 

*Author for correspondence 

EXPERIMENTAL 

Reagents 

A 1.0 x 10e3M Vfl solution m methanol was 
prepared, and a Qnph solution as described 
earlier.14*15 Antimony stock solution 
(1.0 x lo-*M) was prepared by dissolving anti- 
mony metal (Mitsuwa Chemical Co., Ltd., 
99.999% pure) m concentrated sulphuric acid, 
cooling and diluting with water to give 20% v/v 
sulphunc acid in the final solution. A 
5.0 x 10m4M antimony working solution was 
prepared by dilution of the stock solution with 
20% v/v sulphuric acid.16 A 1.0% solution of 
PVA (n = 500, I(lshida Chemical Co., Ltd.) in 
water was prepared, and 20% v/v sulphunc acid 
was used for adjustment of acidity. All reagents 
and materials were of analytical-reagent grade. 
Demmeralized water was used throughout 

Spectrophotometric procedure 

Pipette various volumes of standard anti- 
mony solution, to give up to 25 pg of antimony, 
into a series of lo-ml standard flasks. Add 
1.5-3.0 ml of 20% v/v sulphuric acid, 2 0 ml of 
1.0% PVA solution and 1.5 ml of 1.0 x 10m3M 
Vfl solution. Mix thoroughly and dilute to the 
mark with water. After about 10 mm measure 
the absorbance at 545 nm against a reagent 
blank prepared m the same way. Analyse 
sample solutions similarly. 

A similar procedure can be used with Qnph, 
with measurement at 520 nm. 
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Rg 1 Absorptton spectra of Qnph, Vfl, and then antimony 
complexes m the presence of PVA Antimony 5.0 x IO-rM, 
Qnph or Vfl 5 0 x 10m5M, PVA 0 2%, reference water. A, 
Qnph solution, B, Vfl solution, C, Qnph-anhmony solutton, 

D, Vfl-antrmony solution 

RESULTS AND DISCUSSION 

Of the reagents Pyrogallol Red, Bromopyro- 
gall01 Red, phenylfluorone derivatives, Gallein, 
Xylenol Orange and Vfl, the last was best in 
terms of sensitivity, stability and reproducibil- 
ity. Though Vfl gave good colour development 
in the presence of a cationic surfactant such as 
hexadecylpyridmium chloride, the product was 
somewhat lacking in stability and gradually 
precipitated. However, the colour developed in 
the presence of PVA (as a dispersion or stabiliz- 
mg agent) was more stable and reproducible 
than that in its absence. Figure 1 shows the 
absorption spectra of the Vfl-antimony and 
Qnph-antimony complexes and of Vfl and 
Qnph, and shows the greater sensitivity of the 
Vfl system. 

Maximal and constant absorbance was ob- 
tained at 4-8% v/v final sulphuric acid concen- 
tration for the Vfl-antimony complex, and at 
pH 1.1-l 5 (obtained with 0.5-3.0 ml of 1.0% 
v/v sulphuric acid, for the Qnph-antimony com- 
plex. 

A final PVA concentration of 0.1% was opti- 
mal, and PVA was superior to Triton X-100, 
Brij 35, poly(N-vinyl-2-pyrrolidone) and 
gelatine for the purpose. Maximal absorbance 
for a fixed amount of antimony was obtained 
with 1.4-3.0 ml of 1.0 x 10v3M Vfl, so final 
concentrations of 2.8 x 10e4M Vfl and 0.1% 
PVA were selected for use. Beer’s law holds over 
the concentration range O-2.5 pg/ml antimony 
in the final solution with Vfl and O-6.0 pg/ml 
with Qnph. The apparent molar absorptivtty 
was 5.0 x lo4 l.mole-‘.cm-’ for Vfl, and 
2.8 x lo4 l.mole-’ .cm-’ for Qnph. The relative 
standard deviation was 0.5% for 1.05 ,ugg/ml 
antimony (5 replicates). 

Interferences 

Tm(IV) interfered seriously in the assay of 
antimony with Vfl, giving a positive error, and 
thorium and bismuth gave negative errors. 
Other cations tested, such as aluminium, 
cobalt(II), indium, tantalum, manganese(II), 
iron(III), did not interfere, nor did anions such 
as Iodide, fluoride and cyanide, at lOO-fold 
molar ratio to antimony, but thiosulphate 
caused interference. 

Table 1 shows the tolerance levels for these 
ions. The Vfl method is less prone to interfer- 
ence than the Qnph method, and is more sensi- 
tive than the phenylfluorone, Bromopyrogallol 
Red, Gallein and Brilliant Green methods.3-9 

Table 1. Effect of foreign tons on determmatron of 1 22 pg/ml antimony 

IOn 

Added, 
uelml 

Tolerance 
Absorbance ratio for Vfl 

Molar ratio at method relative 
(ion/antimony) 520 nm to Qnph method 

- 
Sn(IV) 
BI(III) 
Th(IV) 
Al(II1) 
In(II1) 
Fe(II1) 
Mn(I1) 
Cu(I1) 
Co(B) 
WI;) 
2_Q3- 

Tartrate 
NTA 

- - 0.500 
03 0 25 0 499 10 

20 9 10 0 488 10 
23 2 10 0 459 20 
80 9 300 0 501 10 
34 3 300 0 505 20 
55.8 100 0 514 1000 
54 9 100 0 510 10 
63 6 100 0.490 2 

1768 300 0500 5 
176.1 300 0 495 10 

3:: 
5 0 485 5 

100 0.498 10 
1200 1000 0 496 10 
1711 1000 0491 5 
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The reaction between Vfl and antimony can 5. 
be prevented by mashing the antimony with 
tartrate, but the reaction with tin(N) is not 

6 

affected, so Vfl can be used for the determi- 
nation of tin in the presence of antimony. The 7. 
composition of the Vfl-antimony complex in the 
presence of PVA was found to be 1: 1 by the * 
continuous-variation and molar-ratio methods. ,-, 
The molar ratio of Vfl to PVA was not investi- 
gated. The recovery of antimony from an art& 10 

cial wastewater containing antimony, cobalt(II), 
aluminium, magnesium, iron(III), was found to l1 
be 

1. 

2 
3 

4 

99-103%. 
.L 

IL. 
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Summary-Two stable oxidants, N-bromophthahmlde and N-bromosaccharm are proposed as reagents 
for the visual and potentlometic htnmetnc of thloureas, Isothlocyanates, xanthates, dlthlocarbamates, 
thlols, sulphur, thlosulphate, thlocyanate and thlocarbonate The results are precise wlthm 0 14 3% 

The N-haloimides have evoked interest as 
sources of halonium cations, hypohalite species 
and imide anions, and some have been used 
as redox titrants,‘-” but their instability is a 
disadvantage. Recently N-bromophthalimide 
and N-bromosaccharin (abbreviated to NBP 
and NBSA) have been developed as oxidlmetric 
titrants and are reported to be more stable than 
most of the related N-halo compounds.7*1’-‘3 
These two compounds have been used for the 
determmation of a wide range of com- 
pounds, “-1* but only a few sulphur com- 
pounds. This paper extends the range of sulphur 
compounds examined. 

N-Bromophthallmlde& N-Bromosacchann 

(NBP) (NBSA) 

The half-cell for these oxidants (denoted by 
RNBr) is: 

RNBr+H++2e-+RNH+Br- 

EXPERIMENTAL 

Reagents 

NBP and NBSA were prepared by bromina- 
tion of phthalimide and saccharin, respectively, 
as reported earlier. l5 They are fairly soluble in 
glacial acetic acid and the stock solutions were 
prepared by dissolving 11.3 g of NBP (or 13.1 
g of NBSA) in 1 litre of anhydrous acetic acid 
and were kept in amber bottles. The soluttons 
were standardized iodimetrically as for dichlo- 
ramme-T.’ 

Xanthates were prepared by reaction of the 
corresponding sodium alkoxldes with carbon 
daulphide. The products were dissolved in 
acetone, the solutions were filtered, and the 
compounds precipitated by addition of pet- 
roleum ether (b.p. 60-80°).‘g Sodium diethyl- 
dithiocarbamate was a commercial product and 
the other dlthlocarbamates were prepared by 
the usual methods.*&** Amines, commercial 
grade, were distilled before use. All other chemi- 
cals used were of reagent grade. The sulphur 
compounds were standardized by estabhshed 
methods. 

Procedure for thioureas 

Thloureas are quantitatively oxidized to 
sulphate. 

NH+ZSNH, + 6H2O + SOi- + 2NH: 

+C02+8H++8e- 

Thiosemlcarbazide reacts as follows 

H,NCSNHNH* + 4H2Q --, N, + CN- 

+ SO:- + 13H+ + lOe- 

A known volume of the test solution is taken 
in a lOO-ml beaker and 1 g of sodium acetate 
and 2 or 3 drops of Quinoline Yellow indicator 
are added. If a sample is dissolved in an organic 
solvent, enough water is added to make the 
initial organic solvent concentration 5040% 
v/v. The sample is titrated with 0.025M oxidant 
until the yellow colour disappears. For poten- 
tlometric titrations the apparatus described 
earlier3 was used. 
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Procedure for lsothlocyanates 

Organrc isothiocyanates are quantitatively 
converted into thioureas with n-butylamine in 
dimethylformamide at room temperature: 

RNCS + C,H9NH, --, RNHCSNHC4H4 

A known volume of a solution of organic 
isothiocyanate m dimethylformarmde is taken in 
a loo-ml beaker and 3 ml of n-butylamine are 
added. The solution is diluted to 10 ml with 
dimethylformamide and after 15 min for com- 
pletion of the reaction, is titrated in the same 
way as for thioureas. 

Procedure for dithiocarbamates and xanthates 

In acetonitrile medium dithiocarbamates and 
xanthates are quantitatively oxidized according 
to: 

2RR’CSS -t (RR’CSS -)* + 2e- 

2ROCSS + (R0CS.S -)2 + 2e- 

A known volume of the sample solution is 
dissolved in 20 ml of acetomtrile. About 30 ml 
of methanol and 50 mg of potassium iodide are 
added and the mixture is titrated until the 
colour of iodine appears. The concentration of 
the organic solvent should be 60-70% v/v. 

Procedure for thiols and thiosulphate 

Thiols and thiosulphates are quantitatively 
oxidized to the disulphides and tetrathionate, 
respectively, according to: 

2RSH + RSSR + 2H+ + 2e - 

2&O:- --, S40i- + 2e - 

A known volume of sample solution is taken 
in a loo-ml beaker and diluted with water to 
make the concentration of organic solvent 
< 50% v/v; about 50 mg of potassium iodide is 
added and the analyte is titrated. For visual 
titrations, the appearance of a pale yellow 
colour is taken as the end-point 

Procedure for elemental sulphur 

Elemental sulphur (3-20 mg) is first converted 
into thiosulphate by dissolving it completely in 
chloroform or n-heptane (3-5 ml), and adding 
5 ml of 1M sodium sulphite. Ethanol is added 
in small quantities, with shaking of the mixture, 
until a homogeneous liquid is obtained. The 
thiosulphate produced is titrated as above, after 
the addition of 10 ml of 40% formaldehyde 
solution to mask the excess of sulphite. 

Procedure for thiocyanate 

An aliquot of sample solution is taken in a 
beaker, 5 ml of concentrated hydrochloric acid 
are added and the mixture is titrated. For visual 
titration 2 or 3 drops of Methyl Orange indi- 
cator are added; the Indicator is decolorized at 
the end-point. Oxidation takes place according 
to: 

SCN-+4H20+SOi-+CN-+8H++6e- 

Procedure for thlocarbonate 

Thiocarbonate is oxidized to sulphur in the 
presence of hydrochloric acid and iodide: 

K&S3 + 2HCl+ 2KCl+ 2H+ + CS2 + S + 2e- 

A known volume of sample solution is diluted 
with acetic acid (75% v/v) and 10 ml of 10% v/v 
hydrochloric acid are added along with 50 mg of 
potassium iodide. The solution is titrated to 
appearance of a pale yellow colour. 

Procedure for sulphite 

Sulphite is oxidized to sulphate according to 
the equation: 

SO:-+H,O+SO:-+2H+ +2e- 

Excess of oxidant is added to a sample of the 
reductant solution and the surplus is determined 
by titration with thiosulphate after the addition 
of 10 ml of 10% potassium iodide solution. 

RESULTS AND DISCUSSION 

Results of the determinations are given in 
Table 1. The coefficients of variation show all 
the methods are precise, but problems arise with 
certain compounds. In the case of phenyl 
thiourea, the results were high (but so was the 
result obtained by the reference method). Ally1 
thiourea does not react stoichiometrically. 
Dithiocarbamates and xanthates react with 
NBP and NBSA in aqueous organic medium, 
but the reactions are sluggish and the stoichi- 
ometry variable. If iodide is present, however, 
the reaction is rapid and stoichiometric. The 
apparently low value obtained for diethyldithio- 
carbamate is presumably due to low purity of 
the starting material, since the comparison 
method gave a correspondingly low value. The 
results for thiols show that the use of aqueous 
organic media gives sufficiently accurate results, 
but 3-mercaptopropionic and mercaptosuccinic 
acid are oxidized beyond the disulphide stage in 
an unaccountable fashion, and the method is 
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Table 1 Deterrmnatton of some sulphur compounds wtth N-bromocompounds 

Compound 

Range Recovery,* Mean recovery 
studied, by comparison 
mmole N-Bromophthalmude N-Bromosaccharm method,t % 

Thiourea 0 13-O 26 
Thiosermcarbazrde 0.12-O 25 
n-Amy1 thtourea 0 28-0.55 
n-Butyl thtourea 024-048 
m-Bromophenyl thtourea O-29-0.57 
m-Chlorophenyl thtourea 0 32-0.64 
Methyl thtourea 019-035 
Phenyl tluourea 024-049 
Methyl tsothtocyanate 0 18-O 37 
Ethyl tsothmcyanate 0 14-028 
Propyl isothmcyanate 024-048 
Isopropyl isothmcyanate 0.22-O 41 
n-Butyl tsothmcyanate 0 21-O 42 
Isobutyl tsothmcyanate 0.42-O 81 
Ethyl xanthate 0 24-0.48 
I-Propyl xanthate 0 12-O 21 
1-Butyl xanthate 0 28-0.45 
Isoamyl xanthate 0.1 l-O.24 
Dtethyldtthiocarbamate 0 22-0.41 
Di-n-butyldtthrocarbamate 0.12-0.24 
Dmmykhthtocarbamate 0.13-024 
Dt-isopropyldtthtocarbamate 0.15-0.30 
Ethane thtol 016-032 
Glutathione 0.18-O 36 
p-Toluene th101 0 28-O 56 
l-Propane thtol 0.334 65 
l-Butane thtol 024-047 
2-Butane thtol 022-044 
Sulphite 0 21-O 42 
Sulphur 0 30-0.40 
Thiosulphate 0 92-l 76 
Thtocyanate 032464 
Thtocarbonate 0 88-l-76 

99.9 f 0 2 
997*03 
995*03 
992&02 
965kO3 

101 8 f 0.2 
992*02 

1041*02 
1001*02 
100.0*02 
100.2 f 0 2 
100.1 f 0.3 
99.2 f 0.2 
99.6 f 0.2 
90.2 f 0 1 
98.2 f 0.1 
95.8 f 0.3 
96.2 f 0.3 
78.0 f 0.2 
912*03 
92 1 f 0.3 
884&02 

100 1 f 0.1 
992&02 
98 4 f 0.2 
952&02 
903*03 
975+03 
999+01 
992zO3 

1000+02 
967+02 
928kO2 

997*03 
998*02 

100 2 &- 0.2 
99 3 f 0.2 
97.2 + 0 3 

102 1 f 0.1 
987*02 

105.1 f 0 3 
1002fO 1 
100.1 f02 
100.3&02 
180.2 f 0.1 
99.4 f 0.1 
99.8 f 0.1 
90.4&02 
98.4 f 0.2 
95.2 f 0.1 
96.2 f 0.2 
77.9 f 0.2 
922&02 
923202 
88.3 f 0.2 
998iOl 
989&02 
982&02 
956*02 
90.8+03 
972&03 
999$-o 1 
997+03 
999&O 1 
962kO2 
922&02 

99.9 

iz.5 
% 

101:6e 
99 1’ 

104 3’ 

g;: 
1002g 
101.1’ 
99.8’ 
99.9’ 
90.6b 
98.5h 
95.5s 
96.5h 
78.2’ 
91.8’ 
92 5’ 
880 

1004J 
99 lk 
98.5’ 
95.2” 
90 5” 
97 sm 

1000’ 
99 00 

101 1p 
97 1s 
92 09 

*Average f standard devtahon of ten replicates 
tAverage of duplicates the methods used were ‘todtmetry,23 4odme trtchlonde,” Shypomdtte,23 dcertmetry,2s 

“non-aqueous certmetry,26 ‘bronumetry, ” Elemental analysts for sulphur, hAg+ utratton,28 ‘totietry,29 
Jlodimetry, 3o ktodtmetry,3’ Cu*+ titration,‘* “alkal~metry,33 “acetylatton,” “hydrogen sulphtde,35 Pdtchromate 
tttratton,M ‘+V-bromohydantom 37 

not recommended for these compounds. Thio- 
sulphate reacts quantitatively with NBP or 
NBSA only in presence of iodide. Elemental 
sulphur can be determined after conversion into 
thiosulphate. Thiocyanate can be determined 
only in the presence of hydrochloric acid, and 
thiocarbonate is oxidized quantitatively in the 
presence of hydrochloric acid and iodide. For 
sulphite no auxiliary agent is needed, but in the 
direct titration, the results may be low owing to 
aerial oxidation, so a back-titration procedure is 
recommended. As is generally the case for oxi- 
dants, the selectivity of the methods is largely 
governed by the redox potentials of the analytes 
and there is typical interference from Fe(II), 
As(III), Sb(III), ascorbic acid, hydrazine, semi- 
carbazide and isoniazid. 
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ThermaI AnaIysIs: plmadqs of the Forutb Eoropeaa ~QIII~~~~IIIU on ‘l’bemal Analysis and Calorimetry, Jena, GDR, 2%2g 
August I!%7 (2 volumes). D SCHULTZE, (edttor), Wiley, Chichester, and Akademuu Kmdb, Budapest, 1988. Pages 1297 
S6000 

These two volmes of the Proceedmgs of ESTAC 4 contam, bound together m hard covers, the mate& m the four issues 
of Vol 33 of the Journal of Thermal Anufysrs devoted to the lectures and papers presented at the symposmm As such, 
it IS m a convement form for hbranes, and others, who may wish to keep Conference Proceedmgs together and separate. 
from normal Journal issues or who do not receive the relevant Journal but wish to have a complete set of Proceedmgs In 
addition to reproducmg plenary (14) and award (2) lectures, the volumes have s&tons devoted to papers on theory (17), 
mstrumentatton (16), earth sciences and materials (8), solid-state reacttons (IQ, morgamc chemistry, glass, ceramics (.55), 
pharmacy, hology, me&me (34) and ftnal section devoted to assessments (6) of some of the advances recorded The texts 
of the plenary and award lectures are given m full and the lengths of the other papers range from 4 to 8 pages, 6 bemg 
the most common All the papers are m English and, bemg typeset rather than the more common offset from typescrtpt, 
are very easy to read: the diagrams, too, are very clearly reproduced However, the paper used m some parts of the vobrmes 
is of rather poor quality, wtth the result that some of the half-tones are not as clear as they mrgbt be An unusual feature 
is that each plenary lecture is accompamed by a photograph of the lecturer, taken durmg its delivery-an mnovatron that, 
to this reviewer, makes the volumes much less formal and conveys the spirit of fnendhness always found among thermal 
analysts and calonmetnsts It would be mvtdious to select any of the papers for comment here s&ice it to say that many 
new ideas and novel approaches are proposed, although, as 1s usual at conferences, not all papers are of the same screnttfic 
standard Having already been pubbshed as parts of a Journal, abstracts of all the papers have already appeared m the 
relevant abstract Journals The quahty of the Enghsh expression is generally high throughout, mdtcatmg careful ednmg 
Moreover, the two volumes have very useful author and subject indexes Dsappomtmgly, however, the htle of the books 
appears nowhere on the cloth board covers, even on the spme, with the result that once the dust covers are worn or removed, 
the volumes ~111 be mcogmzable Despite thts, these two very useful volumes are hkely to appear on the bookshelves of 
many more thermal analysts and ~o~rne~is~ than the ortgmal parts of the journal, especially so m view of the very 
moderate cost 

R C MACKENZIE 

Thin-Layer Chromatography-Reagents and Iktectbn Methods, Volume la: H JORK, W FUNK, W Rscrma and H WIMMER, 
VCH, Wemherm, 1990 Pages xv + 464 DMl48 00 

This IS an ideal laboratory handbook of reagents and detection methods currently avatlable for use m &n-layer 
chromatography (TLC) In the first part of the book the theory and methodology of spectrophotometrtc and, m parttcnlar, 
spectrofluonmetrrc methods of detectton and then use m both quahtative and quanhtattve analysis are gtven The 
presentation here, whtch is also characteristic of the rest of the book IS clear, simple, logical and easy to follow and 
understand In suu Pre-chromatographrc denvatmahon techmques such as reacttons mvolvmg oxidation, reduction, 
halogenatton and dansylauon are summarized m tabular form This has enabled the authors to put a large number of 
illustrative examples mto a few pages Bach example quoted is referenced and a bnef descnptton of the method, reagent 
and end-products IS given The ~udtctous selection of examples means that the wrde range of appltcatrons covered should 
cater for all interests In the sectton on post-chromatographtc detection techmques attentton 1s nghtly focused on the 
advantages and disadvantages of the various ways of processing the chromatograms and on the possible errors mvolved. 
The concludmg section on documentation is essential reading for those mvolved with, m parhcular, quality control 

The second part of the book gtves m alphabettcal order a lrst of the most commonly used chemical detectmg reagents 
For each reagent its preparation the compounds with which it reacts, the reaction, and the method of use are all given 
Parttcularly co~en~ble IS the fact that the authors have tested every procedure m thetr laboratories and have included 
the results of their tests m full A good mdex measn that tt is relatrvely easy to ftnd the appropnate reagent for a partrcular 
compound or class of compound 

All chapters m both parts of the book are very well referenced Thrs very up-to-date compact book contams a wealth 
of readily accessible mformation which will be of value to any expenmentahst mvolved m TLC 

R R MOODY 

CbemIeaI Seoaom and ~~~ tatium R W. MURRAY, R E Dmsv, W R HXZNE?&AN, J. JANATA and W R SEKZ 
(edttors), ACS, Washmgton, DC, 1990 Pages xn + 410 $89 95 

In considermg a book such as this, that IS, one devoted to a rapidly advancmg field and comptled from the reports of 
work m progress submitted at a Symposmm, (the 196th Meetmg of the American Chemical Society, Los Angeles, Cahforma, 
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1988) tt IS salutory to refer back to accounts of earher Symposia If the Intemattonal Meeting on Chemmal Sensors held 
m Fukuoka, Japan, 1983 1s selected for thts purpose tt can be seen that most of the fundamental concepts were well known 
at that rime, but there have been considerable advances m the technology of constructton and mstrumentahon Indeed, 
the papers collected m the present work may be satd to be based on three well established techmques, those based on 
electrochemtcal measurements, those uhhzmg ptezoelectnc crystal osctllators and those using conventtonal spectrophoto- 
metnc techniques combmed with the use of optical fibres The most stgmflcant developments reported are concerned wtth 
the ~~o~nlatu~zatlon of probes, and so successful have been the attempts to produce rnIcr~l~tr~~ that spatml 
resoluttons of the order of 1 .arn have been achieved Wtth such equipment rt has been posstble to study the concentratton 
gradients m soluttons such as those encountered m Bow analysts A further advance has been m the combmatton of 
btochemtcal systems, such as enzymes and polymers, wtth electrodes so as to produce electrical signals from brologtcally 
active molecules, and there have been stmrlar developments m probes based on opttcal stgnals Probably the most mterestmg 
research dealt with m the present volume IS the modrfieatton of piezoelectnc devices so as to opttmrze their response to 
a particular chemical vapour by snmulatmg the productton of surface acousttc waves The value of such devices m 
envtronmental momtormg IS self-evident, one paper reports such an apphcatton and it 1s to be expected that there will be 
many more The book IS recommended to all practtsmg analytical chemists who may find then work m the future 
mcreasmgly dependent on the use of chemical sensors 

J. R. MNER 

BsztnunentaI E&eta In Honmdyna Electron Parnmagnetlc Reaonanes Spectrometers: R CZOCH and A. FRANCIK, Horwood, 
Chichester, 1989. Pages 395 E45.00 

Several factors are contrtbutmg to a growth m the usage of EPR spectrometers. These mclude diagnosis of c&am cancers, 
charactenzatton and q~nti~~tlon of irradiation dosages m foods, and the development of EPR rmagmg. The appearance 
of a new book on practtcal aspects of the techmque will therefore arouse considerable interest Most commerctal EPR 
spectrometers are of the homodyne type and tlus book 1s devoted to an exammation of the mstrumental errors and 
dtstorttons whtch can affect the resonance stgnals The first t&e chapters Introduce the baste theory and techmque and 
catalogue the mam types of random and systematrc lns~umen~l effects Chapters 4-8 deal m detatl wtth parttcnlar effects 
such as those due to saturatton and modulation The heart of the book IS a particularly thorough treatment of adsorptron 
and dtsperston mcludmg sample control dtstorttons from the AFC system Mtcrowave detection errors, e g , delay effects, 
errors of digttal processmg and truncatton errors, background effects and mhomogenetty are also analysed m these chapters. 
The final part of the book m chapters 9 and 10 describes methods of optmuzmg mstmmental vanables and testmg the 
resolution, ~nsl~vity and reproducibility of spectra 

The book has been well translated and provides access to the literature from Russian and Pohsh sources It contams 
an mterestmg descnptton of an EPR spectrometer produced commerctally by the Institute of Telecommumcahon and 
Acousttcs of the Technical Umverstty of Wroclaw, which few m the West will have had the opportumty to see Some of 
the facts menttoned m this book are qmte enli~tenlng For example, the wings of a Lorentztan line are truncated by random 
noise and this can lead to errors m the double integral as great as 19% even for Sfiy ratios of 2501 A useful table for the 
esttmatton and correctton of this error 1s gtven 

The authors present detailed mathematical analysis of many of the dtstorttons but, sadly for the non-spectahst, few 
references to computer algorithms are gtven Thts book will appeal to techmcally minded EPR exponents and should be 
a useful reference text for those engaged m quan~tative analysts by EPR 

J C WALTON 

Data Analysis ia the Chemical Indusby: Volume 1, Basic Teehnlquear R CAULCXJTT, Horwood, Chtchester, 1989 Pages 231 
;E45 00 

Thts book IS the first of a serves based on the author’s manuals for hts short courses on apphed stahsttcs for mdustry 
However, it has been redesigned as a self-study text, and the author states that he beheves many people wdl learn more 
by studying the book than they would by attendmg a four- or five-day course 

The book offers a completely practical approach to stattstws, wtth the use of diagrams and worked examples to explain 
the aims of the tests described.. It ts ideal for a chemist who feels mttmadated by the equations m a normal statist& text 

The topics covered included quality assessment (mean, standard devtatton, confidence hmtts, confidence mterval, 
tolerance hmtts), comparisons (combmed standard devtatton, confidence Interval for the difference between two population 
means), regression, stgnificance testing (r-tests, normal probabthty plots, outhers, Dixon’s test, Wilcoxon’s matched pairs 
test, non-parametric tests), more stgmficance tests and confidence intervals (Wtlcoxon’s rank sum test, Tukey’s quick test, 
cht-squared test, one-srded and two-sided sigmtlcance tests), and detectmg sudden changes (cusum analysis). All the 
necessary stansttcal tests are mcluded. 

I recommend thus book as an excellent mtroductton to the practical apphcatton of stattsttcs m the chemical industry, 
and I look forward to the rest of the Senes 

MARY MA,T@N 
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Ion-Seleetlve Electwles, 5: E PUNGCJR, (editor), Pergamon Press, Oxford, 1989. Pages xv + 675. f85 00, $135 00 

This volume includes the mvited lectures, the papers, and an account of all the (somettmes very lively) discusstons from 
the Fifth Symposium on Ion-Selective Electrodes held at Matrafured, Hungary, 9-13 October 1988 The papers, whtch cover 
a very wide range of interesting topics, are reproduced from camera-ready copy The author hst includes most of the well 
known names m the field of ton-selective electrodes Also included are a tribute to Professor Em6 Pungor, on the occaston 
of hts 65th birthday, by H. Mahssa, and some Reflections of the History of Analytical Chemtstry in Hungary, by the 
Historian of Analytical Chemistry, F Szabadvary 

MARY MKZX)N 

Spectrometric Titrations: J POLSTER and H LACHMANN, VCH, Wemham, Germany, 1989. Pages XVI + 433 DM196.0, 
f6600 

The title “Spectrometrtc Titrations” conveyed the wrong message to me about the SubJect matter of this monograph, 
however, the sub-title “Analysts of Chemical Eqmhbna” clarifies matters The authors choose to distmgmsh between a 
photometric titration, m which a spectrophotometer IS used to locate the end-point of what we would normally consider 
to be a titration, and a spectrophotometnc titration, which aims to investigate, for the example, the pH-dependence of an 
absorptton spectrum, m order to obtain mformation about the number and type of dtssocrable groups m a substance, or 
establish the correspondmg dissoctation constants The authors adnnt that their use of the word titration IS mconsistent 
with the IUPAC definition, and give then own defimhon as “controlled displacement of a chemical eqtuhbnum by means 
of a titratton reagent (R), the titrant” My personal opuuon is that analytical chemists would ,be happier without 
redefinition of well accepted terms such as “titration” 

The actual subJect matter of the book IS a very mathematical treatment of the analysis of the various chemtcal eqmhbna 
that can be studied by making spectrophotometnc measurements of a solution at each step m a “titration” The maternal 
is nicely presented, with many clear diagrams, aided sometimes by the use of a second colour There are three mam parts, 
a brief mtroduction on “The Theoretical and Methodological Basis of Spectrophotometnc Titration”, a maJor second one 
on “The Formal Treatment and Evaluation of Titration Systems”, and a shorter final one on the “Instrumental Methods” 
that can be used to provide the data Listmgs of two computer programs for use m data analysis are also included 

MARY MAWN 

Fuel Science and Technology Handbook: J G SPEIGHT (editor), Dekker, New York, 1990 Pages XII + 1193 S195 00 (U S A 
& Canada), $234 00 (rest of the world) 

Any reader new to this topic cannot fail to be impressed by its breadth, and all readers will undoubtedly be ~pressed 
by the huge amount of mformation, much of it very recent, which Dr Speight and his team of eight other writers have 
assembled together m one volume There are five maJor sections, dealing with Petroleum (315 pages), Tar sands (119) Coal 
(355), Oil shale (358) and Natural gas (113) Each section deals with Ongm, occurrence and recovery, Termmology and 
classification, Composition and properties, and Chemicals from each source Much of the material will be of interest to 
chemical engineers, but there are substantial sections relevant to pure chemists and also to analytical chemists 

One of the btg hurdles for a writer m this field to surmount is that it IS impossible to generalize time and again we read 
“ may be as big as, or as little as ” as each writer struggles to present an impression of the magnitude of a problem 
m production, the muumum economic scale for a process or a well, or the estimated-size of known resources. The reader 
will have to be patient-there is no simple answer to these questions, and likewise, to each simple question there will be 
as many answers as there are questioners The authors usually try to give tllustrative examples, as m the chapter on natural 
gas, with typical composmons of “wet” and “dry” gas as a guide and no more 

I found the chapters light on the chemical aspects of production, certainly of gas and oil where there is a lot of chemistry 
and a widespread use of chemicals m the production processes, but perhaps this was compensated for by the detail m the 
technology for processmg and convertmg the fuels-gasification and liquefaction of coals, retortmg of shales and so 
on-and also, as m the chapters on natural gas and on petroleum, on the compilation of methods (API and ASTM) for 
characterizmg the materials and measuring then properties Interestmg references are made to the Fischer retortmg method 
for shales, and the extent to which industrial processes can often obtain higher yields than this “standard” analytical 
method 

Sections on processmg tend to have rather many line diagrams which are not particularly mformative for most readers, 
and on pages 52 and 123 we find the same figure for the constituents of petroleum reproduced While the book is generally 
well referenced, it IS annoying, especially m the mtroductory chapter, to find frequent reference to earlier works by the editor, 
rather than to original sources 

A large book, at a large price, and a “mine” of mformation for engmeers m fuel technology, it will be helpful to the 
analytical chemist first encountering problems m the fuel mdustries, because tt will create a background awareness of the 
processes and the termmology For the analytical methods themselves the reader will have to look elsewhere 

I L MARX 
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Aaalytical Artifacts CC, MS, HPLC, TLC aad PC: B C. MIDDLEDITCH, Elsevmr, Amsterdam, 1989 Pages xxm + 1033 
$241 50, Df1495 00 

Thts catalogue IS Volume 44 m the Elsevter Journal of Chromatography Ltbrary and contams mformatron on impurttres, 
by-products, contammants and other artifacts that the analyttcal chemrst may encounter 

Each substance or topic IS covered in alphabet& order m an mdrvtdual monograph. The general format of each 
substance monograph 1s common name, nommal mass, mass spectmm, structure, Chemical Abstracts Service name and 
regrstry number, Merck Index reference number, synonyms, cccurrence of artrfact, mass spectra of denvattves and 
cross-references Not all substances are gtven equal treatment and the mformatton can range from a few lines to a few pages 
of text A retentton mdex for most toxtcologtcally relevant substances is gtven pertatmng to retentron on SE-30 or OV-1 
chromatography columns 

Interdtspersed between the substance monographs are very useful topics related to general areas of constderahon 
Examples of contammants from plasuc wash bottles, pa&Urn, Pasteur pipettes, grease, resms, syringes, filter paper, etc , 
are mentioned Cauttonary tales of, e.g., changes m trade-names, unusual chromatography results (rat peaks, ghost peaks, 
pmk beards), handling of lunar samples, blood collectton devices and turpentine poisoning are menttoned. 

It IS hoped that the mformatron m this reference work wrll help prevent pubbcation of analyttcal reports that draw the 
wrong conclusrons 

For example, an arttcle once churned to have tdenttfied the pheromone emitted by bttches m season to attract male dogs 
However, thrs was later shown to be only a wtdely used antmucrobml agent 

Some monographs m the text are hmtted m then content but the excellent indexes and full hterature cnations make thts 
a very useful comptlatton-espectally for those mvolved wtth trace analysts and CC-MS 
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Summary-The kinetic determination of total ascorbic acid with a flow-injection analysis system is 
described. The sample is loaded into two serial sample injection valves and injected into a carrier system 
containing mercuric chloride and o-phenylenediamine. The formation of a fluorescent product is 
monitored. The single-point and double-point kinetic methods are compared by using both peak height 
and peak area as the analytical signal. A detection limit of 0.1 pg/ml for vitamin C was achieved with 
a sample throughput rate of 30 per hour. 

Several methods have been proposed to use 
flow-injection analysis (FIA) for analytical kin- 
etic measurements of relatively slow reactions. 
These methods include the single-point methods 
in which the peak height or area is taken as 
proportional to the amount of product formed 
in a fixed time period,‘** a two-point kinetic 
assay based on the difference in signals from two 
flow-through detector cells,3 the stopped-flow 
technique in which the dispersed sample zone is 
stopped for a predetermined period when it 
reaches the detection cell, during which the 
reaction-rate measurement is performed,4 a two- 
point kinetic method based on the simultaneous 
injection of the sample with two serial injection 
valves into one reagent carrier stream,5 and a 
multiple-point method based on an array of 
detectors along an observation tube.6 The 
single-point kinetic method does not provide the 
advantages of a true kinetic method because 
an absolute signal rather than a change in 
signal is measured. Also, if the sample contains 
a non-reacting species which contributes to the 
detector response, an error will result. 

Fernandez et a1.7 demonstrated that kinetic 
information can be obtained in a single-line 
manifold by injecting a relatively large sample 
volume (e.g., 1000 ~1) into the reagent stream. 
Two reaction zones and two peaks are pro- 
duced, because little or no reagent/sample mix- 
ing occurs in the middle of the sample zone. 
The kinetic determinations are based on the 

*Author for correspondence. 

difference in peak heights or areas. Chung and 
Ingle’ proposed a kinetic method also based on 
injection of a relatively large volume of sample 
into a single-line manifold, the FIA profile being 
normalized with respect to sample dispersion. 
Under proper conditions, the normalized signal 
increases from the center to the edge of the 
profile and rate information can be extracted. 

Most of the FIA techniques suggested’~2~9~‘0 
for determination of ascorbic acid (AA) are 
single-point methods with electrochemical or 
spectrophotometric detection. 

The purposes of this paper are to demonstrate 
that a fluorometric kinetic procedure developed 
for the determination of total ascorbic acid in a 
conventional fluorometric cell” is adaptable to 
FIA measurements, and also to compare kinetic 
FIA measurements made with the single-point 
method and a two-point method based on two 
serial injection valves. The effects of non- 
reacting interferences and peak height trs. 
peak area measurements are also considered. 

EXPERIMENTAL 

Instrumentation 

All measurements were performed with 
a microcomputer-controlled single-line FIA 
manifold and a fluorescence detection system 
that have already been described.‘* The FIA 
manifold consists of a valveless positive-dis- 
placement carrier-stream pump, two sample- 
loop injection valves separated by a reaction coil 
of 400-cm length, and a flow cell (209~1 volume, 
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1 -mm path-length) for fluorescence measure- 
ment. Another pump is used to aspirate sample 
solutions into the sample loops from the sample 
reservoir. All connecting tubing in the main line 
is OS-mm i.d. Teflon tubing. The length of 
tubing between the second injector and the flow 
cell was approximately 50 cm. 

The microcomputer controls the pumps and 
load/injection position of the sample-injection 
valves, and the data acquisition, after which it 
calculates and reports the heights and areas for 
both peaks and the differences in these quan- 
tities. For both valves, the sample-loop volume 
was 30 ~1, and both sample loops were filled 
with the same test solution and switched to the 
injection position simultaneously under micro- 
computer control. Two FIA peaks are obtained. 
If a slow reaction occurs between the analyte 
and reagent carrier stream, the second peak 
is larger because the sample plug is in con- 
tact with the reagent stream for a longer period 
of time (i.e., there is longer reaction time) and 
the system can be used to obtain kinetic 
information. 

Solutions and measurement conditions 

This FIA system was evaluated for the deter- 
mination of AA by means of a fluorescence 
reaction developed for use in a conventional 
sample cell. ” This reaction involves the rapid 
oxidation of AA by mercuric chloride to dehy- 
dro-l-ascorbic acid, which then reacts with o- 
phenylenediamine (OPDA) over a period of 
several minutes to form a fluorescent quinoxa- 
line. A carrier solution of 1mM mercuric 
chloride and 50mM OPDA in pH-4.75 acetate 
buffer was used. Calibration data were obtained 
from 3 repetitive injections for each standard. A 
1-pgg/ml quinine sulfate solution in 0.05M sul- 

2 -50 120 
Time (set) 

Fig. 1. Baseline-corrected FIA peaks for the ascorbic acid 
standards: (a) blank, (b) 1 pg/ml, (c) 5 pg/ml, (d) 6.25 
pg/ml, (e) 10 pg/ml. Injected sample, 30 ~1; flow-rate, 

1 ml/min. 

Table 1. Calibration data for the determination of 
ascorbic acid 

Magnitude?, Slopes, Intercept& 
Quantity* counts counts.ml.pg- COWUS 

w, 6995 (0.7) 343 (6.9) 71.7 (40) 
‘4, 81207 (1.8) 8055 (98) 596 (560) 
AS, 2703 (1.5) 284 (5.0) - I34 (29) 
AA 71014 (1.7) 7150 (70) -519 (400) 

*(S,), = maximum signal for second peak; A, = area of 
second peak; AS,,, = (S,), - (S,),; AA = A, - A,. 

tFor IO-pg/ml AA, RSD (%) in parentheses. 
$The standard error of the slope is given in parentheses. 
$The standard error of the intercept is given in parentheses. 

furic acid was used for calibrating the loop 
volumes. For measurements of AA, the exci- 
tation wavelength was 366 nm (17-nm spectral 
bandpass) and the emission wavelength was 
435 nm (21-nm spectral bandpass). Quinine 
sulfate (QS) measurements were made under the 
same conditions except that the emission wave- 
length was 460 nm. 

RESULTS AND DISCUSSION 

Figure 1 shows the baseline-corrected FIA 
peaks. Calibration data are summarized in 
Table 1 for the second peak (single-point kinetic 
method) and as rates calculated from the differ- 
ence in peak heights and peak areas. The cali- 
bration plots are linear up to at least 10 pgg/ml 
AA. Typically, RSD values are l-2%. The 
detection limits for AA estimated for all four 
methods are not significantly different and range 
between 0.05 and 0.1 pg/ml. The proposed FIA 
method provides a simple means to determine 
vitamin C that should be applicable to pharma- 
ceutical samples. The sample throughput with 
the present manifold is about 30 samples per 
hour. 

It is important to note that if the sample 
already contains a fluorophore that does not 
react in the system but gives a signal under the 
excitation and emission conditions used, the 
single-point methods based on peak height or 
peak area will not discriminate between this 
signal and the one from the AA reaction. How- 
ever, the two-point kinetic method does provide 
partial or complete discrimination against such 
interferents, depending on the situation. If the 
volumes of the two sample loops could be made 
exactly equal, the areas of the two peaks for 
a non-reacting fluorophore would be identical. 
This assumption was tested with I-pg/ml 
QS solution. The ratio of the peak areas 
(rA = AZ/A,) was 1.012. For the sample loop 
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volumes used, such a species would contribute 
only 1.2% of its signal to the AA signal for AA. 
Complete discrimination can be achieved by 
calculating a corrected difference in area (AA’) 

based on AA’ = A2/rA - A,. 
The effect of non-reacting interferents on the 

difference in peak heights is much more serious 
as it depends on the difference in the sample 
loop volumes and in the dispersion for the two 
peaks. From the peaks obtained by injecting 
the l-pgg/ml QS standard, the ratio of the base- 
line-corrected peak heights (r,) was 0.342. The 
dispersion coefficients at the peak maximum are 
2.95 and 8.50 for the first and second peaks, 
respectively. Hence a non-reacting interferent, 
yielding a maximum signal of S, for the second 
peak, would contribute a signal equal to 
- 1.92S, to the peak height difference (AS,,,) 
for AA. A compensated value (AS;) can be 
obtained by calculating from AS; = (S,),/ 
rp - (S,), . This possibility was not realized in 
the original work on the dual-injection kinetic 
method.7 
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Summary-The technique of automatic continuous addition of reagent has been applied for the 
determination of zineb in pesticides. The method is based on photometric monitoring of the fast 
complexation reaction between zinc(II) and Zincon. The special feature of the technique is the direct 
kinetic measurement, which provides a highly selective determination of zineb at ng/ml levels, The 
sampling rate of 140 samples/hr makes the method very useful in routine analysis for this pesticide in vine 
and olive leaves. 

The degree of automation achieved in mixing of 
reagents and samples, and in acquisition and 
processing of data, has roused increasing inter- 
est in kinetic methods of analysis.‘,’ In this 
context, the continuous addition of reagent 
(CAR) technique permits direct rate measure- 
ments to be made for systems having half- 
reaction times in the millisecond region. The 
theoretical and practical aspects of this tech- 
nique have recently been discussed.3 It permits 
continuous recording of the signal as a function 
of time, and thus provides a kinetic curve. It is 
a useful alternative to the stopped-flow tech- 
nique inasmuch as it requires very much simpler 
(and readily available) instrumentation and is 
particularly suitable for routine analysis. The 
feasibility of this approach has been shown 
for photometric3 and fluorimetric4 methods, 
and has been applied to determination of 
sulphonamides in pharmaceuticals.’ 

In this work we extend the technique to the 
determination of zineb, a dithiocarbamate-type 
pesticide and fungicide used for treatment of 
fruit and vegetables. In the EEC and U.S.A., 
tolerance levels are set for dithiocarbamate 
fungicides, and methods for their determination 
are important. 

[ 

s S 
II II 

I -!S--C-NH-CH2-CH,-NH-C-S-Zn- , 

Zineb 

Most methods for the determination of zineb 
are based on its decomposition by digestion 
with hot acid, and determination of the carbon 

disulphide released. Photometric,6-9 gas chro- 
matographic,‘0-‘2 and precipitation titrimetric13 
methods have been used for the final determi- 
nation, but these methods are non-specific since 
any dithiocarbamate pesticide (such as maneb, 
mancozeb, nabam and amoban) yields carbon 
disulphide on acid decomposition, Methods 
based on the determination of the organic com- 
ponent of the pesticide, such as that based on 
the conversion of zineb into the molybdenum 
ethylenedithiocarbamate complex,‘4 are subject 
to various interferences. The methods based on 
analysis for zinc generally use dithizone as the 
chromogenic reagent, either in homogeneous 
medium” or with liquid-liquid extraction,‘6 but 
will be subject to interference by other heavy- 
metal dithiocarbamate pesticides such as maneb 
and mancozeb. 

The proposed kinetic method for the determi- 
nation of zineb is based on acid decomposition 
of the pesticide and complexation of the liber- 
ated zinc with Zincon (2-carboxy-2’-hydroxy- 
5’-sulphoformazylbenzene), monitored by the 
CAR technique. It gives a sensitive (dynamic 
linear range 0.25-3.0 pg/ml) and selective deter- 
mination of zineb that is applicable to com- 
mercial formulations and their residues on 
vegetables. This method is not specific for zineb, 
as there is interference by other Zn-containing 
fungicides, such as propineb and ziram, which 
can be similarly determined. It can be used, of 
course, to determine the sum of any Zn-contain- 
ing fungicides present. The potential interfer- 
ence of maneb [since manganese(H) is also 
complexed by Zincon] is avoided owing to the 
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special features of the CAR technique, which 
can be used for the simultaneous kinetic deter- 
mination of both pesticides, as will be shown in 
a future report. 

EXPERIMENTAL 

Reagents 

All chemicals were of analytical-reagent 
grade. All dilute solutions were prepared im- 
mediately prior to use. Zineb (Chem. Service 
Inc., West Chester, PA) was used as supplied. A 
250 mg/l. standard solution was prepared by 
dissolving 25 mg of the pesticide in 2.0 ml of 
concentrated nitric acid, heating until dissol- 
ution was complete and diluting to volume with 
distilled water in a lOO-ml standard flask. The 
zinc content of this solution was determined by 
EDTA titration. A stock solution of Zincon 
(2.95 x 10e3M) was prepared by dissolving 
130.0 mg of the chemical in 2.0 ml of O.lM 
sodium hydroxide and diluting to 100 ml with 
distilled water. A O.lM sodium borate/boric 
acid buffer of pH 9.0 was also prepared. 

lation suspension (400 mg/l.) were added to vine 
and olive leaves. The leaves were then dried in 
the sun and later in the shade. Each sample was 
extracted with two 25-ml portions of chloro- 
form; the combined extracts were evaporated to 
dryness and the residue was treated with 2 ml 
of concentrated nitric acid. When the brisk 
effervescence of nitrogen dioxide had ceased, the 
solution was evaporated to low bulk to remove 
nitrous fumes and most of the acid, diluted to 
40 ml with water, adjusted to pH 6-8, placed in 
the reaction vessel and after addition of 5.0 ml 
of the pH 9.0 buffer was diluted to 60 ml and 
analysed as above. 

RESULTS AND DISCUSSION 

Apparatus 

Zineb was determined through its metal con- 

stituent, by formation of the complex between 
zinc(I1) and Zincon, which has been widely used 
for the photometric determination of zinc(I1) in 
a variety of samples. ” Its application to the 
determination of zineb requires mineralization 
of the pesticide, which can easily be done with 
concentrated nitric acid. 

The instrumental arrangement has already 
been described.3 A Radiometer PHM62 pH- 
meter equipped with a combined glass-calomel 
electrode was used for pH measurements. 

Procedures 

Determination of zineb. To the reaction vessel 
of the CAR system were added a known volume 
of the standard zineb solution, containing be- 
tween 15 and 180 pg of the pesticide, and 5.0 ml 
of 0.1 M sodium borate/boric acid buffer of pH 
9.0, followed by accurate dilution to 60 ml with 
distilled water. Then 7.4 x 10m4M Zincon was 
continuously added at 35 ml/min, with stirring 
at 200 rpm. The absorbance at 620 nm was 
monitored. The computer system recorded the 
full absorbance us. time curve and calculated the 
initial rate (over a period of about 1 set) and the 
zineb concentration. 

The formation of the Zn-Zincon complex is 

so fast that its pseudo first-order reaction rate 
constant could not be determined even by the 
stopped-flow technique. This accounts for the 
fact that zinc(I1) has not hitherto been deter- 
mined kinetically by direct complexation with 
this ligand, but only by ligand-exchange reac- 
tions.ls The singular feature of the CAR tech- 

nique that allows the kinetic determination of 
zinc(I1) with Zincon is that the reaction then 
conforms to pseudo second-order kinetics’ and 
hence the reaction rate is somewhat slower. 

Analysis qf ~formulations. About 400 mg of 
sample was weighed accurately into a beaker, 
8 ml of concentrated nitric acid were added, and 
when the brisk evolution of brown fumes had 
ceased, the solution was heated gently to com- 
plete the dissolution, then cooled and diluted to 
volume with distilled water in a I-litre standard 
flask. Suitable volumes were analysed as above. 

The method involves continuous addition of 

Zincon solution at constant rate to a stirred 
zinc(I1) solution and monitoring of the ab- 
sorbance of the complex as a function of time, 
to produce a kinetic curve. The kinetic data thus 
generated are acquired by the computer at a 
collection rate of 20 points per second. The 
slope of the initial linear portion of the curve 
(initial rate method) is proportional to the ana- 
lyte concentration and is used as the measure- 
ment parameter. Figure 1 shows a typical curve. 
The slight increase in absorbance at longer 
reaction times (3 3 set) is due to absorption of 
light by the excess of ligand. The contribution of 
Zincon to the initial absorbance changes is 
negligible. 

Analysis of‘ plant residues. Known volumes As the method is based on the reaction of 

(0.25-3.0 ml) of ZZ-azul triple micro-formu- Zincon with free zinc ions, it is necessary to 
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Fig. 1. Typical absorbance us. time plot for the determi- 
nation of zineb (3.0 pg/ml) with Zincon. Experimental 

conditions as described in the text. 

mineralize the sample, and preliminary exper- 
iments showed that this could best be done by 
treatment with concentrated nitric acid, which 
was found to be quantitative. 
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0 

Efect of variables PH 

The influence of both chemical and instru- 
mental variables on the determination of zineb 
was evaluated by examining plots of initial rate 
as a function of the variable. All concentrations 
quoted are the initial concentration in the auto- 
burette or in the reaction vessel; the effects of 
dilution were considered small enough to be 
ignored. 

Fig. 2. Dependence of the initial rate on (a) the Zincon 
concentration and (b) the pH. [Zineb] = 3.0 fig/ml. Exper- 

imental conditions as described in the text. 

The effect of rate of addition of the Zincon 
solution was examined over the range 5-45 
ml/min. As expected from the theory of the 
method,3 the initial rate increased linearly with 
the rate of addition. A rate of 25 ml/min, giving 
an initial rate midway along the linear portion 
of the plot, was selected for use, but as the effect 
of this variable is closely related to that of the 
Zincon concentration used, both were re- 
optimized later. The stirring rate is another 
critical variable. The maximum precision of the 
initial rate was achieved with a stirring speed of 
200 rpm, which gave adequate mixing and 
avoided eddies (which could result in spurious 
signals). The effect of the initial volume of 
sample solution in the cell was studied over the 
range 60-100 ml. As the amount of zinc taken 
in the reaction vessel was the same in all the 
experiments, the initial rate decreased with in- 

creasing initial volume. An initial volume of 
60 ml was selected as a compromise between 
that needed to give the maximum initial rate and 
that needed to accommodate the stirrer and the 
optical probe so that no bubbles or eddies were 
produced by the stirring, and the light-path of 
the probe was filled with solution. 

The effect of chemical variables such as the 
Zincon concentration, the sample pH and the 
analyte concentration were also examined. 
Figure 2(a) shows the results obtained by varying 
the Zincon concentration between 2.95 x IO-* 
and 1.03 x 10-3M. The initial rate increased 
with the Zincon concentration up to about 
7.5 x 10-4M, and then remained constant. A 
concentration of 7.4 x 10e4M, which resulted 
in the maximum reliability and sensitivity and 
yielded the best reagent mixing throughout the 
reaction vessel, was selected. With this reagent 
concentration, use of an addition rate of 35 
ml/min improved the sensitivity. The effect of 
pH on the initial rate was studied over the range 
4-12 and Fig. 2(b) shows that the initial rate 
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Fig. 3. Experimental (0) and simulated (-) curves for 
the zinc(H)-Zincon system. 

was almost unchanged in the pH range 8.5-9.6. 
A pH of 9.0 was selected, and was obtained by 
inclusion of 5.0 ml of O.lM boric acid/sodium 
borate buffer (pH 9.0) in the final volume of 
60 ml. 

Under the optimal conditions thus estab- 
lished, the initial rate was found to be linearly 
related to the zineb concentration over the range 
0.25-3.0 pg/ml. 

Determination of the pseudo second-order rate 
constant 

The pseudo second-order rate constant of 
the complexation reaction between zinc(I1) and 
Zincon was determined by using the integrated 
rate equation governing the method.3 The 
average value obtained was k = (9.9 & 0.5) x 
IO4 l.mole-‘.sec-’ for use of 7.4 x 10W4M 
Zincon, an addition rate of 35 ml/min and an 
initial sample volume of 60 ml. To check the 
validity of the proposed equation a simulated 
kinetic curve was constructed by using the 
integrated rate equation and the experimental 
k value and gave good agreement with the 
experimental kinetic curve (Fig. 3). 

Anaiytical jigures of merit 

The initial rate method was applied to ab- 
sorbance vs. time plots recorded for different 
zinc (or equivalent zineb) concentrations. The 
features of the analytical method are summar- 
ized in Table 1. The sensitivity was taken as the 
slope of the calibration graph, the detection 

Table I. Analytical features of the determination of zineb 
(or equivalent zinc) by the CAR technique 

Feature Zineb Zinc 

Dynamic linear range, pgugimt 0.25-3.0 0.060.72 
Sensitivity, flgglmt 0.054 0.014 
Detection limit, pgglml 0.04 0.01 
Precision (RSD), % 1 1.8 
Sample throughput, samp~e~lhr 140 140 

limit was calculated according to IUPAC” and 
the precision was determined from analysis of 
11 samples each containing 1 .O p g/ml zineb. The 
throughput was calculated from the time re- 
quired for three replicate analyses, including the 
period needed to refill the reaction vessel, and 
was very high because the kinetic curve is 
rapidly computed. 

The dynamic linear range for determination 
of zinc(I1) was found to be 0.06-0.72 ,ug/ml, 
which is narrower than that for the conventional 
photometric determination of zinc(I1) with 
Zincor?’ (0.1-2.4 pg/ml), but has a lower deter- 
mination limit. 

Interferences 

As the pesticide sample is decomposed to 
release its metal content, pesticides containing 
no metal ion cannot cause interference and only 
maneb and copper(H) were tested as interfer- 
ents, as they often accompany zineb in com- 
mercial formulations. Solutions of zineb and 
maneb (both mineralized with nitric acid) or of 
copper(I1) were mixed to obtain samples con- 
taining the equivalent of 1 pgg/ml zineb and up 
to 100 pg/ml interferent. The tolerance ratio of 
interferent to zineb was taken as the largest 
giving an error of less than + 3.0% in the initial 
rate for 1.0 pg/ml zineb. For maneb the ratio 
was 50, but the CAR technique can be adapted 
for simultaneous dete~ination of zineb and 
maneb (to be reported later). For copper(I1) 
(added as the oxychloride) the ratio was 2 but 
could be increased to 4 by addition of 5 pg/ml 
cyanide, which is adequate to allow the determi- 
nation of zineb in commercial formulations 
containing copper oxychloride. Analysis of 
samples containing free zinc(I1) as well as zineb 
requires extraction of the fungicide into an 
organic solvent as described below. 

Analysis of commerc~aiformu~~tions and agricul- 
tural samples 

Zineb, like other dithiocarbamate fungicides, 
is widely used in agriculture, and is an active 
ingredient of various formulations used to con- 
trol leaf diseases in vegetables. The present 
procedure was applied to the routine determi- 
nation of zineb in formulations and in vine and 
olive leaves. 

To avoid interference by any free zinc(H) 
present in the samples, the zineb was extracted 
into chloroform, and the organic phase was 
then treated as described above for analysis 
of plant residues. It was confirmed that all the 
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Table 2. Recovery of zineb in its determination in ZZ-azul zineb can be estimated as 43 and 60 mg/kg for 
triple micro formulations vine and olive leaves, respectively. 

Aliquot, Found,’ Added, 
Recovery 

ml Lcglml ugglml Irglml % 

2.0 2.04 
1.0 1.02 1.00 2.04 101.0 
0.5 0.52 1.50 2.05 101.5 

*In the presence of 0.5 pg/ml cyanide. 

CONCLUSIONS 

Table 3. Recovery of zineb added as ZZ-azul triple micro to 
leaf samples 

Type of Zineb added, Zineb found,* Recovery, 
leaf pg /% % 

Vine 60 61.9 103.1 
58.1 96.8 
58.3 97.1 

Olive 60 55.8 93.0 
61.3 102.1 
58.9 98.2 

Average 98.4 
Standard deviation 3.8 

*Determination in presence of 0.5 fig/ml cyanide. 

Zineb concentrations at mM level can be 
determined by the CAR technique and direct 
complexation of zinc(I1) (released from zineb 
by nitric acid treatment) with Zincon. The blue 
complex is rapidly formed and its absorbance 
can be readily monitored by this new approach, 
which affords direct rate measurements on the 
msec time scale. The suitability of the technique 
for routine determination of zineb in agri- 
cultural samples has been demonstrated. 
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Summary-A static headspace method for determination of volatile solvents in blood was developed. The 
solvents determined were l,l, I-trichloroethane, toluene, xylene (o-, M- and p-), ethylbenzene, styrene, 
cl-methylstyrene and 4-methylstyrene at concentrations ranging from 0.01 to 1 &ml. Internal standard 
calibration was used. Parameters affecting sensitivity and precision were determined and optimized. 

Volatile organic solvents are common contami- 
nants in the environment and work place. 
Recent human exposure to these contaminants 
is most accurately assessed by monitoring the 
concentration of individual solvents in the 
blood. One method of quantifying solvent con- 
centration in blood is headspace analysis, in 
which analytes dissolved in blood are par- 
titioned between the blood and air in a closed 
system and the concentrations of analytes in the 
airspace (headspace) over the blood are deter- 
mined. The concentrations of analytes in the 
headspace are proportional to their concen- 
trations in the blood.’ 

As part of our research in monitoring 
exposures to environmental and work place 
contaminants, we wanted a general screening 
method for blood that could detect low levels of 
common solvents. The desired quantification 
limit was approximately the level expected in 
an average human exposed to a concentration 
equal to 1% of the occupational guideline 
suggested by the American Conference of Gov- 
ernmental Industrial Hygienists. Ramsey et ~1.~2~ 
have developed a method for screening volatile 
organic compounds in blood by headspace 
analysis. Their method was created for diagnos- 
tic use in high-exposure situations occurring 
with solvent abuse and acute poisoning. They 
used low-resolution (packed-column) gas chro- 
matography (GC) and did not automate the 
method. We have therefore developed and vali- 
dated an automated method for headspace 
analysis of blood from humans with low-level 
exposure to solvents. 

___ I___ 
*Author for correspondence. 

The method described in this report differs 
from previously published analyses in that: (a) 
the quantification limit is lower (as low as 0.01 
pg/ml in blood); (b) the system is fully auto- 
mated, permitting up to 20 hr of unattended 
operation; (c) the range of volatility for analytes 
is wide (b.p. 12-170”); and (d) high-resolution 
gas chromatography is used, permitting dis- 
crimination between xenobiotics and back- 
ground agents. 

EXPERIMENTAL 

Materials 

“Nanograde” toluene was obtained from 
Mallinckrodt (St Louis, MO). l,l-Difluoro- 
1,2,2-trichloroethane was purchased from PCR 
(Gainesville, FL). I,1 ,l-Trichloroethane (TCE), 
ethylbenzene, p-xylene (gold label; inhibited 
with 10-15 ppm 4-tert-butylcatechol), m- 
xylene, o-xylene (HPLC grade), styrene (gold 
label; inhibited with 10-15 ppm 4-tert-butylcat- 
echol), 4-chlorofluorobenzene, cr-methylstyrene 
(inhibited with 15 ppm 4-rert-butylcatechol), 
and 4-methylstyrene (inhibited with 0.1% by 
weight hydroquinone) were bought from 
Aldrich Chemical Company (Milwaukee, WI). 
Dimethylsulfoxide (DMSO) was obtained from 
Burdick and Jackson (Muskegon, MI). Analyti- 
cal-reagent grade chemicals were used unless 
otherwise indicated. The styrenes and 1 ,l-di- 
fluoro-1,2,2-trichloroethane were kept refriger- 
ated because of their tendency for slow 
degradation. The chemicals used for standards 
were analyzed by gas chromatography/mass 
spectrometry (GC/MS) for impurities. We no- 
ticed some variation of purity in the chemicals, 
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depending on source and lot. The sources and 
grades indicated above were satisfactory. 

Gas chromatography 

A capillary gas chromatograph with a flame 
ionization detector (Hewlett-Packard model 
5880A; Avondale, PA) was used. The nitrogen 
make-up gas flow to the detector was approxi- 
mately 30 ml/min. The detector temperature 
was 250”. Liquid carbon dioxide was the 
coolant for sub-ambient temperature program- 
ming and was controlled by the sub-ambient 
temperature control-option available for the 
5880A gas chromatograph. The oven tempera- 
ture control was turned off for the duration of 
the analyte transfer (5 min), by commands in the 
run table. 

The multi-ramp oven temperature program 
was as follows: - 10” for 5.2 min initial tem- 
perature; heating to 40” at 15”/min followed by 
an 8-min isothermal period; heating to 65” at 
4”/min; ballistic heating to 220” followed by a 
6-min isothermal period (for post-analysis 
column conditioning). 

A DB-WAX capillary column (30 m x 0.32 
mm i.d., 0.25 mm film thickness; J&W Scientific, 
Folsom, CA) was directly connected to the 
transfer line of the headspace sampler with a 
zero dead-volume union (ZU.STJ with graphite 
ferrules; Valco Instruments Company, Inc., 
Houston, TX). If the union became cooled, 
during sub-ambient temperature programming, 
for example, split peaks were observed in the 
chromatogram. To prevent this, the union was 
placed inside the heated zone of the capillary 
injector, ensuring that the union remained at 
150’. The linear velocity of the helium carrier 
gas was 20 cmjsec at 150”. 

Headspace sampler 

A Hewlett-Packard 19395A headspace 
sampler was used with an 18906A constant 
heating-time accessory. The headspace sampler 
hardware and operation have been described by 
Wylie,“ as has the constant heating-time appar- 
atus.’ In brief, the headspace sampler main- 
tained samples at a constant temperature for a 
preselected period prior to sampling. To sample 
the headspace, the sample vial was first pressur- 
ized with helium admitted through a needle 
piercing the septum of the vial. The vial was 
then vented, whereby a positive-pressure trans- 
fer of the helium/headspace mixture was made 
to a volumetric injection loop (1 ml). When the 
loop had been filled, it was switched into the 

carrier gas stream and its contents swept into 
the gas chromatographic column. Operational 
parameters for analyses with the headspace 
sampler are shown in Table 1. 

Cryotrap 

The cryotrap was a brass tube (13 x 0.635 cm 
o.d.) suspended in the gas chromatograph oven. 
The gas chromatographic column was centered 
in the brass tube with graphite ferrules swaged 
onto the tube ends. When there was a tight 
seal between the column and the ferrules, mul- 
tiple split peaks were observed in the chro- 
matogram. We attributed this phenomenon to 
the existence of cold spots where the column 
contacted the ferrules. To avoid this phenom- 
enon, the holes drilled in the ferrules were 
oversized. 

Liquid nitrogen was the coolant for the cryo- 
trap and entered it counter-current to the gas 
chromatographic column carrier-gas flow. The 
liquid-nitrogen supply was controlled by a so- 
lenoid valve that was activated when the 
headspace sampler probe descended. The cryo- 
trap was cooled for 7 min and then warmed by 
compressed air until the trap temperature 
reached approximately 40”. The compressed air 
was controlled by a solenoid valve activated 
through the run table. 

The coolant flow was regulated to maintain a 
temperature of - 120” (temperature controller, 
Model 310; Omega Engineering, Stamford, CT). 
The thermocouple (type J) was attached to a 
brass screw opposite the liquid-nitrogen inlet. A 
second thermocouple (type K) was used to 
monitor the outer surface temperature of the 
trap. This thermocouple was wired to the 
“auxiliary temperature 2” sensor input on the 
5880A gas chromatograph. 

Sample preparation 

The recommendations of the Centers for 
Disease Control for the handling of blood were 

Table 1. Operational parameters for headspace analyses 

Parameter Value 

Sample heating time 14 min 
Sample temperature 60°C 
Sampling valve temperature 65°C 
Analysis time 37 min 
Vial overpressure 1.2 bar* 
Carrier gas pressure 1.4 bar* 
Sample loop size 1 ml 
Vial pressurization duration 1 min 
Vial venting duration 2 set 
Injection duration 5 min 

*Above atmospheric pressure. 
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followed.6 Blood samples were taken in “vacu- 
tainers” containing sodium citrate as an anti- 
coagulant. Samples were kept at approximately 
4” until sample preparation. The “vacutainers” 
were filled as completely as possible, to 
minimize the headspace above the blood 
sample. 

To prepare a sample for analysis, 2 ml of 
water containing 2 mg of sodium azide were 
placed in a lo-ml crimp-top vial (23 mm o.d., 47 
mm in height; Alltech Associates, Deerfield, IL) 
and frozen. When the ice in the vial began to 
thaw slightly, 1 ml of blood was pipetted onto 
the ice with an Eppendorf Combitips pipettor 
(Brinkman Instruments, Westbury, NY) and an 
is-gauge needle. A Teflon-lined butyl rubber 
septum ~Hewlett-Packard, part no. 9301-0976) 
and an aluminum seal (20-mm o-d. seal without 
centers; Alltech Associates) were immediateiy 
placed on the vial and the seal was crimped. We 
found that these septa are the most resistant to 
gas leakage. Once sealed, the vials were stored 
at 4” until analysis. 

Immediately prior to analysis, 10 ~1 of an 
internal standard (a solution of 61 ,ug of 4- 
chlorofluorobenzene and 78 p g of 1,l -difluoro- 
1,2,2-trichloroethane per ml in DMSO) were 
added to the prepared blood sample. The in- 
ternal standard solution was carefully injected 
under the surface of the blood-water mixture 
with a 500~~1 syringe (gas-tight, Luer tip; 
Hamilton Company, Reno, NV), a PB-600 
repeating dispenser (Hamilton), and a 26-gauge 
needle. The final concentrations of internal 
standards in the blood were 0.61 pg of 4-chloro- 
fluorobenzene and 0.77 pg of 1 , 1 -difluoro- 1,2,2- 
trichloroethane per ml. 

Standard preparation 

For method validation experiments, standard 
curves and blanks, out-of-date human blood 
was used as the matrix. Out-of-date blood was 
obtained from a local blood bank and was one 
or two days past its expiry date. The blood was 
not hemolyzed or septic. 

With each set of samples, a set of spiked 
blood standards was analyzed and a standard 
curve constructed. The blood was spiked by the 
same procedure as described for the addition of 
internal standard to samples. The concen- 
trations of each analyte in the spiking solutions 
were approximately 1.0, 5.0, 10, 50 and 100 
pg/ml which gave, resistively, concentrations 
of 0.01,0.05,0.1,0.5 and 1.0 pg/ml in the blood. 
Along with the spiked blood standards, a blood 
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sample containing only internal standard was 
analyzed as a blank. The result from this blank 
analysis was used as the zero point in the 
standard curve. 

Standard curves were prepared daily. Peak- 
area ratios {of analyte to internal standard) were 
computed. Weighted least-squares linear re- 
gression of blood concentration of analyte U.S. 
area ratios yielded the slopes and intercepts. 
When non-weighted linear regression was used, 
the highest concentration data points had undue 
inffuence, causing poor fits of the regression 
lines at the lower concentration data points. The 
square-root of the reciprocal of the con- 
centration was used as the weighting factor. 
Heteros~dasti~ty was reduced by this weight- 
ing scheme. Regressions were performed with 
the MGLH module of Systat (Systat, Inc., 
Evanston, IL). 

RESULTS AND DISCUSSION 

GC parameters 

The choice of satisfactory columns was 
limited. Our primary criterion for chromato- 
graphic separation was resolution of the xylene 
isomers and ethylbenzene. Only columns with a 
polyethylene glycol stationary phase achieved 
resolution of these solvents. Columns of 
0.25mm i.d. occasionally became blocked with 
ice, a problem that was avoided by using 
0.32 mm i.d. columns (as had been reported by 
others4,‘). A film thickness of 0.25 pm was 
chosen to maximize resolution between the xy- 
lenes. Though a DB-wax column afforded resol- 
ution of the solvents tested, it did not resolve the 
most volatile components (Fig. 1). 

The connection of the transfer line from the 
headspace sampler to the gas chromatographic 
column had considerable influence on the sensi- 
tivity and precision of the headspace analysis. 
When the transfer line was inserted into the 
split/splitless injector port through the septum, 
and the injector was operated in the split mode 
as recommended in the headspace sampler man- 
ua1,8 the sensitivity was not sufficient for our 
needs. As the split ratio was decreased, the 
sensitivity increased. However, the precision 
decreased, and at a split ratio of IO the co- 
efficient of variation was approximately 
20-30%. When the injector was used in the 
splitless mode, no increase in sensitivity was 
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Fig. 1. Chromatogram of a spiked blood sample. The concentration of the analytes was approximately 
0.1 pg/ml. Transfer of analytes to the gas chromatographic column was between 0 and 5.7 min. 
A = 1 , 1, I-trichloroethane; B = 1, I-difluoro- 1,2,2-trichloroethane; C = toluene; D = ethylbenzene; E = p- 
xylene; F = m-xylene; G = o-xylene; H = 4-chlorofluorobenzene; I = styrene. The methylstyrenes were 
eluted between 20 and 25 min. l,l-Difluoro-1,2,2-trichloroethane and 4-chlorofluorobenzene were used 

as internal standards. 

gained, because slow transfer of the analytes 
from the large volume injector into the capillary 
column caused gross tailing and distortion of 
the chromatographic peaks. The solution to the 
sensitivity and precision problem was to connect 
the column and transfer line directly. This in- 
creased the sensitivity while maintaining the 
precision at acceptable levels (coefficient of vari- 
ation < 10%). 

Because the gas chromatograph inlet was 
bypassed by direct connection of the gas chro- 
matographic column to the transfer line, the 
headspace sampler supplied the gas chromato- 
graph with carrier gas. Assuming continuous 
and instantaneous mixing of the contents of the 
1 ml sample loop with carrier gas incoming at 
a flow-rate of 1.0 ml/min, the time required for 
transfer of 99% of the analytes to the column 
(4.6 min) was calculated by use of a gas dilution 
equation.’ This calculation neglected the small 
dead volume of the transfer line (0.13 ml). 
Therefore, the transfer time (injection time) was 
set at 5 min. 

Cryotrap 

Because of the 5 min transfer of the headspace 
mixture, a cryotrap was necessary to focus the 
analytes that were more volatile than m-xylene 
into a narrow region of the gas chromato- 
graphic column. Without the cryotrap, p- 
xylene, m-xylene and ethylbenzene were poorly 
resolved, toluene was not resolved from en- 
dogenous volatile compounds in blood, and 
TCE was not detectable. 

The optimum arrangement of coolant flow 
and heating-air flow was determined. Peak 
width was minimized when the coolant flow was 
counter-current to the carrier-gas flow and 
heating-air flow. Kolb et al.’ noted that this 
configuration formed a temperature gradient in 
the column and reduced the peak width. 

Occasionally analytes escaped collection in 
the cryotrap. This was typically caused by 
coolant supply problems and was evidenced by 
breakthrough of the untrapped compounds 
during the sample transfer. Compounds re- 
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tained on the column at room temperature, such 
as styrene, were unaffected by trap failure. 

Headspace sampler parameters 

The optimum conditions for headspace 
sampling were determined in a series of exper- 
iments with either blood or water as the sample 
matrix. Blood was used as the matrix when the 
matrix was likely to influence the optimization. 
Both response and precision were evaluated 
during the optimization. The parameters opti- 
mized were heating time, sample temperature, 
the method used to fill the sample loop, equili- 
bration time for headspace vial pressurization, 
the overpressure and pressurization time. 

The sensitivity of headspace analyses has been 
improved by heating the sample matrix, which 
increases the concentration of analytes in the 
gas phase.’ To determine the effect of sample 
temperature on the sensitivity and precision, 
vials containing either 3 ml of water or 1 ml of 
blood and 2 ml of water were spiked and the 
headspace concentrations of the analytes were 
determined. Sample temperature had different 
effects upon the response for analytes in blood 
or water as matrix (Fig. 2). For water, the 
response increased with temperature over the 
range 40-90” while for blood, the response was 
maximal at 60”. At higher temperatures, blood 
coagulated prior to sampling. The partitioning 
of analyte from a solid (coagulated blood) to air 
was less efficient than from a liquid to air. The 
precision, in all cases, was inversely pro- 
portional to the response. 

To evaluate the effect of sample heating time 
on the response and precision, replicate head- 
space vials containing toluene, the xylenes, 
internal standard and styrene in a water matrix 

60 

0 water 

0-l I 
30 40 50 60 70 80 90 100 

Sample Tempereture (“C) 

Fig. 2. The effect of sample temperature on the response for 
styrene. Headspace samples were equilibrated for 80 min 
prior to analysis. Two different sample matrices, water and 
a I:2 mixture of blood and water, were examined in this 
experiment. Similar results for other analytes were observed 

in these two matrices. 
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Fig. 3. The effect of heating time on response and precision 
for styrene. Headspace samples were prepared at room 
temperature and then heated. The heating time is the length 
of time the sample remained at 60” prior to analysis. 
Thermal equilibrium was achieved in approximately 5 min. 
Three replicate analyses were performed for each heating 
time. Other analytes exhibited similar trends in response and 

precision. (0) Coetlicient of variation; (0) peak area. 

were prepared and analyzed with the headspace 
sampler. As the headspace vials warmed to 60”, 
a new equilibrium concentration of analyte va- 
por in the headspace was approached. The vials 
reached thermal equilibrium in approximately 5 
min. However, the concentration of analyte 
vapor in the headspace continued to rise for at 
least 80 min (Fig. 3). The coefficient of variation 
was inversely proportional to the concentration 
of analyte vapor (Fig. 3). Experiments with 
blood as matrix showed similar behavior. Thus, 
the optimum heating time for a sample would be 
at least 80 min. 

Because of the mechanics of the constant 
heating-time apparatus, the heating time was 
required to be some multiple of the run time. 
Each sample was heated for two runs (74 min). 
Although a longer heating time would have 
allowed the analytes to reach equilibrium, the 
next allowable duration (111 min) would have 
significantly decreased the number of samples 
analyzed per day. Even though the anaiytes in 
the headspace vial were not in complete thermo- 
dynamic equilibrium between the phases, repro- 
ducible measurements could be made with the 
constant heating-time apparatus, because the 
heating period before sampling of the headspace 
was the same for each viaL5 

A hyperbolic relationship between response 
and overpressure was derived from the basic gas 
laws. Response was proportional to the concen- 
tration in the headspace sample (C,), in this 
case. 

c, = ci pi ( > Pi + Pa 
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where Ci is the concentration of analyte in the 
headspace prior to pressurization, Pi the initial 
headspace pressure (atmospheric), and P, the 
overpressure (pressurization above atmos- 
pheric). This relationship was confirmed exper- 
imentally (data not shown). In order to dehver 
at least 1 ml of helium/headspace mixture to the 
sample loop, P, had to be greater than approxi- 
mately 0.2 bar. There was no discernible 
relationship between the precision and over- 
pressure. 

We confirmed that more analyte was con- 
tained in the sample loop when the loop and vial 
were not completely depressurized as indicated 
in the instrument manuaL8 Therefore, the dur- 
ation of sample venting was set to 2 set, an 
insufficient time for complete depressurization. 
However, we noted that better reproducibility 
was achieved if P, was 0.8-1.2 bar, which was 
higher than the overpressure optimum for sensi- 
tivity. 

The optimum duration for pressurization and 
the time allowed for pressure equilibration in 
the sample vial were determined by replicate 
analysis of water spiked with analytes. Pressur- 
ization required at least 30 set; shorter times 
resulted in poor precision and reduced sensi- 
tivity. Equilibration time did not affect the 
sensitivity. However, precision was highest with 
equilibration times greater than 30 sec. 

Sample preparation 

For valid measurements, the septum sealing 
the headspace vial must not allow analyte to 
escape. By pressurizing the vial and then 
submerging it under water, we evaluated the 
integrity of the septum seal, for silicone rubber- 
Teflon and butyl rubber-Teflon composite 
septa. Silicone rubber septa leaked after a single 
puncture with the 26gauge needle used to add 
internal standard to the sample. Furthermore, 
this type of septum did not always form an 
air-tight seal. However, the butyl rubber- 
Teflon septa performed excellently and did not 
leak under 3 bar pressure even after the vial had 
been punctured five times. Gill et aL3 studied the 
loss of analytes from headspace vials and con- 
cluded that either Teflon- or aluminum-lined 
septa offered the best stability. 

The effect of sample volume on response was 
determined experimentally. Blood (10 ml) was 
spiked with toluene, ethylbenzene, the xylenes, 
styrene, ~-methyIstyrene, and 4-methyIstyrene, 
and a series of headspace vials was prepared, 
with different volumes of spiked blood. The 

samples were then analyzed according to the 
standard procedure. 

The response changed with blood volume as 
expected, but the magnitude of the change and 
the optimum volume were dependent on the 
analyte (Fig. 4). Apparently the compounds 
that are partitioned to the greatest extent into 
the air were most af%cted by the blood volume. 
Small variations in the blood volume dispensed 
would be more likely to affect the precision for 
compounds with a lower affinity for blood. 

The relationship between blood volume and 
response was derived from the mass balance 
equation describing the partitioning of analyte 
between the two phases in the headspace vial. 
The mass balance equation is: 

VtjCi= VbCb+ V,C, (2) 

where Vb is the volume of blood and water 
mixture in the headspace vial, Ci the concen- 
tration of analyte in the blood before partition- 
ing, C, the concentration of analyte in the blood 
after partitioning, V, the volume of air (gas 
phase) in the headspace vial and C, the concen- 
tration of analyte in the gas phase of the 
headspace vial after partitioning. By definition 
the partition coefficient between the blood and 
water mixture and air (IQ) is given by 
k,;, = C&Z,, and the total vial volume is 
V, = V,, + V,; substituting these variables in 
equation (2) and solving for C, gives: 

c, = vbci 

v&b,, - I>+ Y 

0.0 0.5 1.0 1:5 2:o 

Blood Volume (ml) 

Fig. 4. The effect of sample volume on response. The blood 
was spiked with a solvent mixture (0.1 fig/ml) and various 
volumes were analyzed according to the procedure de- 
scribed. The standard volume of blood analyzed was 1 ml, 
to which 2 ml of water were added. The relationship between 
the blood volume and response is given by equation (3), but 

as k, was not known, least-squares non-linear regression 
was used to fit an equation of the form C, = V&V, + b), 
where a and b are constants, to the resuks. The lines are the 
regression lines. Similar relationships held for all com- 
pounds analyzed. (0) Toluene; (0) styrene; (Of Cmethyl- 

styrene. 



Volatile solvents in blood 371 

The liquid phase is the blood-water mixture. 
The sensitivity in headspace analyses can be 

increased by adding compounds that increase 
partitioning of the analyte into air. Inorganic 
salts have greatly increased the sensitivity of 
analyses for polar chemicals, such as alco- 
hols’*‘0-‘2 and water-miscible ketones and alde- 
hydes.’ However, there is very little effect, if any, 
with non-polar chemicals.‘v’3*‘4 We have exam- 
ined several additives which alter the physico- 
chemical structure of blood. In these 
experiments, 1 ml of blood was placed in a 
headspace vial with 2 ml of an additive. Addi- 
tives were 0.9% saline water, 8M urea, 1M 
aluminum sulfate and 1 ml of water followed by 
1 ml of 4.OM ammonium sulfate. Unadulterated 
blood (1 ml) was analyzed as a control. Three 
replicates were analyzed for each additive and 
control. 

The additives which caused the blood to 
coagulate, ammonium sulfate and aluminum 
sulfate, increased the variability (Table 2). The 
importance of preventing blood from coagulat- 
ing was noted previously, but without expla- 
nation.15 The additives which lysed the blood 
cells, i.e., water and 8M urea, decreased the 
variability, as did saline which, in essence, 
thinned the blood. The response was increased 
most by addition of water to the blood. The 
concentrations of chloroform, toluene and 
styrene in the headspace were previously shown 
to be increased by hemolysis of blood by 
water. I6 Hemolysis probably increased the re- 
sponse because it retarded coagulation of the 
blood. Solid-gas phase partitioning of analytes 
is less efficient than liquid-gas phase partition- 
ing. In addition, hemolysis probably increased 
the availability of analytes from the blood cells, 

which apparently contain higher concentrations 
of solvents than the surrounding plasma 
does. “9 ‘* 

The effect of sample storage upon response 
was evaluated. Replicate samples of spiked 
blood were prepared according to the standard 
procedure and stored at 4”. Sets of samples were 
analyzed on the day of preparation, and then 24 
and 72 hr later. The response did not decrease 
during 72 hr of storage. Gill et aL3 showed that 
samples stored without headspace in bottles 
with Teflon-lined caps did not lose analyte 
during storage for 30 days. 

Standard preparation 

Four methods have previously been used to 
spike blood: direct addition of neat analyte to 
blood, addition of an aqueous solution of ana- 
lyte to blood, addition of a blood solution of 
analyte to blood and addition of analyte in a 
water-miscible vehicle to blood. The primary 
goals in preparing standards for headspace 
analysis were quantitative transfer of the ana- 
lyte into the liquid phase and rapid achievement 
of physicochemical equilibrium. Not all these 
methods could achieve these objectives. 

Equilibrium was reached slowly (>24 hr) 
when immiscible liquids were mixed to prepare 
standards of halogenated hydrocarbons’9.20 and 
aromatic hydrocarbons20 in water. Further- 
more, Radzikowska-Kintzi and Jakubowski” 
indicated that introduction of ~1 volumes of 
undissolved hydrocarbons into blood samples 
caused problems with precise dosage. For- 
mation of a micro-emulsion of immiscible solute 
dispersed in aqueous solution was discussed by 
Sanemasa et al.” Solutions of analytes in blood 
have been used to spike samples.‘,” This ap- 

Table 2. The effect of additives to the headspace blood sample on response and precision 

Additive 

None Saline Water (NH, )z SO, A&GO, ), Urea 
- ___~. 

Compound Mean CV, % Mean CV, % Mean CV, % Mean CV, % Mean CV, % Mean CV. % 

Toluene 113 22 129 4 146 6 72 16 128 21 119 4 
Ethyibenzene 89 17 102 3 116 7 62 17 113 28 103 5 
p-Xylene 88 16 105 2 113 7 61 19 III 31 97 5 
m-Xylene 88 16 104 3 115 7 62 20 IO8 29 96 5 
o-Xylene 84 14 100 2 107 6 62 23 115 29 83 4 
4-Chloro- 

fluorobenzene 75 13 83 4 97 6 50 20 79 26 71 3 
Styrene 66 9 68 3 76 5 47 28 32 80 41 2 
a-Methylstyrene 5 I 7 61 2 70 6 47 32 29 87 38 3 
4-Methylstyrene 33 10 49 5 42 5 33 34 23 86 26 3 

Response was the mean peak area from three replicate analyses. Two ml of additive were added to I ml of blood prior 

to the analyses, except for (NH&SO4 [where I ml of water was added, followed by I ml of (NH,)*SO, solution]. Aqueous 

solutions were: 0.9% saline, 4.OM (NH,),SO,, I.OM A12(S0,)z and 8M urea. CV is the coefficient of variation. 
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preach appeared to give good results, with a 
reported stability of 3 weeks for solutions of 
aromatic hydrocarbons and TCE. However, 
storage of blood solutions is problematic for 
some solvents, because of blood-induced degra- 
dation, for example, of esters22 and ethanol.” 
Furthermore, blood deteriorates during storage 
and this is accelerated by sepsis. 

We prefer to use a spiking solution made with 
a water-miscible vehicle. Addition of a second 
solute to water, in this case the vehicle, has been 
shown to change the solute-vapor equilibrium 
constant.2’x23 These secondary solutes have an 
influence only when their mole fraction is 

3 greater than 5 x lO- . 23 For this reason, we used 
10,ul of vehicle, which corresponded to a 
DMSO mole fraction of 1.5 x 1O-3 in the 
aqueous phase of the headspace vial. 

We initially used methanol as the vehicle but 
found it unsatisfactory because it was eluted 
early in the chromatogram and interfered 
with the quantification of TCE and toluene. 
Therefore, we evaluated several water-miscible 
solvents as substitutes, namely formamide, 
DMSO, dimethylformamide, 3,3’-oxydipropioni- 
trile, hexamethylphosphoramide and propylene 
glycol. Formamide and dimethylformamide 
contained impurities and the solutions were not 
stable. A major peak, possibly for a contami- 
nant in the solvent, appeared early in the chro- 
matogram when 3,3’-oxydipropionitrile was 
used. Their high viscosity made it difficult to 
transfer solutions in propylene glycol. Hexa- 
methylphosphoramide caused baseline disturb- 
ances on the chromatogram and posed 
additional handling problems because of its 
toxicity. 

DMSO proved satisfactory as the vehicle. It 
was eluted very late in the chromatogram and 
did not interfere with any of the analytes. 
Solutions of the analytes in DMSO were stable 
when stored frozen at 4”. Freezing and thawing 
of DMSO solutions of analytes did not affect 
the analyte concentration. The DMSO solutions 
used contained only minor ( < 0.1%) impurities 
or decomposition products which were eluted 
before TCE. The impurities were identified by 
GC/MS as dimethylsulfide and methylsulfide. 

Because the internal standard was used to 
correct for recoveries of analytes, it had to 
behave similarly to the analytes. We found that 
one potential internal standard, 4-chloro- 
fluorobenzene, behaved similarly to all the aro- 
matic analytes in method development 
experiments, but TCE and 4-chlorofluoroben- 

zene exhibited different recovery and response 
as the experimental parameters were changed. 
To find an internal standard for TCE we there- 
fore examined compounds structurally related 
to it. Few compounds satisfied the constraint of 
being chromatographically resolvable from the 
analytes and common blood components and 
not being present as an environmental or work 
place contaminant. 1, I-Difluoro- 1,2,2-trichloro- 
ethane satisfied these constraints but was not 
ideal, owing to its slow degradation in aqueous 
solution at elevated temperatures (60”). 

Analytical performance 

Standard curves were obtained for six levels 
of analyte in spiked samples of human blood: 1, 
0.5, 0.1, 0.05, 0.01 and 0 pg/ml. Over this range 
the standard curve was linear (Table 3). TCE 
was not reliably quantified below 0.1 pg/ml 
because of interference from the peaks of en- 
dogenous blood substances. Styrene and toluene 
had measurable background concentrations; 
these concentrations fluctuated, depending on 
the batch of blood used for standard prep- 
aration, but were less than 0.1 pg/ml. The pre- 
cision of response was calculated for each 
calibration point (Table 4). The coefficient of 
variation was generally less than 5%. 

CONCLUSIONS 

Static headspace analysis is an accurate and 
useful method for quantifying solvents in blood. 
Studies performed during development of the 
method showed that the headspace method- 
ology must be optimized specifically for blood, 
rather than by use of parameters derived from 
headspace experiments with aqueous media. 
For example, procedures used to increase sensi- 
tivity in water analyses, such as salting-out, 
decreased the sensitivity for blood analyses 
because of their coagulative effects on blood. 

Table 3. Linearity of the calibration curves [peak-area ratio, 
analyte to internal standard, plotted us. concentration 

(P s/ml)1 
Compound Intercept* Slope* r2 

TCE 0.014 * 0.004 0.41 _+ 0.01 0.981 
Toluene -0.034 + 0.001 0.36 k 0.005 0.998 
Ethylbenzene 0.000 + 0.002 0.45 + 0.01 0.993 
p-Xylene -0.002 & 0.002 0.45 + 0.01 0.996 
m -Xylene -0.011 2 0.002 0.48 + 0.01 0.996 
0 -Xylene -0.006 + 0.002 0.44 * 0.01 0.996 
Styrene -0.062 + 0.003 0.85 + 0.01 0.995 

*Estimated value & standard 
linear repression (weight = l/ 
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For optimum sensitivity and precision, stan- 
dards and samples must be prepared and manip- 
ulated in a way that minimizes loss of the 
volatile analytes. For valid quantification with 
the internal standard method of calibration, the 
physicochemical properties of the internal stan- 
dard must be closely matched to those of the 
analytes; an internal standard that would be 
adequate for all the compounds investigated 
could not be found. 
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Summary-A technique for the dete~ination of labile Pb in sea-water has been developed which uses 
co-deposition with mercury on 6-t4-mg pyrolytic graphite platforms, followed by el~trothe~al 
atomization of the deposit. Optimization of the applied voltage, pH and sodium chloride concentration 
with respect to the deposition efficiency yielded a detection limit of 0.15 p g/l. Pb for 120~see depositions 
with a single platform. As the amount of deposit increases linearly with deposition time up to 5 min and 
the simultaneous use of two platforms increases the analytical signal by a factor of 1.73, a further 
improvement is possible. Near-shore sea-water and estuarine water samples containing lead in the 
concentration range 0.4-1.3 @g/l. were analysed with an RSD better than 10%. Background correction 
was not required as the technique eliminates spectral interferences due to molecular absorption. 

Although various techniques can be used 
for removing or suppressing interferences in 
electrothermal atomic-absorption spectrometry 
(ETAAS) methods, there are always limitations 
to their use, especially when dealing with high- 
salt matrices. Selective volatilization to remove 
the interferents prior to atomization is appli- 
cable when there is sufficient difference between 
the volatilities of the analyte and the interfer- 
ents.’ For determination of some elements, Zee- 
man background correction (with platform 
atomization), chemical modification, selective 
volatilization and use of peak inte~ation are 
some of the possibilities for dealing with high- 
salt matrices.z-4 The modification of furnace 
design has also shown some potential for solv- 
ing the problems arising from high-salt 
matrices. However, without separation of the 
salts from the analyte before the introduction of 
samples into the furnace, salt build-up at the 
cool ends of the furnace by condensation can 
occur rapidly after a few firings5 Moreover, 
when very low con~ntrations, close to the 
detection limit, are involved, which is most 

*Author for correspondence. 

likely for trace metals in sea-water, preconcen- 
tration is often necessary. 

Of the many preconcentration methods avail- 
able, those which also separate the analyte from 
the matrix, such as solvent-extraction, sorption 
methods and electrodeposition, are more desir- 
able for combination with ETAAS techniques. 

Electrodeposition has many advantages in 
terms of sample size required, concentration 
factor, simplicity and freedom from contami- 
nation. The use of preconcentration by elec- 
trodeposition coupled with AAS methods was 
reported as early as 1967 by Branden~rger and 
Bader, who concentrated mercury from urine on 
a copper spiral electrode which was sub- 
sequently transferred to the absorption tube for 
atomization of the deposited mercury.6,7 They 
later extended the technique to determine Cd, 
Zn, Pb, Tl, Cu, Ag, Au and Pt, using tungsten 
or platinum wires* in the same manner. Fairless 
and Bard have successfully used hanging mer- 
cury drop electrodes9 for electrodeposition and 
subsequent atomization. The hanging mercury 
drop electrode was not easy to handle and the 
mercury drop could not be reproducibly posi- 
tioned in the graphite furnace, although its 
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transfer to a carbon filament was satisfactory. 
Jensen et al. overcame the problem by using a 
graphite boat to keep the drop in position.” The 
wire methods, which were often followed by 
electrical heating in a cool inert atmosphere for 
atomization,6--8’-‘s suffer, like the wire 100~‘~ 
and carbon rod” methods, from recombination 
and condensation, which reduce the atomic 
population and cause background absorption. 
In addition, the residence time of the atoms in 
the light-path is often very short and spatial 
inhomogeneity of the atomic population makes 
selection of the measuring zone critical.18 Heat- 
ing the wire (with deposit) in the hot reducing 
environment of a hydrogen flame’5’g~20 or a 
graphite furnace” overcame these problems. 
Czobik and Matousek2’ deposited lead from 
sea-water or a blood digest on a thin tungsten 
wire, which was then inserted vertically into the 
centre of a graphite furnace for atomization. 
This approach combined the advantages of the 
graphite furnace technique with preconcentra- 
tion and separation by electrodeposition. 
However, only a very thin wire was employed, 
in order to maximize the heating rate and 
minimize light-loss; the wire had a surface area 
of 0.012 cm2. Thomassen et aL2* employed 
exhaustive electrolysis on a graphite rod, which 
was then ground and placed in the graphite 
furnace for atomization. This approach has the 
advantage of determination of several elements 
in the ground sample, but is time-consuming 
and prone to contamination from the several 
steps involved. 

A more elegant development is direct depo- 
sition from a recirculated sample onto the inner 
surface of a graphite furnace tube, as proposed 
by Batley and Matousek23 and Volland et ~1.~~ 
This technique was later applied to chemical 
speciation of chromium in natural wateti5 and 
also served as a sampling technique26 by in situ 
deposition of lead and cadmium from sea-water. 
After the deposition, the graphite tubes can be 
transported to the laboratory for immediate 
measurement or stored for later investigation, 
without any change in the amount of deposit. 
The efficiency of deposition on the graphite tube 
inner wall was improved threefold when a nylon 
insert was used to produce a thin layer flow- 
through cell configuration, as reported by Frick 
and Tallman2’ who employed an HGA-2100 
graphite tube for the determination of mercury 
in water samples. The improvement in sensi- 
tivity was explained by the increased linear 
velocity of the solution passing through the 

electrode, which resulted in reduced thickness of 
the hydrodynamic diffusion layer. Toris et af.28 
designed a flow system for in situ deposition 
on a glassy-carbon furnace cup in the same 
manner. Only a very narrow linear range (up to 
0.02 absorbance) was reported. 

In this work, electrodeposition of labile lead 
from sea-water on a thin pyrolytic graphite 
platform has been examined. The electro- 
deposition step was followed by ETAAS deter- 
mination in a tubular graphite furnace. This 
approach obviates the need to remove and 
replace the furnace tube for each determination. 
Since selectivity is not a problem in the ETAAS 
method, a simple two-electrode electrochemical 
system with a fixed applied voltage was used 
(rather than electrolysis at a cathodic potential 
controlled with a potentiostat). The effects 
of electrolysis conditions and atomization 
parameters have been studied, as well as the 
possibility of using more than one platform, to 
increase the sensitivity. 

EXPERIMENTAL 

Apparatus 

A Varian Techtron AA-5 atomic-absorption 
spectrometer fitted with a Varian Techtron 
model 90 CRA furnace was used. For time- 
resolved measurements, the signal from the 
photomultiplier was processed by a simple 
current amplifier with an RC time constant of 
10 msec, and was fed into a Tracer Northern 
TN-l 505 signal averager. 

The standard pyrolytic graphite-coated 
tubular furnaces were positioned between the 
support rods so that the sample injection 
hole was blocked by one of the rods to 
reduce diffusional loss of atoms. Thin plat- 
forms with dimensions 6.5 x 2.3 x 0.18 and 
6.5 x 2.3 x 0.43 mm were machined from a 
solid pyrolytic graphite block (Ringsdorm. The 
finished platforms weighed approximately 6 and 
14 mg, respectively. 

Electrodeposition 

Electrodepositions were done with a regu- 
lated d.c. supply with a voltage range of 
O-12 V. A Perspex cell equipped with a mag- 
netic stirrer (Fig. 1) was used. The electrode 
holder (Fig. 2) was machined from Teflon and 
a nylon screw was used to hold the platform. 
The platinum wire anode and cathode were 
inserted through holes drilled through the 
Teflon holder. 
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Electrode holder 

I.-m _I 
Fig. 1. Perspex dell for electrodeposition. 

Reagents 

Acetate buffer solutions and mercury(I1) 
nitrate solutions were prepared from Merck 
“Suprapur” grade chemicals. Isopiestically 
distilled nitric acid and doubly distilled Mill&Q 
filtered water (referred to as Mini-Q water) were 
used throughout. A standard lead solution was 
prepared from analytical-grade chemicals and 
diluted with Mini-Q water when needed. 

Samples of near-shore sea-water (Sydney) 
and estuarine water (Port Stephens) were 
collected in acid-washed polyethylene bottles, 
filtered through 0.45pm membrane filters and 
stored at 4” until analysed. 

Procedure 

The cell, electrode holder and all glassware 
were soaked overnight in 1.OM nitric acid and 
cleaned with distilled and Mini-Q water before 
use. 

A IO-ml sea-water sample was pipetted into 
the cell, followed by 0.10 ml of 1.5 x lO-‘*M 

Pt- wire 

I \ 

Screw 

PLotform 

Fig. 2. Electrode holder. 

mercury(I1) nitrate solution and 0.05 ml of 1M 
acetic acid/2M sodium acetate buffer. With 
Teflon-tipped tweezers, one or two platforms 
were placed in position in the electrode holder 
and the nylon screw was tightened. The voltage 
supply was then switched on and the electrode 
holder (with platforms) submerged in the stirred 
solution for the required time. On completion 
of electrolysis, the assembly was quickly trans- 
ferred into’s beaker containing Mini-Q water, 
without disconnection of the electrical circuit, 
and was left there for 15 sec. The platforms were 
than detached, gently touched with filter paper 
to remove adhering water, and transferred to 
the furnace for atomization. 

RESULTS AND DISCUSSiON 

Electrodeposition in the presence of mer- 
cury(B) results in formation of a very thin film 
of mercury with trace metals co-deposited. The 
thin film is not very stable and can be removed 
by strong rubbing with a filter paper or by 
dissolution in acid solution, as confirmed by 
ETAAS determination of mercury before and 
after such treatment (Fig. 3). The mercury 
deposit was virtually unaffected when washed 
in water, with or without disconnection of the 
circuit, but traces of sodium chloride remained 
on the platform, as indicated by the second 

Fig. 3. Stability of the thin mercury film, monitored by AA 
at 253.6 mn. Platform with deposit washed with: A, Milli-Q 
water; B; Milli-Q water (and then rubbed with filter paper); 
C, 0.1% HNO,; D; 0.1% HNOs, circuit disconnected; E; 
1.0% HNO,; F; 1.0% HNO,, circuit disconnected. Traces 
T,,. and Tp represent the atomizer wall and platform 
temperatures, respectively, as measured with a radiational 

thermometer. 
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(sodium chloride molecular absorption) peak in 
trace A. 

The effect of acid leaching was confirmed by 
the results for lead determination after different 
treatments, as shown in Fig. 4. Pure metallic 
lead could not be obtained, even with thorough 
washing of the deposit obtained from sodium 
chloride solution, because a small amount of 
sodium chloride was always found to be present 
on the platform, as manifested by the shift of 
appearance of the lead peak. For this reason, 
the peak for metallic lead (trace A in Fig. 4) was 
obtained by depositing lead from 25 pg/l. lead 
solution in 0.01% nitric acid without any 
other reagents added, and the platform washed 
with water thoroughly after deposition. The 
peak for metallic lead appeared to slightly 
precede the peak for lead in nitric acid solution, 
in agreement with the results of Czobik and 
Matousek.2’ 

Figure 4 indicates that treatment with acid 
reduces the lead signals considerably. The shift 
to low temperature of the peak in trace B in 
Fig. 4 is due to residual sodium chloride, since 
the peak coincided with the lead peak originat- 
ing from lead nitrate in the sodium chloride 
matrix (trace D). According to the procedure, 
the electrode is transferred to the wash solution 
with approximately 0.05 ml of sample solution 

1 ’ ’ I 
0 2 4 

Time (sac) 

Fig. 4. AA peak appearance for Pb in various forms, 
measured at 217.0 nm with use of a 14-mg platform. Lead 
atomized from: A; metallic form; B; deposit following 
the proposed procedure; C; as for B, but washed with 
1 .O% HNO,; D; 1 ml of 0.24 mg/l. Pb aqueous standard 
solution in 100 mg/l. NaCl; E; 1~1 of 0.10 mg/l. Pb in 1.0% 
HNO,. T, and 7-r represent atomizer wall and platform 
temperatures, respectively, as measured with a radiational 

thermometer. 

adhering to the holder, which is diluted to about 
100 mg/l. sodium chloride concentration in the 
20 ml of wash water. Attempts to wash the 
platforms more thoroughly, with running water, 
to leave only the lead amalgam (which should 
give a peak appearing at the same temperature 
as in trace A) were unsuccessful, resulting in 
poor reproducibility, reduction of the peak 
height, and inconsistent peak appearances and 
shapes. Washing by immersion in Milh-Q water 
was therefore considered suitable, not only for 
these reasons, but also because of the freedom 
from contamination. 

Eflect of pH and applied voltage 

The pH of the sample solution and the 
applied voltage have an important effect on the 
deposition efficiency in that they influence 
the degree of hydrogen evolution. Hydrogen 
evolution could increase the deposition 
efficiency of lead by contributing to the stirring 
action, thus reducing the diffusion layer thick- 
ness and improving the efficiency, but could also 
decrease the efficiency by reducing the surface 
available for lead deposition. In addition, the 
pH of the sample solution determines the 
amount of labile lead in the sea-water sample 
and thus affects the deposition efficiency. 

The influence of applied voltage on electro- 
deposition efficiency was investigated over a 
wide pH range (Fig. 5). The results showed a 
sharp increase in the response at above 1.5 V, 
followed by an equally sharp decrease at above 
3.5 V, which may have been caused by hydrogen 
covering the electrode, as hydrogen bubbles 
were clearly visible at this stage. The results 
showed that the optimum signals were obtained 
at between 2.0 and 3.0 V and these limits were 
used for the remainder of the experiments. At 
these applied voltages, the AA signals were only 
slightly affected by variations of pH between 3.0 
and 6.1. The downward shift of the curves 
for pH 6.8 and 7.5 resulted from the lower 
availability of labile lead species at these pH 
values. 

Metals in natural systems can occur in 
various forms, both labile and non-labile, 
depending on the pH. Batley and Florence have 
developed an anodic stripping voltammetry 
(ASV) speciation scheme for heavy metals 
in natural waters,29*30 with a pH of 4.8 as a 
boundary for labile form discrimination. For 
this reason, the same pH was used for electro- 
deposition in order to deposit the metals from 
their labile forms. 
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Fig. 5. The effects of applied voltage and pH on Pb AA 
signals measured at 217.0 nm. Sea-water pH was adjusted by 
adding ~1 amounts of 10% v/v HNO,, and lo-ml samples 
were electrolysed in the presence of 1.5 x 10m4M H&NO,), 

for 30sec. 

Efect of mercury(Il] nitrate concentration 

Mercury-plated electrodes have been shown 
to improve sensitivity and resolution in ASV 
analysis,3’*32 and have found practical use in the 
determination of amalgam-forming elements 
by analytical methods employing preliminary 
electrodeposition, such as voltammetry and 
chronopotentiometry, 33 ASV34 and a c voltam- . . 
metry. The advantage of mercury-plated over 
unplated electrodes (made of the same material) 
arises from the increased rate of the electrode 
processes, owing to amalgam formation. 
Florence36 obtained the same advantage, for 
ASV analysis, by simultaneous deposition of 
mercury and trace metals from sample solutions 
to which mercury(H) nitrate had been added. 

As co-deposited mercury causes no apparent 
interference in ETAAS analysis, mercury(B) 
nitrate was added to the sample solution to 

maximize the efficiency of electrodeposition. 
The optimum amount of mercury(I1) nitrate 
was investigated; a 1.5 x 10e4M concentration 
was considered to be sufficient for obtaining 
maximum signals with the present experimental 
a~angement. 

~tan~rd-addition technique with sea -water 

Sea-water and estuarine water samples were 
analysed for lead by the standard-addition tech- 
nique. The standard-addition plot was linear up 
to 0.2 absorbance and then only slightly curved 
up to 0.3 absorbance. The reagent blank was 
checked by doubling the concentrations of the 
added reagents and was found to be negligible. 

To evaluate the accuracy of the proposed 
method, the samples were also analysed by ASV 
(Table 1). The two approaches gave comparable 
results, considering the ultratrace leveh and the 
difficult matrix. As in some earlier work23,26 
however, the electrodeposition-ETAAS tech- 
nique appears to yield consistently higher 
results. The fact that the ASV analyses were 
performed under clean-room conditions and 
this facility was unavailable for the ETAAS 
work, could be a contributing factor. 

It was pointed out by Florence and Batley37 
that the recovery of the trace metals added 
to natural waters cannot be determined by 
measu~ng the recovery of an ionic spike unless 
the water has first been treated to convert all 
forms of the metal into the free metal ions. It is 
unlikely that lead will be adsorbed on inorganic 
colloids at pH 6.0, 38.39 but lead in sea-water 
can be adsorbed on organic colloids at the pH 
employed. For this reason, the standard-addition 
technique was also applied for lead in 3.5% 
sodium chloride solution for comparison with 
the standard-addition plot for sea-water. The 
slopes in both cases were the same within exper- 
imental error, which indicated that the lead 
added to the sea-water was present in the labile 
form. In practical terms, this means that analyses 
can be done with lead standards prepared in 3.5% 
sodium chloride solution instead of by the more 
time-consuming standard-addition technique. 

Table I. Results of Pb determination in saline water 

Pb content, fig/l. 

Sample This method* ASVt 

Sea-water (Coogee Bay, Sydney) 0.44 * 0.05 0.38 f 0.03 
Estuarine water 1 (Port Stephens) 0.65 + 0.08 0.62 & 0.05 
Estuarine water 2 (Port Stephens) 1.32&0.14 1.20~0.10 

*Deposition for 120-WC at 2.0 V, performed in triplicate, 
tASV at pH 4.8 performed in triplicate by G. E. Batley. 
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However, sea-water from different sources 
may contain colloidal organic matter which 
could strongly bind, adsorb or occlude the 
added lead at the pH used. Accordingly, it is 
important to realize that the proposed method 
is limited to the dete~ination of labile lead. 
Total lead can be determined by digesting the 
sea-water samples with nitric acid, adjusting the 
pH and following the method described. 

Deposition eficiency 

Under certain electrolysis conditions the 
electrochemical properties of the electrolyte are 
related to the electrolysis time and the ratio of 
the original and final concentrations of the 
analyte, according to equation ( l):40*4’ 

log z = vA 0 0.43 DAt 

t 

where D is the diffusion coefficient (cm*/sec) of 
the species being reduced, A the electrode area 
(cm’), A the diffusion layer thickness (cm), I 
the electrolysis time (set), V the electrolyte 
volume (ml) and C, and C, the original and final 
(at time t) concentrations, respectively. 

Equation (1) can be rearranged to give 

co c = exp(DAt/ VA) 
t 

(Co - ct> v 
Glv 

= 1 - exp(Kf / V) (2) 

where K = DA/h. 
In this equation the term (C, - C,) V rep- 

resents the amount of metal deposited, and the 
term C,, V signifies the original amount of 
the analyte metal. It follows that the amount 
of metal deposited will be proportional to 
the original amount as long as KtjV is kept 
constant, This means that not only exhaustive 
electrolysis but also substoichiometric electro- 
lysis can be employed. 

To increase the deposition efficiency, some of 
the parameters above were investigated. The 
diffusion layer thickness was minimized by 
vigorous mechanical stirring of the electrolyte in 
the deposition step, and slow stirring during 
washing of the platform helped to minimize any 
possible deposition from the wash solution and 
to protect the deposited film. 

Use of a small volume of electrolyte increases 
the relative concentration factor (C,jC,) when 
the other parameters are kept constant. This 
alters the concentration of the remaining sol- 

ution (C,) considerably, so repeated deposition 
from the same sample solution is not feasible. 
Furthermore, the use of small sample volumes 
for deposition causes non-linearity in the depen- 
dence of deposited amount on time, as can be 
seen below. 

From equation (2) 

C,- C L Kt K2t2 -=--- 
G 

i/ 2v*+“’ (3) 

From the relationship C,,/C, = exp(Kt/V), 
Kt/V-r 0 when C&L’, is N 1, so 

C, - C, Kt -=- 
G V 

(4) 

This result implies that the amount deposited 
is a linear function of time when C,jC, is close 
to unity. This is true for larger volumes of 
electrolyte. On the other hand, if V is small, 
C,/C, will be greater than unity and the terms 
following Kt/V in equation (3) cannot be neg- 
lected. Under these circumstances, the graph of 
amount deposited vs. time becomes non-linear. 

It can be concluded from the reasoning above 
that although any constant V and t can be 
employed for preconcentration by electro- 
deposition, a wider linear relationship between 
the amount of deposit and time is obtained with 
larger sample volumes. In addition, repeated 
depositions can be made from the same 
solution. 

To determine the fraction of lead deposited 
on the platform when 10 ml of sample solution 
was electrolysed for 60 set, the result from 
direct injection of 1 ~1 of 0.24 mg/l. lead 
(0.24 ng) in 100 mg/l. sodium chloride solution 
onto the platform was compared with the signal 
obtained by the electrodeposition procedure. 
On this basis, it was established that under the 
experimental conditions employed the amount 
electrodeposited was 0.3% of the total lead 
content of the sample. 

EfSect of deposition time 

The sensitivity of the electrodeposition- 
ETAAS method can be increased by extending 
the deposition period. Theoretically, the 
amount of metal deposited increases linearly 
with time when C,/C, is close to unity [equation 
(4)]. This was confirmed experimentally, as a 
linear relationship was obtained for deposition 
times of up to 5 min. A longer period of time was 
not tested, because of the practical consider- 
ation of limiting the analysis time, but CJC, can 
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be calculated from equation (1) to predict 
whether C,/C, will be a non-linear function of t 
at any deposition time. For example, for 30-min 
deposition, the fraction deposited will be 8.6% 
compared with the 0.3% for 1-min deposition, 
giving a 4.2% deviation from linearity at 30 min 
in the plot of amount of deposit us. time. The 
characteristic concentration found for the deter- 
mination of lead in sea-water with deposition 
for 120 set was 0.04 pg/l. 

Eflect of sodium chloride concentration 

As the sodium chloride concentration influ- 
ences both the diffusion coefficient (0) and the 
diffusion layer thickness (A) in equation (1) its 
effect on the slope of the standard-addition plots 
was investigated. The results (Fig. 6) showed a 
decrease in the slope with decreasing sodium 
chloride concentration. These changes are ap- 
parently due to the composite effect of D and A. 
The thickness of the diffusion layer decreases 
with decreasing viscosity. Changes in the 
sodium chloride concentration can influence 
speciation of the analyte, and thus the concen- 
tration, nature and size of the diffusing species, 
which alter the value of D. Lead, at the pH 
employed for sea-water analysis, is present 
mostly in the form of chloro-complexes.42 The 
lead species in the absence of sodium chloride 
are likely to be aquo-complexes or free ions. 
From the results presented in Fig. 6, it is evident 
that the chloro-complexes have larger diffusion 
coefficients. This result agrees with the obser- 
vations of Meites,43 who reported the diffusion 
current constant (proportional to 0”‘) to be 

Concentration (ng/ml) 

Fig. 6. Effect of NaCl concentration on the slope of 
standard-addition plots. Sea-water was diluted to various 
degrees: (0) 100%. (0) 60%. (0) 30%) (A) 0% sea-water. 
Sea-water (10ml) containing I.5 x 10s4M Hg(NO,), and 
acetate buffer (pH 4.8) was electrolysed at 2.0 V for 60 sec. 

greater for lead in 1M hydrochloric acid than in 
1M nitric acid. 

There are some additional factors influencing 
D and A, such as temperature, but it is not the 
purpose of this work to examine these aspects in 
detail. However, the samples to be electrolysed 
were always brought to room temperature to 
minimize effects due to temperature variations. 

Enhancement of sensitivity with multiple 
platforms 

As the electrodeposition efficiency depends on 
the surface area of the platform used, the sensi- 
tivity of the method can be enhanced either by 
increasing the surface area of one platform or by 
atomization of deposits from several platforms. 
In this work, a two-platform system was inves- 
tigated. The result obtained by the standard- 
addition technique with two platforms used 
simultaneously, agreed with that of the single- 
platform approach, as shown in Fig. 7. There 
would be the disadvantage of light-loss by use 
of more platforms, owing to the obstruction of 
the light-path, and also difficulty in handling. It 
was observed in this experiment that light-losses 
of 3 and 9% occurred for use of two and three 
platforms, respectively, whereas one platform 
caused no perceptible loss. The sensitivity 
achieved with the two-platform system was 1.73 
times better than that with a single platform. 
This is less than the theoretical value of 2, 
because the heating rate of the two platforms is 
lower than that of the single platform at the 
same furnace-temperature setting. 

0.15 - 

0.10 - 

Concentration (ng/ml) 

Fig 7. Comparison of standard-addition plots for (A) 
single-platform and (0) two-platform atomization. Exper- 
imental conditions are the same as for Fig. 6, except for use 

of 30-set deposition time. 
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Interference eflects 

Interference effects in this method can orig- 
inate from both the electrodeposition and atom- 
ization steps. In the atomization step, under 
optimum experimental conditions no molecular 
absorption was observed, as confirmed by the 
use of a hydrogen lamp, and, therefore, back- 
ground correction was not required. However, 
the small amount of sodium chloride remaining 
on the platform, though causing no spectral 
interference, did shift the appearance of the 
peak to lower temperatures, as seen in Fig. 4. 
Good reproducibility of peak-height measure- 
ments confirmed that a small variation in the 
amount of sodium chloride adhering to the 
platform before atomization did not influence 
the ETAAS determinations. The co-deposited 
mercury should not cause any interference in the 
atomization of lead, since it evaporates and 
atomizes at a temperature well below the ap- 
pearance temperature of lead. Other metals 
likely to be co-deposited along with lead from 
sea-water include Bi, Cu, Cd, Zn, Tl, In, Sb, Mn 
and Ag. Thomassen et aLz2 found no interfer- 
ence effect on 50 pg/l. lead in the presence of a 
thousandfold ratio of Cd, Mg, Fe, Mn, Zn or 
Ni, with exhaustive electrolysis on a carbon rod. 

By analogy with the deposition step in 
thin-film ASV techniques, interference with 
electrodeposition in this method can occur as 
a result of competitive reduction of other 
elements co-existing in the sample solution. 
FlorenceM has examined such effects on each of 
eight species [Bi, Sb(III), Cu, Pb, In, Cd, TI and 
Zn] in the presence of all the others plus Ni, Mn 
and Fe, at 10 times their normal concentration 
levels in sea-water. He found that the stripping 
current for Zn was depressed by Cu and Ni 
as a result of the formation of intermetallic 
compounds, but no other interferences were 
observed for ASV of the remaining elements. 

Table 2. Reproducibility of the el~tr~e~sition-ET~S 
method 

Pb concentration 
in sea-water, Mean absorbance RSD, 

pgil. (I 0 replicates) % 

0.65 0.075 5.7 
1.40 0.146 9.3 

These observations appear to be confirmed by 
the present work, as the results for standard 
addition of lead showed a linear plot and 
identical slopes for sea-water samples and 3.5% 
sodium chloride solution. 

Reproducibility and detection limit 

The reproducibility of the electrodeposition- 
ETAAS method was evaluated by obtaining the 
standard deviations for 10 determinations at 
two different concentration levels (Table 2). The 
detection limit, defined as the concentration that 
gives a reading equal to three times the standard 
deviation of a series of 10 determinations at or 
near blank level, was calculated to be 0.15 ~1 g/l. 
for i20-set deposition and use of a single 
platform. This detection limit is adequate only 
for the determination of lead in estuarine or 
near-shore sea-water from polluted areas. For 
the determination of open-ocean sea-water with 
lower lead concentration levels, a double- 
platform system combined with an extension of 
the deposition time would be necessary. 

CONCLUSIONS 

This work uses electrodeposition for precon- 
centratio~ and separation of lead onto thin 
pyrolytic graphite substrates and then platform 
atomization for detection by atomic-absorption 
spectrometry. 

Table 3 compares the sensitivity of several 
methods which use electrodeposition and 
graphite furnace atomization. The normalized 

Table 3. Comparison of characteristic concentrations and electrode surface areas for some electro- 
deposition-furnace AAS techniques 

Characteristic 
Estimated concentration, No~alized 
electrode with 5 min characteristic 

surface area, deposition, concentration, 
Technique cm’ HI!. Mlf. 

W wire” 0.012 0.15 0.002 
Pyrolytic graphite-coated tube*’ 0.85 0.02 0.017 
Glassy-carbon cup2* 0.35 0.06 0.021 
Present work 

(one platform) 0.30 0.016 0.0050 
(two platforms) 0.60 0.009 0.0054 

*Normalized for I cd surface area of electrode. 
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sensitivity was obtained by assuming linear re- 
lationships between the amount of deposit and 
time, and the amount of deposit and surface 
area. This assumption was justified in this case, 
as can be seen from equation (1). The normal- 
ized sensitivities for the pyrolytic graphite 
coated tube and the glassy-carbon cup methods 
show comparable values, whereas the platform 
method increased the sensitivity by a factor of 
about four. This improvement could originate 
from variations in many factors, such as atom- 
ization of lead from different compounds and 
under different electrodeposition conditions 
(effects of temperature and electrolyte mobiliz- 
ation). Furthermore, in direct deposition on 
the furnace tube and CUP,*~.~~ the metals are 
distributed evenly along the furnace length or 
cup depth, which results in reduced residence 
time in the light-path for the atoms deposited 
at the furnace ends. In addition, the cup 
configuration gives a different pattern of atom 
loss during atomization. 

The tungsten wire method” appears to offer 
the highest sensitivity. The faster heating rate 
due to the small mass of the wire and possibly 
to the high thermal conductivity of tungsten is 
considered to play an important role in this 
context. Therefore, for elements with low atom- 
ization temperatures, deposition on a tungsten 
platform followed by atomization in a graphite 
furnace could give improved results. 
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Summary-Lead in fly-ash from a garbage incinerator has been determined by X-ray fluorescence 
spectrometry (XRFS) and a modified standard-addition method. To keep the attenuation properties of 
the spiked samples constant, decreasing amounts of an attenuation modifier [mercury (II) acetate] were 
added together with increasing amounts of the standard (lead nitrate). Linearity between fluorescence 
intensity and amount of lead was thus obtained, so the amount of lead in the sample could be evaluated 
by linear regression. The amount of modifier needed could be calculated from a simpIe expression. 
The method was validated by comparison with the results obtained by applying ato~~abso~tion 
spectrometry (AAS) to solutions made by leaching the ffy-ash with strong acid. For 8 fly-ash samples, 
containing between 0.8 and 1.35% lead, the largest absolute difference between the two sets of results was 
0.03%. Theoretical calculations based on a simplified version of the Sherman equation were performed 
to confirm the linearity of the modified standard-addition curves.. 

The standard-addition method is often used 
in analysis by instrumental methods when the 
matrix affects the sensitivity. For most instru- 
mental techniques the relationship between the 
analytical signal and the amount, or concen- 
tration, of the analyte is linear or can be made 
linear by a simple transfo~ation. The standard- 
addition function, i.e., the relationship between 
the analytical signal and the standard addition, 
can then be evaluated by linear regression to 
yield the analytical result. 

The relationship between line intensity and 
concentration is non-linear in X-ray fluorescence 
spectrometry (XRFS).’ At low analyte concen- 
trations, however, the relationship approaches 
linearity and the standard-addition method can 
be used.2,3 The concentration range in which 
linearity can be expected depends on the proper- 
ties of the analyte as well as on those of the 
matrix.4 The heavier the analyte and the lighter 
the matrix, the more restricted will the linear 
range be. 

A non-linear variant of the standard-addition 
function was used previously for the deter- 
mination of lead in fly-ash from a garbage 
incinerator.’ This analysis represents the case 
of a heavy absorber in a light matrix. A three- 
parameter standard-addition function was used 

-- 
*Author for correspondence. 

to evaluate the lead concentration from the 
measurements. The results agreed well with 
those found by atomic-absorption spectrometry 
(AAS) applied to solutions obtained by digestion 
of the samples with strong acid. The method is 
time-~ons~ing, however, since an increased 
number of standard additions must be made, 
owing to the increased number of parameters. 
Also, the result seemed to be sensitive to small 
experimental errors, but this was not more 
closely investigated. We have, therefore, been 
looking for a method which yields a linear 
standard-addition plot. The results of this 
investigation are presented here. 

THEORY 

In the standard-addition method, additions, 
bi, of a standard (B) are made to portions, a,, of 
the analytical sample (A) where i = 1,2, . . . , N 
is the running number of a portion. The weights 
of A and B taken can be denoted by ai and hi 
respectively. 

In the “normal” standard-addition method, 
as applied, for instance, to an AAS analysis of 
an aqueous sample, the sample portions are of 
equal size. The portion of sample plus the added 
standard is diluted to a fixed volume in order to 
guarantee that the concentrations of the inter- 
ferents are equal in all solutions used to generate 
the standard-addition curve. fn the standard- 

385 
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addition method proposed here for XRFS, such 
restrictions are unnecessary. Since solid samples 
are analysed in XRFS, it would be inconvenient 
to have to weigh out exactly equal amounts of 
sample. The variation in sample size is allowed 
for by using the weight taken (a,) in the deri- 
vation of the equations used for the method. 
The only restrictions on ai are that the weights 
can be determined with acceptable accuracy and 
that the amount is suf%cient to make a disk for 
the fluorescence measurement. 

For a heavy element in a light matrix there is 
no enhancement of the XRF signal and the line 
intensity, Z, can be written as6 

Ii = Q Cc.x + YicO) s he /@)J(A) dl 
(1) 

A0 pX(n) + YiPgtn) 

where Q is a constant of proportionality, 
p,(n) the mass-attenuation coefficient of the 
analyte, cl:@.) and p:(L) are the effective mass- 
attenuation coefficients of the sample and stan- 
dard, J(n) is the intensity of the tube spectrum 
and yi the ratio bi/ui. The integral is taken from 
the short-wavelength end of the spectrum to the 
absorption edge of the analytical line. 

When the analyte is present at low concentra- 
tion in the sample, the concept of an equivalent 
wavelength, I,, that is largely independent of 
small changes in the sample composition, may 
be applied.’ Equation (1) can then be written as 

Ii = 
CL?‘(~.Y + YicCl)Px(&) 

PWdl + YiPWe)IPX(&)1 
(2) 

where Q’ now includes the constant intensity of 
the excitation radiation. The equation contains 
three unknown parameters [Q’&(&)/~((J.,); 
~~(&)/~~(J.,); C,] and was used in the previous 
method for the determination of lead in house- 
hold fly-ash.5 The non-linearity of the standard- 
addition function Z =f(y), is caused by the 
term ypi$/pz in the denominator. Only when 
this term is small compared to unity, will the 
function be linear. By dilution of the sample 
with a diluent, and use of the same size of ai, 
y can be made smaller, since smaller standard 
additions are required. However, for many 
samples, the addition of a diluent also diminishes 
~2, so ypz /pX might then still inflict a curvature 
on the standard-addition line. 

If additions to the sample can be made so that 
the denominator of the integrand in equation (1) 
remains constant, the curvature would be re- 
moved. This might be achieved by adding not 
only the standard but also a second compound, 

called the (absorption) modifier. The modifier 
will be denoted by M and it does not contain the 
analyte. Equation (1) would then read 

Proportionality between I and the factor 
involving concentrations will be obtained if the 
value of the integral can be made constant, i.e., 
independent of bi, by a suitable choice of mi. 
This would be the case if, for each excitation 
wavelength, the quantity z,(L) given by 

Zi(l) = Pa ) cl,@> _ 

/ix(n) +$(A) + ~rf(L) clxn) 
I I 

can be made independent of bi. 
(4) 

The largest addition of standard, bN, is 
usually chosen so that the analyte concentration 
is increased by a factor of 2-4. This addition 
will give the denominator of equation (4) its 
greatest value, p;(L), and no modifier is added 

(MN = 0). The modifier should be added to the 
other sample mixtures so that p?(n) equals 
p:(n). Thus 

or 

(6) 
\“N / 

For the amount of modifier to be independent 
of the exciting wavelength, the quotient pi(n)/ 
p;(n) must be independent of 1. The quotient 
can be written 

where lr is the fluorescence wavelength and G a 
constant. An approximately constant value 
of r(n) can be expected only if puB(A)/pLM(A) 
-p,(&)/~~(n,). Hence, the modifier and the 
analyte must absorb the exciting radiation 
between absorption edges of the same notation. 
This must also be the case for the analytical line. 
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Therefore the analyte and the modifier elements 
in general must be close together in the same 
period of the periodic table, with the atomic 
number of the modifier lower than that of the 
analyte. The factor z@).Z(J.) in the integrand of 
equation (3) determines the wavelength range 
in the tube spectrum that is of importance for 
excitation. In certain cases, only a limited range 
need be considered and in the limit the exciting 
spectrum can be replaced by a narrow wave- 
length range centred around A,. In this case r(1) 
will be given by 

and the previous restrictions on the modifier can 
be slackened. 

The value of r(l) can be calculated from 
equation (7) without knowledge of the compos- 
ition of the sample. It should also be noted that 
the modifying element may be present in the 
original sample. These attributes follow from 
the additivity of absorption. Once a tentative 
value of r(A) has been calculated from equation 
(7) or (8), equation (3) can be used to test by 
theoretical calculations whether proportionality 
between I and amount of analyte is indeed 
achieved. 

The value of r(l) is obtained by calculation 
and an error in r(l) will lead to a systematic 
error in C,. The values of the mass attenuation 
coefficients may vary by up to 10% between 
different sources. Fortunately, quotients between 
coefficients, as needed here, are more consistent. 
An estimate of the error caused in the analytical 
result by an uncertainty in r(L) is needed. It will 
be developed for the case when only a single 
standard addition is made. Excitation by mono- 
chromatic radiation will be assumed, in order to 
simplify the equations. The intensity will then be 

(9) 

Index 1 refers to the portion to which only 
modifier is added, and index 2 to the portion 
to which only the standard is added. The 
calculated value of r(L) is denoted by r. 

In a two-point standard addition, C, is 
calculated from 

C 
Z,AC -- 

x - z, - z, (10) 

where AC is b,Co/az, equation (3). 

From equations (9) and (10) we obtain 

dcx dI,dCx G ha --= - 
dr dr dZ, (Zz - Z,)(l + ar) (“) 

where a = 6+$/a+:. The relative error in C,, 
AC,,,,, is 

G,I = - 
I2 ar Ar,, 

(12-I,)(1 +ar) 
(12) 

The influence of moderate values of Arm, on Z, 
is small and the first factor in equation (12) may 
be regarded as constant, Hence the relative error 
in C, is largely determined by, and diminishes 
with, ar. From equation (7) and the definition of 
a we find ar - b&/asX. This suggests that the 
standard addition should be kept as small as 
possible after due consideration of the error in 
C, introduced by the uncertainties in the 
measurement of Z, and I,. 

EXPERIMENTAL 

Fly -ash samples 

The fly-ash samples were obtained from 
the garbage incinerator in Uppsala, Sweden. 
The samples, which contained about 1% lead, 
were homogenized in a mixer. Nitric acid 
digests of the samplesS were used for the AAS 
determinations. 

Reagents 

The lead standards were prepared from lead 
nitrate and contained 80.0 or 40.0 g/l. lead. 
Solid mercury(I1) acetate was used as the 
modifier. The reagents were of p.a. quality. 

Apparatus 

The X-ray measurements were made with a 
Philips PW 1410 X-ray spectrometer equipped 
with a PW 1710 processor. The PbL, and PbL, 
lines and the backgrounds on both sides of a 
line were measured by use of a scandium/ 
molybdenum dual-anode X-ray tube operated 
at 60 kV/45 mA, a lithium fluoride crystal (200) 
and a scintillation detector. The counting time 
was 5 set for each line and background 
measurement. The measurement sequence of 
background 1, peak, background 2 was repeated 
three times. Unless spurious peaks appeared, 
the average from the three repetitions was used 
to calculate the net intensity. 
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Sample preparation 

Standard additions of lead were made by 
pipetting O-2 ml of an aqueous lead standard 
onto about 4 g of the sample in a Teflon con- 
tainer, drying in a microwave oven, and adding 
the calculated amount of solid mercury(I1) 
acetate as modifier. Then two steel balls were 
added and the container was shaken mechani- 
cally for 3 min. The disks for the X-ray measure- 
ments were prepared as described earlier.’ The 
pressure on the die was 130 MPa and not 11 
MPa as erroneously reported previously. 

Calculations 

The theoretical calculation of the integral 
in equation (3) and of related quantities was 
performed as described in a previous commun- 
ication. 

RESULTS AND DISCUSSION 

Figure 1 shows the intensities from a fly-ash 
sample to which standard additions of lead (as 
the nitrate) had been made. The curvature of the 
standard-addition graph is clearly visible. An 
attempt to determine the lead content of the fly- 
ash by linear regression leads to a gross error. 
As described earlier,5 the lead concentration can 
be obtained by fitting equation (2) to the data 
by non-linear regression. This method, however, 
is sensitive to small experimental errors. It also 
requires an inconveniently large number of 
standard additions since three parameters are 
involved in the regression. Experimental linear- 
ization of the standard-addition function as 
described above was therefore tested. 

Mercury, added as the acetate, was chosen 
as the modifying element. The value of r(n) in 
equation (7) is 1.07 for the PbL, line when 
calculated from the attenuation coefficient 

y x 100 

Fig. 1. Line intensity, I, as a function of the ratio between 
the weights of added lead nitrate and sample, y; 0, without 

modifier; +, with modifier. 

expression given by Thinh and Leroux.g It is 
almost independent of the exciting wavelength 
between the K and L,,, absorption edges. For the 
PbL, line, r(n) varies with the excitation wave- 
length since this line is absorbed by mercury 
between the K and L edges but not between the 
L and M edges (as the PbL, line is). Hence PbL, 
was chosen as the analytical line. Figure 1 also 
shows the effect of the modifier; the same stan- 
dard additions were made as in the experiment 
without modifier. The amount of modifier was 
calculated from equation (6). A straight line was 
fitted to the points and the analytical result thus 
obtained differed by 2% from the result obtained 
by non-linear regression. In this and similar ex- 
periments the correlation coefficient was 0.9999 
or better. 

A number of experiments were performed to 
test the concordance of the results obtained with 
the technique. In one set of experiments the 
concentration interval of the standard additions 
was decreased from 4 to 2% but the standard 
procedure with five additions was maintained. 

Table 1. Analytical results obtained with different standard-addition schemes applied 
to the same specimen of fly-ash; in all experiments mercury(R) acetate was added as 

an absorption modifier 

Analyte 
Lead added, found, Range, 

Experiment No. of additions % % % 

1 5 0.775 0.710-0.716 
2’ 5 v4 0.768 - 
3 5 &2 0.760 0.751-0.768 
4 1 0.8 0.764 0.76CkO.767 
5 1 1.6 0.769 0.763Ul.777 
6 1 2.4 0.768 0.765-0.769 
7 1 3.2 0.770 0.760.785 
8 1 4.0 0.771 0.7684.773 

mean 0.768 f 0.005 

*An extra 50 mg of mercury(R) acetate was added to each aliquot of fly-ash. 
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In another set the performance with single 
standard additions was studied. The results are 
summarized in Table 1. Ranges rather than 
relative standard deviations are presented since 
there were only four replicates. The results 
demonstrate that the precision of the method is 
good; the largest deviation from the mean is 
about 2%. There is no significant difference in 
results between the various addition modes. The 
decrease in precision expected for use of small 
additions (experiments 4-8) does not show up. 

The imprecision of a single intensity measure- 
ment can be estimated from the primary data to 
be about 0.5% and seems to be largely indepen- 
dent of the size of the standard addition. 
It probably arises from the preparation of the 
disks and their presentation to the spectrometer. 
The contribution from counting statistics to the 
imprecision is small, considering that the aver- 
age of three measurements on each disk was 
used in the calculation. A calculation of error on 
the assumption of a constant relative imprecision 
of 0.5% in the intensity measurement yields an 
estimated imprecision in the analytical result 
amounting to 2% for the smallest and 1% for 
the largest standard addition. 

Experiment 2 shows that presence of the 
modifier in the original sample does not affect 
the analytical result. 

The accuracy of the results was estimated by 
dete~ination of lead in 8 fly-ash samples, by 
the single-addition variant, with an addition of 
3% of lead. A comparison was made with the 
results from AAS measurements. The lead con- 

Table 2. Relative error (AC,.,) in the analytical result, 
caused by a relative error (Ar,,) in the value of r(k) used to 
calculate the amount of absorption modifier from equation 
(6); the true value of r(L) (ArEi = 0; AC,,,, = 0) is assumed 
to be 1.07, as calculated from equation (7) for lead nitrate 
as standard and mercury acetate as modifier; the exper- 
imental conditions are given in the text and C, was calcu- 
lated from equation (I 0) and the estimated relative error in 

C, from equation (12) 

AC,,,, > ‘A, 
Ar. G? 

-.--.____ 

% % Experimental Estimated 

25 0.761 -2.8 -5.1 
20 0.759 -3.1 -4.0 
10 0.770 -1.7 -2.0 
5 0.778 -0.6 - 1.0 
0 0.783 0 0 

-5 0.794 1.4 1.0 
-10 0.803 2.6 2.0 
-20 0.819 4.6 4.0 
-25 0.83 1 6.1 5.1 

-1&l* 0.957 22.2 - 

*No modifier added. 

tent of the samples varied from 0.8 to 1.35%. 
The mean absolute difference between the XRFS 
and AAS results was 0.016% and the largest 
difference 0.03%. This indicates that the accu- 
racy of the method is good. The results from the 
XRFS measurements were sys~matically higher, 
which might indicate that a small fraction of the 
lead could have been left behind in the digestion 
step of the AAS procedure, but this was not 
further investigated. 

The influence of an error in the quantity of 
modifier was tested, by the single standard- 
addition variant. To portions of fly-ash (4.00 g) 
amounts of mercury(U) acetate were added that 
corresponded to an error of 0, + 5, rt 10, + 20, 
and &25% in r(A). The intensities from these 
samples correspond to 1, in equation (9). These 
intensities were then combined with measure- 
ments, 12, on similar samples to which 0.256 g of 
lead nitrate had been added. The apparent lead 
concentration of the sample was evaluated from 
equation (10). The relative error in the result 
was calculated on the premise that the result 
obtained with the theoretical r-value was correct. 
The errors are presented in Table 2 together with 
the estimates from equation (12). The ratio &/ 
~2 needed for the calculation of these estimates 
was obtained experimentally. Equation (2) was 
fitted to standard-addition measurements made 
without modi~er, and the parameter ~~/~~ was 
found to be 2.7 by non-linear regression. The 
central value of ar is thus 0.17. The agreement 
between the experimentally determined and esti- 
mated errors is fairly good, and most important, 
the data indicate that the accuracy of the ana- 
lytical result is not very sensitive to errors in r. 

As previously mentioned, r(A) is not constant 
for the PbL, line. A computer simulation 
showed, however, that the exciting radiation is 
centred around the MO& line (0.71 A), which 
is close to the absorption edges for lead. The 
r-value for this wavelength, calcuIated from 
equation (S), is 0.55. Calculations indicated that 
this value of r(l) should yield a linear standard- 
addition function. This was confirmed by exper- 
iment. A linear standard-addition plot (corr. 
coeff. = 0.9999) was obtained for five additions 
of lead in the range l-4%. The lead concentra- 
tion found from linear regression was 0.775%, 
which differs by 0.008% (I % relative) from the 
result obtained with the PbL, line (r = 1.07). As 
expected, the standard-addition graph for PbL, 
was slightly curved for r = 0.55. The analytical 
result from linear regression was in error by 
about 15%. 
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Summary-The adsorptive voltammetric behaviour of immunoglobulin M (IgM) has been investigated at 
the static mercury drop electrode. The stripping process yields an analytically useful signal and the 
detection limit is 1.2 x lo-“‘M. The adsorptive voltammetric behaviour of IgM has been compared with 
that of IgG and streptavidin. 

Immunoglobulin M (IgM) is a macroglobulin 
with an approximate molecular weight of 
9 x lo5 and it accounts for about 10% of the 
serum immunoglobulin pool.’ Electron micro- 
scope studies of IgM proteins from various 
species have led to the accepted structure of IgM 
as a circular pentameric molecule stabilized by 
disulphide linkages and the presence of an ad- 
ditional peptide J (joining) chain which is 
thought to assist the process of polymerization 
prior to secretion by the antibody-producing 
~ell.~ Monomeric IgM also exists in low concen- 
trations in normal serum, but can occur in 
higher concentrations in certain disease states 
(e.g., systemic lupus erythematosus and 
Waldenstrom’s macroglobulinaemia). Although 
IgG is by far the predominant antibody pro- 
duced in most secondary antibody responses, 
IgM is the major class of antibody secreted into 
the blood in the early stages of a primary 
antibody response. 

Adsorptive stripping voltammetry has re- 
ceived much attention in recent years for the 
determination of a variety of inorganic and 
organic species which can undergo adsorptive 
accumulation at electrode surfaces, either di- 
rectly or following a suitable complexation reac- 
tion.3*4 We have reported on the adsorptive 
voltammetric behaviour of a series of pro- 
tein?’ and have made use of this technique to 
monitor different immunological reactions+’ 
and to assess the stability of chemically 
modified enzymes. ‘O We now present the ad- 
sorptive voltammetric behaviour of bovine IgM 

*Author for correspondence. 
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and compare it with the behaviour of the 
monomeric Y-shaped IgG and the globular 
protein streptavidin. 

EXPERIMENTAL 

Apparatus 

Voltammetric experiments were performed 
with a Princeton Applied Research Corporation 
(PARC) Model 303A Static Mercury Drop 
Electrode (SMDE) (drop area 0.025 cm2) 
coupled to a PARC Model 264A Polarographic 
Analyser and a PARC Model 305 Magnetic 
Stirrer. Voltamperograms were recorded on a 
Houston Instruments Model 2000 X-Y 
Recorder. A platinum wire was used as auxiliary 
electrode and all potentials were measured us. 
an Ag/AgCl/satd. KC1 reference electrode. 

Reagents 

Bovine IgM, purified by precipitation and gel 
filtration, was obtained from Sigma as a 1.1 
mg/ml stock solution in 0.05M Tris-HCl, 
0.15M NaCl, O.OlM glycine medium with 0.1% 
sodium azide as preservative. A 0.025M phos- 
phate buffer (pH 7.4) was used as background 
electrolyte and distilled water was purified using 
a Waters Milli-Q water purification system. All 
chemicals used were of analytical reagent grade. 

Procedure 

Before each voltammetric experiment the 
electrolyte was purged with oxygen-free nitro- 
gen for 15 min. After addition of the sample the 
solution was purged for a further 30 sec. The 
potential was then set at the required accumu- 
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lation potential. E,, , for the required accumu- 
lation time, t,,, with stirring at 400 rpm. The 
stirring was stopped automatically and, after a 
15 set equilibrium time, the potential was 
scanned in the differential pulse (DP) mode in 
the cathodic direction, with a pulse amplitude of 
50 mV, and a scan-rate of 10 mV/sec. A scan- 
rate of 100 mV/sec was used for linear sweep 
voltammetry (LSV) and cyclic voltammetric 
(CV) experiments. 

RESULTS AND DISCUSSION 

The cyclic voltammetric behaviour of 55 mg/l. 
IgM at the static mercury drop electrode 
(SMDE) is shown in Fig. 1. A potential scan 
performed under solution-phase conditions 
(t,, = 0 set) gave rise to a very small response, 
the magnitude of which is close to that of curve 
c in Fig. 1. On the other hand, a symmetrical 
and well defined peak was obtained when a 
preconcentration step preceded the potential 
scan, proving that the substance could be accu- 
mulated at the SMDE. The peak potential, Ep, 
was -0.58 V and the width at half height, W,,2, 
was 60 mV. It can also be seen that the process 
is irreversible in nature and the peak current 

1 ~PA 

0 -0.2 -0.4 -0.6 -0.6 

E, v 

Fig. 1. Multicyclic voltamperograms for a 52.4 mg/l. sol- 
ution of bovine IgM. Curve (I was obtained after a r, of 300 
set; curves b and c are successive scans at the same drop. 

Scan-rate 100 mV/sec. 
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Fig. 2. Effect of the accumulation potential, E,, (0) and 
of the starting potential (0) (accumulation at open circuit) 
on the DP voltammetric responses for a 5.5 mg/l. solution 

of IgM; I, 180 sec. 

decreases on repetitive scanning at the same 
drop. 

Stripping peaks obtained for a 26.8 mg/l. 
solution of IgM with accumulation for 120 set 
and increasing scan-rates showed the existence 
of a linear relationship between the current 
intensity, ip, and the scan-rate, v, in the range 
5-100 mV/sec (r = 0.9998; n = 5), as expected 
for an adsorption-controlled process. 

Different preconcentration schemes and po- 
tential scan modes were examined. Differential 
pulse voltammetry (DPV) provided analytical 
signals that were twice as sensitive as those 
achieved by linear sweep voltammetry (LSV). 
Accordingly, the DPV mode was selected for the 
rest of the study. Preconcentration experiments 
performed under both electrolytic and open-cir- 
cuit conditions revealed that in both instances 
IgM was adsorbed at the SMDE. 

The influence of the accumulation potential, 
E act, on the peak intensity is shown in Fig. 2, 
where the influence of the starting potential for 
open-circuit preconcentration experiments is 
also shown. The use of an E,, of +0.2 V 
provided the optimum signals, with respect to 
both the peak intensity and the peak mor- 
phology. Under these conditions well defined 
and symmetrical peaks ( W,lz = 90 mV) were 
obtained, whereas for other values of E., the 
peaks were broader and somewhat distorted. 

It is worth emphasizing that the pattern ex- 
hibited by ip as a function of Earn is closely 
resembled, but in an inverse way, by the graph 
of W,,2 us. E,, (Fig. 3). Moreover, when the 
preconcentration step is performed at open cir- 
cuit, the peak intensity remains approximately 
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Fig. 3. Effect of the accumulation potential, E,, (a) and 
of the starting potential (0) (accumulation at open circuit) 
on the peak width at half height, cV,,*, of the DP voltammet- 

ric responses for IgM. Conditions as for Fig. 2. 

constant regardless of the potential value at 
which the scan is started. The magnitude of this 
peak equals that obtained with electrolytic pre- 
concentration at E,, = + 0.1 V, and again the 
widths of these two peaks are practically the 
same (Fig. 3). 

The range of pH values within which im- 
munoglobulins are active is very limited and, 
accordingly, the effect of pH on the adsorptive 
behaviour of IgM was restricted to the range 
from 7.0 to 8.0. Although there was not a 
dramatic effect on the peak intensity, a trend to 
increasing current response with increasing pH 
was observed. Furthermore, the optimum E, 
values were seen to decrease as the pH was 
lowered and the best analytical signals were 
obtained for an E,, of +0.15 V at pH 7.4 and 
for an ,??, of +0.05 V at pH 7.0. The p1 
(isoelectric point) values for immunoglobulins 
are not known precisely, but they lie in the range 
8-9. Besides the hy~ophobicity of certain re- 
gions of the molecule, the adsorption onto the 
electrode involves electrostatic interactions,‘* 
and when the pH is increased towards the pI 
value, the overall positive charge on the mol- 
ecule is reduced. In other words, as the pH 
approaches PI, more of the negatively polarized 
portions of the molecule become available, 
favouring adsorption onto an increasingly posi- 
tively charged electrode. 

As expected, the use of increasing pulse am- 
plitudes and larger drop sizes gave rise to an 
increase in the current. However, larger back- 
ground currents a~ompanied the use of higher 
pulse amplitudes, and optimum operational 
conditions were established as a trade-off be- 

tween senstivity and signal discrimination. As a 
consequence, a pulse amplitude of 50 mV and a 
large drop size were used for further studies. 

The effect of increasing accumulation times 
on the peak currents obtained for increasing 
~n~ntrations of IgM are shown for three cases 
in Fig. 4(a). As expected, &, showed a steady 
increase with taoc for each concentration until 
monolayer saturation of the electrode was 
reached. In addition, there was a linear relation- 
ship between the slopes of the accumulation 
curves and the corresponding concentration, as 
shown in Fig. 4(b). It is interesting to note that 
monolayer coverage of the electrode is reached 
for the pentameric IgM structure at a t,, of 
N 300 set [Fig. 4(a), curve 31, in contrast to the 
linear increase of current response up to 

Lx- - 900 see obtained for a similar concen- 
tration of Q$Z6 On the other hand, the first 
peak observed for IgG6 is clearer than that for 
IgM, indicative of different conformations of 
the molecules in the adsorbed state, and conse- 
quently a different availability of certain regions 
of each protein to the electrode surface. The fact 
that the accumulation curves have different 
intercepts indicates that the adsorption of IgM 
at the SMDE does not proceed according to a 
simple Langmuir isotherm. Indeed, a recent 
paper by Lin et aLi has shown that the adsorp- 
tion of IgG at a clean mica surface occurs 
through a co-operative process, depending on 
the formation of aggregates. These workers 
further demonstrated that isolated molecules 
are rapidly desorbed from the surface, that 
ridges of adsorbed molecules are formed during 
the formation of a monolayer, and that for- 

L 1 I I I I I I I 
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Fig. 4. (a) Effect of the accumulation time, r,, on the DP 
voltammetric current for (0) 5.50 m&l., (0) 8.25 mg/i. and 
(0) 1 LOO mg/l. solutions of IgM. (b) Variation of the slope 
of the accumulation curves in a with the concentration of 

IgM. E, + 0.1 V. 
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mation of subsequent layers does not take 
place until monolayer formation is nearly com- 
plete. 

By preconcentrating IgM at the SMDE for 
300 set at the optimum E,, ( + 0.2 V), and 
subsequently stripping the adsorbate in the 
DPV mode under the optimized experimental 
conditions, a detection limit of 0.11 mg/l. 
(1.2 x lo-“M) was obtained. The calibration 
graph was linear between 0.28 and 6.60 mg/l. 
(3.1 x lo-lo and 7.3 x lo-‘M) (I = 0.9996; 
n = 9) with a slope of 150 ng.l.mg-‘. Typical 
calibration voltamperograms are shown in 
Fig. 5. 

The larger number of disulphide linkages 
existing in the molecule of IgM’v* could account 
for the detection limit being lower than that for 
IgG, even when a shorter t, was used. How- 
ever, the linear span of the calibration is one 
order of magnitude for both molecules, and, 
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Fig. 5. Effect of concentration on the DP voltammetric 
current for IgM: 0, blank; 1, 0.11 mg/l. (limit of detection); 
2,0.28mg/l.; 3,0.55mg/l.;4,0.83mg/l.; 5, l.lOmg/l.;6,2.20 

mg/l. E,, + 0.2 V; t, 300 sec. 

which is more important, the slopes of the 
calibration plots are very similar (150 and 160 
nA .l.mg-’ for IgM and IgG, respectively) 
implying that the current produced per unit of 
concentration is the same. 

In conclusion, it is difficult to agree with the 
assumption usually made in the literature’k’6 
that reduction of the disulphide linkages is the 
only process responsible for the electrochem- 
istry of this type of protein. Recently, we have 
reported on the electrochemistry of streptavidin, 
a globular protein which is completely devoid of 
sulphur-containing amino-acid residues”,‘* but 
still undergoes an electrode process at the same 
potential as the disulphide-containing pro- 
teins.” Emons et al.” have recently suggested 
that the voltammetric signal for IgG is due to an 
interfacial process connected with reversible 
protein re-orientations in the adsorbed layer 
and, possibly, with fast faradaic reactions of 
both adsorbed redox states of the immunoglob- 
ulin. It is clear that much more work is required 
to elucidate the origin of the voltammetric 
response produced by these proteins. 
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Summary-A precise and accurate method in which ammonia and ammonium ions are coulometrically 
titrated with electrogenerated hypobromite was studied. Through the measurement of the current 
efficiency for generating hypobromite and the dependencies of titration results on electrolysis current and 
delay time between sampling and starting electrolysis, precision and accuracy of 0.01 and 0.02%, 
respectively, were obtained. The accuracy of the titration was compared with that of acidimetric 
coulometric titration of ammonia. 

Since ammonia or ammonium ions can be 
formed from many nitrogen compounds’-’ and 
water or hydrogen in various materials,6,7 the 
present study is important as a basis of wide 
application. Coulometric titration is an absolute 
method, based on Faraday’s law, and can yield 
high precision and accuracy, without the need 
for a reference material.“‘3 

Ammonia or ammonium ions react with 
hypobromite in weakly alkaline solution’“r6 to 
give nitrogen and bromide, and this reaction has 
been used in coulometric titration of ammonium 
ions with electrogenerated hypobromite,‘7-21 
which has been applied to determination of 
some nitrogen compounds.20.22-24 The best 
precision reported” was 0.1% for 230 pg of 
ammonia. 

In the present study the dependence of the 
current efficiency of hypobromite generation on 
the current density was measured, and the loss 
of ammonia or ammonium ions, during both 
the electrolysis and the delay time after 
sampling, was estimated, and corrections for 
these factors allowed the total ammonia concen- 
tration to be measured with high precision and 
accuracy. To validate the accuracy, a solution of 
ammonia in excess of sulphuric acid was pre- 
pared, and its oxidimetric coulometric titration 
was compared with a coulometric acidimetric 
titration. The coulometric oxidative titration 
was also used to determine the purity of high- 
grade ammonium chloride. 

*Author for correspondence. 

EXPERIMENTAL 

Reagents 

Demineralized water was further purified by 
isopiestic distillation. Reagent-grade chemicals 
were used unless otherwise stated. Analytical- 
reagent grade ammonia solution and ultrapure 
sulphuric acid were used. 

Approximately 2.54 x 10e2m (m = mole per 
kg of solution) sulphuric acid was used for 
preparing a solution of ammonia (cu. 
5.9 x lo-‘m) in cu. 1.27 x 10e2m sulphuric acid. 
Ammonium chloride was dried for 6 hr at 50” 
under reduced pressure. An ammonium chloride 
solution (cu. 6.68 x 10e3m) was prepared by 
diluting a solution containing ca. 7.16 g of 
the dried ammonium chloride in 1 kg of 
water. Each sample solution was kept in a 
Teflon-PFA bottle. Buoyancy corrections were 
always applied. 

Apparatus 

The constant-current source was a model 220 
type (Keithley, Cleveland). The electrolysis cur- 
rents were determined by measuring the voltage 
drop across a standard resistor (10 or 100 R, 
Type 2792, Yokogawa, Tokyo) in series with the 
source. The voltage drop was read with a digital 
voltmeter (Model 8800A, John Fluke, Seattle) 
calibrated against an unsaturated Weston stand- 
ard cell (Type 2749, Yokogawa). The linearity 
of the voltmeter response was confirmed by the 
fact that ten times the ratio of the voltage drop 
across the 10-Q resistor to that across the 100-R 
resistor was unity at different currents. The 
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current measurements were accurate to within 
0.01% with no dummy load and the error in 
measuring the electrolysis time was less than 
0.001%. The density of the solutions was deter- 
mined to within 0.00005 g/ml with a DA-1OlB 
densimeter (Kyoto Electronics, Kyoto). 

The coulometric titration cell (Fig. 1) was 
equipped with silicone rubber stoppers and a 
bubble trap to exclude air. The temperature of 
the solutions was 25 f 3”. Pure nitrogen was 

always passed through the solution in the 
counter-electrode chamber to remove dissolved 
oxygen. 

For the oxidimetry the cell shown in Fig. l(a) 
was used. The generation medium was 120 ml of 
1M sodium bromide containing 10 g/l. borax 
and was adjusted to pH 8.5’7J9 The solution in 
the counter-electrode chamber was 80 ml of 10 
g/l. borax solution at pH 9.0. The end-point was 
detected by dead-stop titration with a dual 

(a) 

(b) 

Fig. 1. (a) Electrolysis cell for hypobromite generation: A, ammeter; Sv, constant voltage source; V, 
voltmeter; R, standard resistor; SC, constant current source; I, platinum indicator electrode; C, platinum 
wire counter-electrode; K, agar gel (3 g of agar-agar in 100 ml of 30-mg/ml sodium sulphate solution); 
G, porosity-4 sintered-glass disk; M, stirring bar; E, platinum generating electrode (20 cm* area each side); 
D, glass tube for introduction of sample solution; the arrows show the flow of nitrogen. (b) Electrolysis 
cell for hydroxide-ion generation: I, combination glass electrode; K, agar gel (3 g of agar-agar in 100 ml 
of I M potassium chloride); E, platinum generating electrode (10 cm* area each side); P, pH-meter; B, solid 
barium carbonate; Tl, T2 and T3, stopcocks; C, M and D as in Fig. I(a); G, and G,, porosity-3 

sintered-glass disks; G,, porosity-4 sintered-glass disk. 
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platinum-plate electrode. The voltage impressed 
across the two plates [each of surface area cu. 2 
cm2 (one side)] was 150 mV supplied by a d.c. 
voltage source (E-ISOA, TOA, Tokyo). The 
indicator current was obtained as the output of 
a PA meter (TR-8641, Takeda Riken, Tokyo), 
averaged for 5 set with a digital integrator 
(RD-202, Tokyo Kagaku, Tokyo) to improve 
the precision of end-point detection. 

For the acidimetry a cell with two centre 
compartments” [Fig. l(b)] was used. The gener- 
ating chamber contained 100 ml of 1M potassi- 
um chloride and the counter-electrode chamber 
contained 90 ml of 1M potassium chloride and 
some solid barium carbonate.26 Use of this 
electrolysis cell eliminates loss of ammonium 
ions into the counter-electrode chamber.‘$ 
The indicator electrode was a combination 
pH electrode (GST-521lC, TOA), used with a 
D-l 5OA pH-meter (TOA). 

Oxidimetric couiometric titration with hypo- 
bromite 

Pure nitrogen was passed through the gener- 
ation medium for 30 min, then the solution, 
stirred at constant rate, was electrolysed until 
the indicator current was ca. 4 PA (a stable 
current was attained in l-2 min). A 5-g portion 
of sample solution (weighed to 0.1 mg) was 
introduced from a gravimetric burette through 
the sample-inlet tube, which was then rinsed 
with 5.0 ml of water added dropwise from a 
transfer pipette. The solution was electrolysed 
with a continuous current until just before the 
end-point, and then with successive I-set pulses 
of 10 mA until the indicator current was ca. 4 
PA. The generating efficiency of the pulses was 
2 99.7% of that of the continuous current, and 
this slight difference caused only a negligible 
error. A stable indicator current was attained 
after 1-2 min. The indicator current exhibited 
slight upward curvature just before the end- 
point and the intersection of extrapolations of 
the linear portions was used as the end-point. 
Five successive measurements were made in the 
same batch of generation medium, resulting in 
successive decreases in the sodium bromide con- 
centration from (12/13)&f for the first titration 
to (12/l 7)M for the last. The Faraday was taken 
as 96485 C/equivalent. “-Jo Any systematic error 
in the end-point determination was regarded as 
self-cancelling in this method. ‘7*t9,30*31 By treating 
the first of the five measurements as a pretitra- 
tion, the effect of impurities in the generation 
medium was minimized.3’ Formation of hypo- 

bromite from bromide by oxygen is negligible, 
so any oxygen produced in the generation 
medium during electrolysis or present dissolved 
in the sample solution could be ignored. The 
time elapsed between the addition of sample 
solution and the start of electrolysis was 
recorded. 

Acidimetric coulometric titration 

The inflexion point on the titration plot can 
be regarded as the equivalence point in this 
case.32*33 For sulphuric acid, the end-point was 
taken as being indicated by a pH of 7.00, which 
was sufficiently close to the inflexion point. Pure 
nitrogen was continuously passed through the 
generation medium at pH 5.2, and after 1 hr the 
electrolysis was conducted with I-set pulses of 
10 mA until the pH rose to ea. 8. A stable pH 
value was obtained in 2 min. A 25-g portion of 
the sample solution was then introduced 
through the sample-inlet tube, which was rinsed 
with 5.0 ml of water. The solution was 
electrolysed with a continuous current of 50 mA 
until the pH reached 5.4, corresponding to cc. 
99.7% completion of the titration, nitrogen 
being continuously passed over the solution. 
Nitrogen was passed through the solution for a 
further hour, and the titration was then com- 
pleted with I-set pulses of IO mA. The efficiency 
of the pulse was 99.7% of that of the continuous 
current and this difference could be neglected. 
The generation medium was used for only 
one measurement. For titration of a solution 
of ammonia in excess of sulphuric acid, the 
inflexion point was used to locate the second 
end-point. 

RESULTS AND DISCUSSION 

Current eficiency 

According to Bishop,34 the efficiency of coulo- 
metric generation of hypobromite is close to 
100%. Current density and electrode potential 
measurements have been utilized to ascertain 
the efficiency of coulometric generation.3s--‘7 The 
relation between the anode potential measured 
with respect to an SCE (HC-205C, TOA) and 
the current was determined. A Luggin capillary 
filled with agar gel (30 mg/ml agar in 4M 
potassium chloride) was used as a liquid junc- 
tion and kept ca. 2 mm from the anode surface. 
The potential was measured in the region where 
the anode was closest to the sintered glass disk. 

When five successive additions of 5 g of 
6.68 x 10-3m ammonium chloride and 5.0 ml of 
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Fig. 2. (a) Relation between current and electrode potential. (b) Dependence of the current efficiency on the 
current. 0: [NaBr] = (12/13)M; 0: [NaBr] = (12/14)M; A: [NaBr] = (12/15)M; 0: [NaBr] = (12/16)&f; 

V: [NaBr] = (12/17)M; n : [NaBr] = 0. Anode area (one side), 20 cm2. 

water were made to the 120 ml of generation 
solution containing sodium bromide, the anode 
potential [Fig. 2(a)] and the solution pH were 
practically unaffected by the degree of dilution. 
The anode potential in the 10 g/l. borax solu- 
tion, (adjusted to the same pH, 8.5, as that in the 
presence of sodium bromide) was also indepen- 
dent of dilution with water, but the pH de- 
creased to 8.4 after addition of 50 ml of water. 
The efficiency of hypobromite generation can be 
calculated from the ratio between the currents in 
the presence and absence of sodium bromide at 
a given anode potential.37 Figure 2(b) shows the 
dependence of the generation efficiency on both 
the current and the dilution. Corrections were 
applied on the basis of Fig. 2(b). 

Oxidimetry of ammonium ions in sulphuric acid 
medium 

Fig. 3(a) decrease approximately linearly with 
the time needed for electrolysis [Fig. 3(b)], it is 
thought that the values obtained at the lower 
currents might be smaller owing to loss of 
ammonia by volatilization or diffusion into the 
counter-electrode chamber. If ionic migration of 
ammonium ions were the cause of the lower 
values in Fig. 3(a), the loss should depend only 
on the total quantity of electricity and be inde- 
pendent of the time needed for the electrolysis. 
The ionic migration of the ammonium ion 
should depend on its ability to transfer charge 
during the electrolysis, i.e., it depends on 
the ionic mobility38 of sodium, bromide and 
ammonium ions, and on the concentration 
ratio between the ammonium ion and sodium 
bromide. The error caused by ionic migration 
was estimated as less than O.OOS%, in terms of 
loss of ammonia during the electrolysis. 

Figure 3(a) shows the effect of the generation The parameters for the individual regressions 
current on the oxidation of ammonium ions in [Fig. 3(b)] are as follows: numbers of data, 
sulphuric acid medium, when the delay time was slopes (%/min) and intercepts (Oh) for the 
5 min. The ordinate represents the concen- dilution steps 2, 3,4 and 5 are 11, -2.15 x lo-’ 
tration found relative to the mean value (0.29 x 10e3) and 100.013 (0.008), 8, -1.52 x 
(5.86089 x lo-‘m) found by electrolysis at 20 lo-’ (0.32 x 10-3) and 100.005 (0.007), 9, 
mA. There is a maximum variation of about -1.63 x 1O-3 (0.24 x 10e3) and 100.026 
0.06% for replicate determinations at a given (0.006), and 8, - 1.26 x 10M3 (0.32 x 10e3) and 
degree of dilution of the sodium bromide solu- 100.000 (0.012) respectively, where values in 
tion. The repeatability of 7 determinations parentheses are the corresponding standard 
[electrolysis current 20 mA, delay time 5 min, deviations. Since the intercepts did not differ 
and sodium bromide concentration (12/14)M] significantly, the regression lines in Fig. 3(b) 
corresponding to the maximum variation gives were recalculated on the basis of a common 
an sd of 0.019%. Since the values shown in intercept (100.01 l%, s.d. 0.004%) for the 
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Fig. 3, Dependence of the results for the solution of ammonia in mfphuric acid, obtained by coutometric 
titration with hypobromite ions, on (a) the electrolysis current and (b) the time required for electrolysis. 
0: FJaBr] = (12/14)M; A: [NaBr] = (12/lS)M; 0: FaBr] = (12/f6)M; 77’: @JaBr] 2: (f2/17)M (corre- 
spondio~ to 2, 3, 4 and 5, respectively, on the calculated lines in Fig. 3(b)]. Delay time before starting 

electrolysis, 5 min. 

data of the four steps of dilution, and the 
slopes (~~/min) for the dilution steps 2, 3, 
4 and 5 became -2.11 x IO-3 (0.23 x to-q, 
-1.71 x It-P3 (0.31 x IO-3), -1.21 x IO-3 
(0.26 x W3) and -1.52 x lWJ (O.tB x f@), 
res~e~~vely, At currents > IO mA, there is little 
difference among the rest&s obtained for the 
successive runs. 

Figure 4 represents the effect of the delay time 
on the results obtained for the sulphuric acid 
sdution of ~rnrnon~a~ with electroctlysis at 20 

mA. The loss of ~rnrnon~~ ions was dire&y 
proportional to delay time. 

The parameters for the regressions were 
calculated as for Fig. 3(b): the numbers of 
data, slopes (%/m~n) and intercepts (%) for 
the dilution steps 2, 3, 4 and 5 are 1 I, 
-6.68 x lO-3 (0.31 x 1W3) and 100.022 
(0.009), 8, -6.41 x 1W3 (0.77 x W3) and 
100.019 (0,012), 8, -7S6 x 1W3 (OS? x N-3) 
and 100,048 (0.009), and 8, -5.60 x 10WJ 
(0.75 x lW3) and 1~.~~6 (O&14), respectively. 
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Fig. 4. Dependence of the results for the ammonia solution in sulphuric acid, obtained by coulometric 
titration with hypobromite ions, on the delay time before starting the electrolysis. Electrolysis current, 20 

mA. Symbols etc. as for Fig. 3. 

The regression lines in Fig. 4 were calculated 
on the basis of a common intercept (100.025%, 
s.d. 0.0060/,) for the data of the four steps 
of dilution, and the slopes (%/min) for the 
dilution steps 2, 3, 4 and 5 are -6.87 x lo-’ 
(0.60 x 10-3), -6.75 x lo-’ (0.58 x 10-3), 
-6.45 x 10m3 (0.54 x 10-3) and -5.99 x 10e3 
(0.47 x lo-‘), respectively. 

The total concentration of ammonia was 
obtained by correcting the intercept for the 
loss of 0.011% occurring during the electrolysis 
at 20 mA, and found to be (5.8630 It 0.0008) x 
10-3m. The accuracy was estimated from the 
sd (0.0056”/,) of the intercept in Fig. 4, the 
sd (O.O03O/,) of the loss at 20 mA, estimated 
from Fig. 3(b), the error (less than O.OOS”/c) 
of measuring the 20-mA current, and the 
negative error (less than 0.0050/,) due to 
ionic migration. The addition of the sample 
solution caused little change of pIi, and the 
indicator current was scarcely changed by 
the presence of free sulphuric acid. The slope 
of the plot of indicator current DS. time, 
after the end-point, was decreased in approxi- 
mately the same proportion as the degree of 
dilution.” 

Acidimetric coulometric titration 

Since the titration of the sulphuric acid solu- 
tion of ammonia is the reverse of the titration 
of a monoacidic base with a strong acid, the 
change in the hydrogen-ion concentration near 

the equivalence point is expressed by equation 
(1),32*33 

a = 1 -PI/WI +~dHl (1) 
where pi and p2 are constants and a is the degree 
of titration defined as 

U = (to + ti - f )/to (2) 

where t is an arbitrary electrolysis time at a 
certain current, ti is the electrolysis time needed 
to reach the equivalence point, and to is the time 
interval corresponding to neutralization of one 
equivalent of the base. Equation (3) is derived 
from equations (1) and (2): 

t = ti + PI toyH lo*” -p2 tOYH’ 10-pH (3) 

where yn is the hydrogen-ion activity coefficient. 
It is believed that yn is constant during the 
course of the coulometric titration. The value 
of ti is derived from the experimental data (pH 
us. t) by a non-linear least-squares method39a40 
applied to the three parameters Ii, p, tOyH and 
p2 toy;’ in equation (3). 

From titrations of the sulphuric acid solution 
of ammonia and the sulphuric acid solution 
alone (four determinations for each) the total 
concentration of ammonia in the former was 
estimated as (5.8620 It 0.0019) x 10p3m. The 
error was estimated from the sd values of 
both sets of results for the same solutions. The 
difference from the concentration obtained by 
oxidimetry is cu. 0.02%, which is within the 
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Fig, 5. Dependence of the results for the ammonium chloride solution, obtained by coulometric titration 
with hypobromite ions, on the delay time before starting the electrolysis. ~~rol~is cm-rent, 20 mA. 

SymboIs as for Fig, 3. 

estimated precision. Thus the accuracy of 
oxidimetry by hypobromite generation was 
further established. 

Figure 5 shows the dependence of the oxidi- 
metric results obtained for the ammonium 
chloride solution (ea. 6.68 x 10F3m) on the 
delay time, when the current used was 20 mA. 
The ordinate represents the concentration 
found titrimetrically, reIative to that based on 
the weight of ammonium chloride used. The 
uncertainty in the chemical formula weight 
(53.4910 f 0.0009) is less than 0.002%.4’ As it 
was expected from Fig. 4 that hardly any differ- 
ence would be made by the four dilution steps, 
all the data in Fig. 5 were used for extrapo- 
lation. The number of data, slope (%/min) 
and intercept (%) are 14, -7.63 x lo-’ 
(0.72 x 10e3) and 100.014 (O.OOS), respectively. 
As the ammonium chloride concentration is 
similar to the total ammonia concentration in 
the sulphuric acid solution of ammonia and the 
slope in Fig. 5 is reasonably close to that in 
Fig. 4, the exact concentration of ammonium 
chloride, (6.6847 _+ 0.0010) x 10-‘m, was ob- 
tained by correcting for the loss during the 
course of the electrolysis (0.011% at 20 mA) 
estimated from Fig. 3. This concentration is 
100.02%, relative to that based on the weight 
taken, and its inaccuracy was estimated as 
0.02% at most, from the s.d. (0.~84%) of the 

intercept in Fig. 5, the s.d. of the loss during the 
course of electrolysis at 20 mA, the accuracy of 
determining the 20-mA current, the negative 
error due to ionic ovation, and the uncer- 
tainty in the formula weight of ammonium 
chloride. 

In the oxidimetric coulometric titration of 
ammonium ions presented in this paper, high 
accuracy will be obtained if the current 
efficiency and the loss of the sampte are taken 
into consideration. The determination of 
ammonium ions by this method can be utilized 
for determining the purity of reference 
materials. The method should also be useful 
for determination of nitrogen as ammonia or 
ammonia ions after pretreatm~t such as 
Kjeldahl digestion.42 
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Summary-The products arising from the reaction of a-protected lysine with glucose have been studied 
by different techniques, viz. high-performance liquid chromatography (HPLC) with UV detection, fast 
atom bombardment (FAB) mass spectrometry (MS), and HPLC/MS. Most of the analytical data were 
obtained by the last approach and allowed identification of many molecular species for a thorough 
knowledge of possible reaction pathways or structural data already available in the literature. 

Accumulation of brown advanced glycation 
products in proteins has been proposed as rel- 
evant to the development of long-term compli- 
cations of diabetes mellitus.‘** In the past, the 
structure of these products has been studied, 
starting from glycated proteins, by means of 
chemical and enzymatic hydrolysis and other 
separative and analytical techniques.3-s New in- 
formation has been added to that already 
known by Njoroge et al., who demonstrated 
that chemical hydrolysis can lead to artifacts.6 
In a recent study’ we compared data from 
chemical and enzymatic hydrolysis and were 
able to confirm these earlier6 findings. 

However, since the structure of the brown 
products in the complex hydrolysis mixture is 
difficult to determine by those techniques, we 
decided to take a different approach, namely to 
study the products of the chemical reaction of 
glucose and protected lysine. This approach is 
expected to provide useful information about 
the mechanism of this reaction and form a 
promising starting point for future studies 
in vivo. 

EXPERIMENTAL 

Synthesis of N-cr-acetyl-L-lysine methyl ester 

N-u -Acetyl-L-lysine methyl ester was pre- 
pared and purified according to Irving and 
Gutmann.’ It was a dense yellow oil. The pro- 
tected lysine (100 mg) and o-glucose (5 g) were 
dissolved in 5 ml of sodium phosphate buffer 
(pH 7.5, 0.05M Na) and the solution was 
incubated for 28 days at 37”, and then was 
lyophilized. 

HPLC separation 

A Perkin-Elmer series 3B liquid chromato- 
graph connected to an LC-75 spectrophoto- 
metric detector was used. The detector wave- 
length was set at 320 nm. A p-Bondapak 
C-18 reverse phase column was used for the 
separation. Each sample was diluted tenfold 
with distilled water before injection. Gradient 
elution at a flow-rate of 2 ml/min was used, 
with a mixture of acetonitrile and water in 
ratio progressively changed from 1: 99 to 20 : 80 
in 30 min. 

405 
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Mass spectrometric measurements 

Fast atom bombardment (FAB) measure- 
ments were made with a VGZAB 2F mass 
spectrometer.’ Glycerol solutions of the sample 
were bombarded with 8 keV Xe atoms. GC/MS 
was performed on a Finnigan ITD 800 system 
operating in electron ionization mode (100 eV, 
100 PA), with a fused-silica capillary column (25 
m long, i.d. 0.32 mm) coated with a 0.4~pm 
layer of SE54. The temperature was pro- 
grammed to rise from 70 to 250” at 7”/min. 
HPLC/MS measurements were performed with 
a VG ZAB-VE instrument operating under 
plasma-spray conditions with a probe tempera- 
ture of 250” and a source temperature of 240”. 
The HPLC conditions were as described above. 

RESULTS AND DISCUSSION 

The HPLC chromatogram of the reaction of 
protected lysine and glucose is shown in Fig. 1. 
There are three main peaks, with retention times 
of 6, 11 and 12 min respectively. GC/MS analy- 
sis of each peak led to unsatisfactory results, 
possibly owing to the high polarity of the com- 
pounds investigated. However, FAB MS of the 
whole reaction mixture, shown in Fig. 2a, gave 
a spectrum which differed from that of the pure 
protected lysine (Fig. 2b). For the mixture, ions 
at m/z 285 and 263 were detectable (with a 
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Fig. 1. HPLC chromatogram obtained by detection at 
320 nm. 
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Fig. 2. FAB mass spectra of (a) whole reaction mixture; (b) a-protected lysine. 
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Fig. 3. Daughter ion spectra: (a) ion at m/z 285; (b) ion at m/z 263. 

signal/chemical background ratio of about 20). 
Daughter ion spectra (Fig. 3) suggested that 
these species had structures 1 and 2 respectively 
(Scheme 1). 

The very high chemical noise observed under 
the FAB conditions suggests the presence of 
many other molecular species. For this reason, 
HPLC/MS measurement was the method of 
choice. The reconstructed total ion chromato- 

gram obtained under the same HPLC 
conditions is shown in Fig. 4. Practically no 
chromatographic resolution was obtained. 
However, mass spectra obtained at different 
elution times led to an effective description of 
the molecular species present in the complex 
mixture. Figure 5 shows the spectra obtained for 
scans l&25 and 37. In the first, many different 
ionic species are easily detected in the range m/z 
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Fig. 4. Reconstructed ion chromatogram for HPLC/MS analysis of reaction mixture under plasma-spray 
conditions. 

150-500, and in the third new molecular species 
becomes detectable at m/z 324. 

Neither GC/MS analysis of every component 
obtained by preparative HPLC runs, nor mass 
spectrometric analysis of the whole mixture by 
FAB was satisfactory. No compound related to 
the Amadori reaction could be detected by 
CC/MS, possibly because of the high polarity of 
such molecules. The FAB mass spectrum of the 
whole reaction mixture differed from that of 
protected lysine (Fig. 2b), mainly by the presence 
of ions at m/z 285 and 263 (Fig. 2), but it must 
be stressed that this spectrum is quite unsatisfac- 
tory. Ionic species are present at every m/z 

value. Also the ions of interest have a signal/ 
chemical background ratio of about 20, which 
suggests many other molecular species may 
be present but are concealed by the chemical 
background. For the ions at m/z 285 and 263, 
the daughter ion spectra (Fig. 3) suggest the 
structures 1 and 2 (in Scheme 1) which could 
originate from lysine and glucose (SchifYs base) 
with subsequent Amadori rearrangement and 
decarboxylation. Both compounds 1 and 2 show 
the formal loss of H, 0’ (possibly from sequen- 
tial losses of H’ and H,O) in the daughter 
spectra, leading to ions at m Jz 244 and 266 
respectively. 

67631 
x10 

a 

64232 
Xl0 

b 
32111 

50 324 -25662 

Fig. 5. Mass spectra obtained at different elution times by HPLC/MS analysis: (a) mass spectrum of scan 
No. 18, (b) mass spectrum of scan No. 25, (c) mass spectrum of scan No. 37. 
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To obtain more satisfactory results, we per- obtained the total ion chromatogram reported 
formed a series of HPLC/MS measurements. in Fig. 4. The practically complete loss of 
Under the HPLC conditions described we resolution in comparison with UV detection 

Table 1. Possible structures detected by plasma-spray HPLC/MS 
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shows that the latter is artificially selective, in can give an effective description of the molecu- 
that it can detect those components containing lar species in the complex mixture (e.g., Fig. 5). 
the chromophoric moiety but not describe the The spectrum for scan 18 corresponding to the 
real composition of the mixture. In contrast, the maximum of the reconstructed total ion current 
mass spectra obtained at different elution times (Fig. 4) shows many different ionic species in the 
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Scheme 2. Possible pathways leading to structures compatible with the molecular weight found in 
HPLC/MS analysis, where R = -(CH,),--CH(NH)--COOH. 

range m/z 150-500. Though some of them are 
easily attributable to molecules present in the 
reaction mixture (as for example m/z 180 and 
198 corresponding to M+’ and [M + NH,]+ for 
glucose, respectively), others are rather difficult 
to account for, since their structure is inferred 
only from their molecular weight. For these 
reasons we propose for them isobaric structures 
already suggested and/or described in the 

literature, as intermediate and final glycation 
products. At longer retention times most of the 
ionic species shown in scan No. 18 disappear, 
but new molecular species at m/z 324 become 
detectable. 

In recent years many efforts have been made 
to obtain a general view of the possible patterns 
related to the Maillard reaction. Some useful 
results have been obtained either from theoreti- 
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cal or expe~mental approaches. The startles 
deduced from HPLC/MS data were proposed 
on the basis of studies of the Maillard reaction 
under physiolo~cal conditions. Our own 
opinion is that structure assi~ment based solely 
on molecular weight can sometimes give mis- 
leading results, but at this stage of the present 
research, reliable information on the molecular 
weights of the Maillard products is important. 

Possible pathways leading to structures com- 
patible with the molecular weights found by 
~PLC~MS are reported in Scheme 2. Loss of 
lysine from the Schiff’s base arising from the 
reaction of glucose and lysine (Scheme 2, struc- 
ture a proposed by Paulsen and P~ughaupt3) 
can lead at first to two di%rent structu~s (b and 
c in Scheme 2). Such behaviour was already 
proposed by Anet,“’ Kate” and Beck et al.,jz 
and, considering the reaction conditions seems 
more than reasonable. Both structures b and c 
undergo further rearrangements with losses of 
neutral moieties such as furan~2~aldehyde and 
analogous products. By this pathway structures 
&, e and .f are obtained; they have been well 
described by Led1 and co-workers4~1~~i4 and 
SengLJs It is significant that several ions, at m/z 
252 frd), 222 (f) and 162 (e) are present in the 
mass spectrum reported in Fig, 5a. The further 
rearrangement of compound c to c’, favoured 
from a thermodynamic point of view, accounts 
for the formation of both compounds g and h 
(molecular weights 162 and 144 respectively). 
The latter, in aqueous solution, readily adds 
water to yield the compound with molecuiar 
weight 162. The pathways described above, 
leading to compounds c’, g, h and i, have 
already been described by Led1 and Severin,’ 
SengS5 and Mills et &.I6 

The right-hand part of Scheme 2 shows the 
reaction of compound b with a through conden- 
sation and further cleavage of the polyol chain, 
followed by oxidation. This process leads to 
compound j, the molecular ion of which is still 
present in the spectrum in Fig, 5a at m/z 252, 
The formation of such a compound has already 
been proposed by KrBnig.” Also the fo~ation 
of ~arboxymethyl-lysine (compound k), de- 
scribed by Ahmed et al.,” cannot be excluded. 
In fact, the ion at m/z 222, shown in Fig. Sa, 
could be due to the ~ationi~atio~ of compound 
k with NH:, as often observed under plasma- 
spray conditions. All these findings are shown in 
Table 1, where the possible structures related to 
the most abundant ionic species in the spectra 
shown in Fig. 5 are proposed. 

In addition to the ionic species which can 
be attributed to the structures described above 
and already reported in the literature, we de- 
tected some other molecular ions of unknown 
structure. Thus, the ions at m/z 342 and 360 can 
be attributed to structures m and m + NH: 
respectively (Table 1). These structures easily 
originate from selective oxidation of the side 
alcohol chain of molecule I (Scheme 2),L9-2i 
The ions at m/z 324 are not so easily identified. 
Structure n in Table 1 can be tentatively 
proposed. 

In conclusion, by ~mparing HPLC, GC/MS, 
FAB and NPLC/MS data for the products 
arising from the interaction of glucose and 
proton lysine we were abie to identify many 
different molecular species, most of which have 
the same molecular weight as the products 
described in the literature. Other compounds, 
not reported in the literature, were assigned B 
structure on a mechanistic basis. 

1. 

2. 

3. 

4. 

5. 
6. 

7. 

8. 

9. 

10. 
11. 
12. 

13. 

I4. 
‘15. 
16. 

17. 
18. 

19. 

20. 

21. 

M. Brownlee, W. Vlassara and A. Cerami, Ann. liti. 
A4&., 1984, Ml, 527. 
V. M. Monnier and A. Cerami, C&n. Endocrfnol. 
Met&., 1982, 11, 431. 
H. Paulsen and K. W. ~ughaupt, in C~rboh~dr~t~.~, 
Vol. 13, W. Pigman and D. Horton feds.), pp. 883-927. 
Academic Press, New York, 1980. 
F. Led1 and T. Severin, Z. Lebensm. Unters. Borsch., 
1982, 175, 262. 
f&n, ibid., 1979, 169, 173. 
F. G. Njoroge, A. A. Fernandes and V. M. Monnier, 
J. Biai. C&m., 1988, 263, 10646. 
C. Gerbardinger, A. Lapolla, E. Gbezzo, P. Trafdi, G. 
Crepaldi and D. Fedele, submitted to C&m. C&n. Acfa. 
C. C. Irving and H. R. Gutmann, J. Org. Chem., 1959, 
24 1979. 
M. Barber, R. S. Bordoli, R. D. Sedgwick and A. N. 
Tyler, Nature, 1981, 293, 270. 
E. F. L. f. Anet, Ausf. J. Chem., 1960, 13, 396. 
H. Kate, Bt& Agr. Chem. Sot. Jupun, 1960, 24, 1. 
J. Beck, F. Ledl and T. Severin, Carbohyd. Rrs., f988, 
178, 240. 
F. Ledl, J. Hiebl and T. Severin, Z. Lebensm. Unter-s. 
ForscpI., 1983, xn, 353. 
J. Beck, F, Ledi and T. Severin, ibid,, in the press. 
M. Sengl, ~~sertut~~n, University of Munich, 1988. 
F. D. Mills, D. Weisieder and J. E. Hodge, Ter~u~e~ro~ 
Lett., 1970, 1243. 
U. Kranig, ~~ssertutj~~, University of Munich, 1974. 
M. U. Ahmed, S. R. Thorpe and J. Baynes, Fed. Proc., 
1985,44, 1621. 
J. G. Farmar, P, C. Ulrich and A. Cerami, J. Org. 
chtlm.. 1988, 53, 2346. 
F. G. Njorogc, L. M. Sayre and V. M. Monnier, 
Carbohyd. Res,, 1987, 167, 211. 
T. Severin and Cr. Krijnig, Z. Le&tsm. Unters. Forsck., 
1973, IS%, 42, 



T&mm, Vol. 38, No, 4, PP. 413-417, 1991 
Printed in Great Britain. All rights reserved 

0039-9140/91 $3.00 + 0.00 
Copyright 0 1991 Pergamon Press pit 

THE RATE OF REDUCTION OF SELENIUM~I) TO 
SELENrUM(IV) IN H~ROCHLORIC ACID 

JEAN PETTERSSLIN* and &E OLIN 

Department of Analytical Chemistry, Uppsala University, P.O. Etox 53i, S-751 21 Uppsala, Sweden 

(Received 9 February 1990. Revised 9 Muy 1990. Accepted I October 1990) 

Summary-The reduction of selenium(W) to selenium(W) in 4, 5 and 6M hydrochloric acid was studied 
at temperatures between 50 and 95”. The reaction rate was determined by measurement of the selenium(W) 
formed, by continuous-flow hydride-generation atomic-absorption spectrometry. The most notable feature 
of the reaction is the strong increase in rate with increasing hydrogen-ion concentration and temperature. 
The rate increases initially with chloride concentration at constant acidity (mixtures of hydrochloric and 
perchtoric acid) but levels off to an almost constant value at high chloride con~ntrations. 

A number of methods are available for the 
dete~ination of selenium at trace level. Those 
most frequently used determine only the selen- 
ium(IV) present in the final sample. This applies 
to procedures that are based on the formation 
of piazselenols (molecular fluorescence and gas 
chromatography), hydrogen selenide (atomic 
s~ctroscopy), or selenides {stripping voltam- 
metry). Any selenium(V1) present in the original 
sample or formed during pretreatment of the 
sample must therefore be transformed into the 
quadrivalent state if determination of total 
selenium is required. Reduction by chloride in 
strongly acidic medium,‘-3 photolysis in slightly 
alkaline medium,4 and reduction to elemental 
selenium and subsequent reoxidation to selen- 
ium(IV) by a bromine/bromide buffers have 
been used for the conversion of selenium(V1) 
into selenium~IV). 

Reduction by 4-6M hydrochloric acid at ele- 
vated temperatures is by far the most commonly 
used method. A number of recommendations, 
sometimes conflicting, for performing the 
reaction can be found in the literature. This 
prompted Bye and Lund6 to investigate the rate 
of the reaction between selenate and hydro- 
chloric acid. They determined the time necessary 
for complete reduction at various temperatures 
and concentrations of acid. Their results indi- 
cated that the reaction is first-order with respect 
to ~lenium(V~) and that the activation energy 
is 83 kJ/mole. They pointed out that the reaction 
rate may be matrix-dependent, and that the 

*Author for correspondence. 

conflicting results reported may be due to matrix 
effects. 

This paper presents the results from a study 
of the kinetics of selenate reduction in hydro- 
chloric acid, a flow-injection technique being 
used for sampling. The reaction can be followed 
more efficiently in this way than by the batch 
technique used previously.6 Rate constants at 
various temperatures and the activation energy 
have been determined. The influence of chloride 
on the reaction rate was also investigated. 

Reagents 

All chemicals used were of analytical grade. 
Standard solutions of selenium(V1) and (IV) 
were prepared as described earlier.’ 

Apparatus 

The hydride-generation atomic-absorption 
spectrometry (HG-AAS) equipment has been 
described elsewhere.8 The signal from the AAS 
instrument was evaluated with an integrator 
(Shimadzu C-R3A). 

The kinetic experiments were done with the 
sample in a beaker covered by a Teflon lid and 
fitted into a central boring in an aluminium 
cylinder provided with an aluminium lid. The 
cylinder was heated on a hot-plate and the 
tem~rature controlled to +0.2” by a resistance 
the~ometer fitted through the lid. Holes were 
also drilled for addition of reagents and for 
tubing to collect samples. The reaction mixture 
was stirred with a magnetic bar. Sampling was 

413 



414 JEAN PETTERSSON and AICE OLIN 

generally done by continuously pumping the 
reaction mixture from the beaker through 
Teflon tubing (i.d. 0.7 mm) to the sample loop 
(0.5 ml) of the HG-AAS apparatus. Just after 
emerging from the thermostat the tubing passed 
through a cooling device, which lowered the 
temperature to 17” in less than 10 sec. At this 
temperature the reaction rate is negligible. 

Procedure 

Hydrochloric acid (200 ml) of the appropriate 
concentration was transferred to the beaker. 
When the desired reaction temperature had been 
reached and had stabilized, 1 ml of selenium(V1) 
solution in hydrochloric acid was added to yield 
a concentration of about 5 ng/ml in the reaction 
mixture. At the instant of mixing, the pump and 
a timer were started. The timer controlled the 
injection valve of the HG-AAS apparatus and a 
measurement was generally made every 30 sec. 
Calibrations were performed with standard 
solutions of selenium(IV) before, during and 
after the kinetic run. 

At low reaction rates, sampling and analysis 
were controlled manually. The interval between 
samplings was increased as the reaction pro- 
gressed. Standards were run between determin- 
ations, to allow a correction to be made for 
changes in the sensitivity of the HG-AAS 
apparatus. 

RESULTS AND DISCUSSION 

The equilibrium constant of the reaction 

HSeO; + 3H+ + 2Cll 

$H,SeO, + Cl,(g) + H,O (1) 

has been found’ to be K, = 7.1 x lo-” 
atm . kgS . mole-‘. The reduction of selenate at 
trace level by chloride is more appropriately 
written as 

HSeO; f 3H+ + 2Cll 

$ H, SeO, + Cl,(aq) + Hz0 (2) 

The equilibrium constant of reaction (2) can be 
found by combining K, with the constant for 
Cl,(g)+Cl,(aq). This constant was estimated 
from the solubility of chlorine in waterlo to be 
0.1 mole. kg-’ , atm-‘. The constant for reaction 
(2) is then K2 = 7.1 x lo-” kg4/mole4. A calcu- 
lation of & from standard potentials” yields 
K, = 4.9 x IO-” l.4/mole4. The standard enthalpy 
change for reaction (2) was calculated to be 110 
kJ/mole.‘2 The value of K2 at 80”, an average 
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Fig. 1. Recorder tracing of a kinetic run of 5 fig/l. selenate 
in 5M hydrochloric acid at 85”. t---l Calibrations. 

temperature for the kinetic experiments, can 
then be estimated to be 6 x lo-* l.4/mole4. The 
conditional constant in 4-6M hydrochloric acid 
can be estimated to be larger by a factor of lo- 
500. The estimate of K2 indicates that reaction 
(2) would be quantitative at a selenium(V1) 
concentration of 1 x 10m7M (8 ngiml). The 
reverse reaction can therefore be neglected in our 
experiments. 

Kinetic measurements were made for 4, 5 
and 6M hydrochloric acid media in the tempera- 
ture range 50-95”, depending on the medium. 
Figure 1 shows the recorder trace for a kinetic 
run. The data were evaluated on the assumption 
that the formation of selenium(IV) at constant 
hydrochlo~c acid concentration followed a 
rate law which was first-order with respect to 
selenium(VI), i.e., 

c = C,(l -e-k’) (3) 

where C is the concentration of selenium(IV), C, 
the concentration of selenium(V1) at t = 0, and 
k is the pseudo first-order rate constant. The 
value of k was obtained by fitting the function 

C=A -Bebk’ (4) 

to the data by non-linear regression. The reason 
for using a more general function is due to some 
complications introduced by the experimental 
set-up: (i) a delay between sampling and time of 
analysis; (ii) an uncontrolled period at the start 
of the reaction before the reaction mixture is 
homogeneous; (iii) continued progress of the 
reaction in the cooler; (iv) the fact that the 
analytical result is an average concentration for 
the time interval during which the sampling 
loop is filled. Provided that the pumping rate 
and the temperature profile in the cooler remain 
constant during an experiment and that plug 
flow can be assumed, it can be shown that 
equation (4) should be valid. 
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Fig. 2. Fit of the equation C = A - Bemk’ to the data in 
Fig. 1. 

A comparison of equations (3) and (4) shows 
that A should be equal to C,,, which also should 
be the value of C at t = co, C,. This was 
checked now and then by letting the reaction go 
to completion. A and C, generally agreed 
within 5%. The intercept on the t-axis of the 
fitted function formally corresponds to a delay 
time, which was usually less than 15 sec. The fit 
of equation (4) to the data in Fig. 1 is shown in 
Fig. 2. 

From a practical point of view, the most pro- 
nounced feature of the reduction of selenium(M) 
by hydrochloric acid is the marked dependence 
of the rate on temperature and acidity. This is 
demonstrated in Fig. 3 where In k is shown as 
a function of l/T. Reasonably straight lines can 
be drawn for each concentration of the acid, and 
the mean of the activation energy, EA, is 126 + 
10 kJ/mole. The observed half-lives (min), t,,,, 
can be reproduced by the empirical relationship 

t,;, = 2.8 x lo-l4 {HCl}-3.73 c’Z@‘C”‘/Rr (5) 

where {HCl) is the mean molar activity of the 
hydrochloric acid medium at 25”.13 The ratio of 
the half-lives calculated from equation (5) to the 
observed values was 0.97 & 0.15. The tempera- 
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Fig. 3. Values of In k as a function of I/T for 0, 4M; 
A, SM; 0, 6M hydrochloric acid media. 

tures needed to reach 99.9% reduction in about 
30 min are 105, 85 and 65” for 4, 5 and 6M 
hydrochloric acid, respectively. This result agrees 
with the findings by Bye and Lund.h Their value 
of EA is, however, 40 kJ/mole less than ours. 

The difference in activation energy could be a 
medium effect, since Bye and Lund measured 
the rate in 10: 1 v/v mixtures of hydrochloric 
acid (2-10M) and concentrated perchloric acid. 
The reported value of EA was determined from 
experiments with a medium made up from 4M 
hydrochloric acid. A measurement in this 
medium with our equipment at 80” yielded a 
value of 1.04 x 1O-3 see-’ for k. Bye and Lund 
reported 3.3 x 10m4 set-‘. To find whether this 
difference in the rate constant was due to our 
experimental technique, the determination was 
repeated in the batch mode. A 1 lo-ml volume 
of the medium was heated to 80” and then 
selenium(V1) was added at temperature equi- 
librium. The reaction mixture was sampled at 
intervals and the samples were treated as de- 
scribed earlier.6 The value of k obtained was 
1.08 x 10e3 sect’. The two experimental tech- 
niques thus resulted in closely agreeing values 
for the rate constant. 

We next repeated the measurement by the 
procedure described in detail by Bye and Lund.6 
When the water-bath was set at 80” a smaller 
value of k was obtained (4.7 x lop4 set-I). It 
was noted, however, that the reaction mixture 
attained its final temperature about 15 min after 
the start of an experiment and this temperature 
was about 4” below that of the water-bath. 
When the temperature of the water-bath was 
increased so that the temperature of the medium 
was 80” and the selenium(VI) was not added 
until temperature equilibrium was reached, the 
experiment yielded k = 1.05 x 10m3 set’, in 
agreement with the previous values. 

The medium investigated was a 3.6M hydro- 
chloric/l . 1 M perchloric acid mixture. It will be 
demonstrated later that exchange of chloride for 
perchlorate at high chloride concentrations and 
constant acidity will have only a minor effect on 
the rate constant. If we therefore assume that 
the medium behaves like 4.7M hydrochloric acid, 
k is estimated from equation (5) to be 1.3 x 10m3 
set’, in fair agreement with our experimental 
result. The value of k obtained at 60” differed 
only by 20% from the value obtained by Bye 
and Lund. We are therefore inclined to believe 
that the difference in EA is mainly due to 
uncertainties in temperature rather than to a 
difference in medium. 
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Time kec) 

Fig. 4. The selenium(IV) signal as a function of time at three 
chloride concentrations in mixtures of hydrochloric and 
perchloric acid. The total acid concentration was SM and 
the temperature 54”. The rate was determined by linear 

regression. [Cl-]: x , 0.2; A, 0.4; 0, 0.8M. 

A strongly acid digest containing no chloride 
ions is obtained when the analytical sample is 
decomposed with mixtures of strong acids. It is 
therefore of interest to study the influence of the 
chloride concentration on the reaction rate. Such 
a study was performed at 54” with mixtures of 
hydrochloric and perchloric acid; the sum of the 
acid concentrations was kept constant at 5M. 
The chloride concentration was varied from 
0.05 to 5M. The measurements were made at a 
high (usually 1000 ng/ml) initial concentration 
of selenium(W), C,. The rate constant was 
evaluated from the initial rate of the reaction R. 

x 

Fig. 5. The rate constant as a function of the chloride 
concentration, determined by use of equation (6). The curve 

corresponds to equation (7). 

R = 4WV)l 
dt 

= kc, 

R was obtained from the slope of a plot of 
selenium(IV) concentration us. time. 

Figure 4 shows the results of some exper- 
iments and Fig. 5 the variation of k with the 
chloride concentration. The rate increases rapidly 
with chloride concentration up to about 2.5M, 
then levels off. The maximum in k at high 
chloride concentration is not unique to the 5M 
medium. It was observed in similar measure- 
ments with a total acidity of 4M. A plot of log 
k vs. log [Cl-] for [Cl-] < 0.8M indicated a 
reaction order of 1.75. The observed rate con- 
stant (set-‘) roughly follows the relationship 

k = 6.85 x 10-5[C1-]‘~75 

1 + 0.45[Cl-I’.75 (7) 

which indicates a multi-step reaction. 
The weak dependence of the rate on chloride 

concentration above - 3M is not peculiar to a 
total acid concentration of 5M. Experiments 
with mixtures of hydrochloric and perchloric 
acid, with lithium chloride, and lithium perchlor- 
ate to keep the ionic strength constant at 5M, 
also yielded rates at 80” that were almost inde- 
pendent of the concentration of chloride in the 
ranges 2M <[Cl-] < 5M; 3M < [H+] < 5M. 
From a practical point of view these results 
indicate that the addition of chloride to an acid 
digest should be limited to give a concentration 
of about 2.5M. 

The dependence of the reaction rate on the 
hydrogen-ion concentration is very marked. The 
reaction order was almost 5 at constant chloride 
concentration (5 or 4M) and a constant ionic 
strength of SM. The high order is in agreement 
with results reported by Brimmer et ~1.‘~ The 
order of reaction is thus greater than the stoi- 
chiometric coefficient for H+ in reaction (2). The 
high dependence of the reaction rate on acidity 
indicates that some kind of selenate-proton 
cluster might be formed before the selenium 
atom is attacked by chloride. 

1. 

2. 

3. 

4. 

5. 
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Summary-A new technique for the detection of amino-acids is described, which is based on their 
chemiluminescence reaction with tris(2,2’-bipyridyl)ruthenium(III). The pH-dependence of this reaction 
has been investigated and found to be the key experimental parameter in application of this reaction as 
a detection technique. The chemiluminescence emission obtained is maximal at pH values higher than the 
N-terminal amino group pK, of the amino-acid. The background reaction between the ruthenium reagent 
and hydroxide ion does not occur with the same efficiency as the amino-acid reaction and the optimum 
signal to noise ratio is obtained at pH 10. A limit of detection of 30 picomole was found for valine and 
the response was shown to be linear over two orders of magnitude. 

New advances in protein sequencing and amino- 
acid analysis are critical for the continued devel- 
opment and future progress of a variety of 
emerging biomedical technologies, including 
those involving recombinant DNA procedures 
and gene cloning.’ Most modern techniques for 
amino-acid analysis require either pre- or post- 
column derivatization to enhance detection. 
These methods involve reaction of the 
amino-acid with ninhydrin2 dansyl chloride,’ 
o -phthal-aldehyde,4 1 -fluoro-2,4-dinitrobenzene,2 
or dimethylaminoazobenzenesulfonyl chloride,’ 
followed by detection of the derivative by con- 
ventional ultraviolet or fluorescence spec- 
trometry. Derivatization techniques can suffer 
from poor sensitivity as a result of incomplete 
reaction. Derivatization also adds complexity to 
the technique and may become time and labor 
intensive. Further, the derivative may not be 
stable and must therefore be determined im- 
mediately. Finally, derivatization limits the sep- 
aration/detection procedure in that it must be 
based on the characteristics of the derivative 
rather than those of the free amino-acid. Fre- 
quently, the reagent moiety added to the analyte 
dominates the chromatographic properties of 
the derivative, thereby affecting separation 
efficiency and resolution. 

One way to circumvent these limitations in- 
herent in derivatization techniques would be to 
use a chemiluminescence reaction to detect 

*Author for correspondence. 

amino-acids directly. Chemiluminescence tech- 
niques offer many advantages over techniques 
based on fluorescence and ultraviolet absorp- 
tion. Further, chemiluminescence detection re- 
quires no excitation source and the reaction is 
usually fairly selective. In addition, the theoreti- 
cally zero background expected in the absence 
of analyte suggests that chemiluminescence 
techniques would be extremely sensitive. 

There have been several recent reports which 
deal with the chemiluminescence (CL) detection 
of amino-acids.“” Many of the CL techniques 
have detection limits in the femtomole 
range.6s8,” However, most of these techniques 
require precolumn derivatization, which can 
result in increased analysis time. Of the tech- 
niques that do not require derivatization, the 
reaction of l-amino-acids with l-amino-acid oxi- 
dase provides a response for only eight of the 
amino-acids.’ The amperometric method de- 
scribed by Kok et aLI and the chemilumines- 
cence method presented by Koerner and 
Nieman9 both involve the complexation of 
amino-acids with copper(I1) ions and have de- 
tection limits in the picomole range. 

It can be postulated that the ideal chemi- 
luminescence detection system would possess 
the following characteristics: (1) fast reaction 
kinetics to facilitate miniaturization of the de- 
tection system; (2) high reaction efficiency to 
enhance selectivity; (3) the capability to generate 
the reagent at the site of reaction, to avoid the 
need for precolumn chemistry. The methods 
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and the implications of this for detection in 
HPLC or FIA will be discussed. 
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discussed above do not detect the free amino- 
acid directly but rather through some property 
of a reagent such as copper(I1) or a specific 
derivatizing agent. Therefore, one way to im- 
prove the detection limits for amino-acids 
would be to find a chemil~inescence reagent 
capable of reacting dir~tly with the amino-acid. 
One reagent which might satisfy these require- 
ments and undergo a direct chemiluminescence 
reaction with amino-acids is tris(2,2’- 

bipyridyl)ruthenium(III), Ru(bpy): $ . Electro- 
generated Ru(bpy)i+ has been observed by 
Rubinstein et al.” to produce CL upon reaction 
with a variety of molecules, including oxalate 
ions. Similarly, Noffsinger and Danielsoni ob- 
served CL when electrogenerated Ru(bpy):+ 
was reacted with primary, secondary and ter- 
tiary amines. Detection limits of 0.28 and 2.4 
picomole were found for tripropylamine and 
oxalic acid, respectively. The method was found 
to be 60 times more sensitive for tertiary than 
for primary amines and this was attributed to 
differences in the first ionization potentials of 
the different classes of compounds. The mech- 
anism for this reaction has been outlined for the 
oxalate systemI and it is believed that the 
amines react by a similar mechanism. Both 
Rubinstein et al.” and Hoffsinger and Daniel- 
soni found that the ruthenium-based CL reac- 
tion was dependent upon the pH of the reaction 
mixture. In both studies maximum chemilu- 
minescence was obtained between pH 4 and 6, 
although pH values above 7 were not investi- 
gated because hydroxide ions are known to 
produce CL with Ru(bpy);+ . No chemical or 
theoretical explanation was given for this pH 
response. From the reported correlation of 
chemiluminescence intensity with the ionization 
potential of the first non-bonding orbital (i.e., 
the lone pair of electrons on a nitrogen atom) it 
would be expected that a neutral amine group 
would be more easily ionized than a protonated 
one. Thus, it would appear that the maximum 
CL signal should occur at a pH at which the 
NH: group is substantially deprotonated (i.e., 
pH > pK,). However, the relative CL intensities 
produced by reaction with primary, secondary, 
and tertiary amines should still be controlled by 
their ionization potentials. 

EXPERIMENTAL 

Apparatus 

Wbw): + was generated by using a PAR 
(Princeton, NJ) model 363 Potentiostat~ 
Galvanostat with a standard three-electrode 
arrangement consisting of a platinum gauze 
working electrode, a silver-wire quasi-reference 
electrode, and a platinum-wire auxiliary elec- 
trode. The auxiliary electrode was separated 
from the Ru(bpy)if ’ solution by a glass frit to 
prevent formation of ruthenium metal at the 
electrode surface. A 1SmM Ru(bpy),(ClO,), 
solution (in 0.4M sodium sulfate as supporting 
electrolyte) was used for all studies. The poten- 
tial at the working electrode was set at t .lO V 
us. the Ag wire. The electrolysis was run for 20 
min per 50 ml of ruthenium solution, When the 
electrolysis had run to completion the ruthe- 
nium solution had changed in color from orange 
to a clear green, corresponding to the formation 
of Ru(bpy): + , The Ru(bpy): + was then pumped 
to the detection cell by means of a Gilson 
(Middleton, WI) Minipuls 3 peristaltic pump. 
To keep the volume in the electrolysis cell 
constant, Rufbpy):” was pumped into the elec- 
trolysis cell at the same rate at which Ru(bpy)~+ 
was removed. The electrolysis was operated 
continuously, to provide a constant concen- 
tration of Ru(bpy)g+ to the detection cell. Tests 
with a standard sample over a period of 1 hr 
showed that there was less than 5% variation in 
the measured signal, confirming that a steady- 
state concentration of Ru(bpy): + was produced. 
The detection cell consisted of a small coil of 
clear poly(viny1 chloride) tubing (i.d. 0.76 mm) 
positioned in front of a Hamamatsu (Hamilton, 
NJ) R928 photomultiplier tube. An ISCO (Lin- 
coln, NE) LC-5000 syringe pump was coupled 
to the detector through a Rheodyne (Cotati, 
CA) 7010 injector fitted with either a 20 or a 750 
pl loop. 

The PMT current was monitored with a 
Keithley (Cleveland, OH) 485 picoammeter, the 
output of which was sent to a personal com- 
puter through an IEEE-488 interface (Model 
PC-2A, National Instruments, Austin, TX). The 
experimental configuration is shown schemati- 
cally in Fig. 1. 

In the present work, the pH-dependence of 
the reaction of Ru(bpy): + with amino-acids was 
investigated. It was found that the maximum 
CL signal for amino-acids occurs at pH values 
above 7. The generality of this technique was _ 
found to hold for amines as well as amino-acids \__. _____, .._, 

Reagents 

All amino-acids were purchased from Sigma 
(St. Louis. MO> and used without further mrifi- 
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Fig. 1. Experimental arrangement for the chemilumines- 
cence detection of underivatized amino-acids. SP, syringe 
pump; IN, injection system; LDS, light detection system 
(detection cell coupled to a photomultiplier tube); 
HV, photom~tiplier power supply; PA, picoammeter; DP, 
data procurement and display; PP, peristaltic pump; RR, 
ruthenium(I1) reservoir; MS, magnetic stirrer; EC, electro- 

chemical cell; PS, potentiostat. 

cation. Ru(bpy),Cl, was purchased from 
Aldrich (Milwaukee, WI) and converted into 
the perchlorate before use. All other chemicals 
were reagent grade and used as received. 

Amino-acid solutions were analyzed within 
3 days after preparation. The buffers used were 
0.05M KH,PO, at pH 67 and 8,0.05M H,BO, 
at pH 9 and IO, and 0.025M K,HPO, at pH 11 
and 12. 

Procedure 

The pH studies were performed by injecting a 
750 ~1 plug of buffer followed by either the 
amino-acid or amine buffered at the same PH. 
The carrier stream containing the sample plug 
was merged with the Ru(bpy):+ stream at the 
detection cell. Since the efficiency of transport of 
the Ru(bpy): + was not determined, all pH 
studies were conducted with at least a 1O:l mole 
ratio of Ru(bpy)~+ to amine or amino-acid to 
ensure that an excess of ruthenium reagent was 
available. The flow-rates of the Ru(bpy):+ and 
the amino-acid solutions were 0.6 and 0.5 
ml/min, respectively. 

RESULTS AND DISCUSSION 

As already mentioned, the development of 
techniques for the detection of underivatized 
amino-acids is an important area of investi- 
gation. Previous studies by Bard and co-workers 
have shown that Ru(bpy):+ will react with a 
variety of compounds including oxalate13 and 
other organic acids,” to yield chemilumines- 
cence. From its reactivity, as determined from 
these studies, it appeared that Ru(bpy):+ might 

be capable of reacting with a variety of amino- 
acids to yield chemiluminescence and serve for 
their sensitive detection. However, the technique 
appeared to have limited analytical utility as 
initial studies had shown that the reaction does 
not occur with great efficiency under the usual 
conditions suggested for Ru(bpy): + studies (i.e., 
at pH < 7). 

A previous studyI of the oxidation of amino- 
acids by hexa~yanoferrate(II1) suggested that 
the reactive species was the anion of the amino- 
acid. If the reaction mechanism is similar with 

Ru(bpy): + 3 the reaction should be faster at pH 
values equal to or greater than the ply, of the 
N-terminal amine of the amino-acid, but a 
compIication is that hydroxide ion also reacts 
with Ru(bpy);+ to yield chemiluminescence. 
However, this approach would still have ana- 
lytical merit if the reaction of the ruthenium 
complex with an amino-acid occurred with 
greater efficiency than that with hydroxide ion. 
The pH-dependence of the Ru(bpy): + /amino- 
acid reaction was therefore investigated to test 
this hypothesis. 

Table 1 contains a summary of the pH-depen- 
dence of the reaction of Ru(bpy):+ with glu- 
tamic acid. It is clear that at pH < pJy, for 
glutamic acid (9.2), the amino-acid reaction 
does not produce sufficient chemiluminescence 
to be distinguishable from the buffer blank. 
However, at pH >8, the reaction of Ru(bpy)i+ 
with the amino-acid occurs with greater facility 
than that with hydroxide. The ~hemilumines- 
cence increases dramatically over the pH range 
9-l 1. Besides glutamic acid (GLU, carboxylic 
acid side-chain), valine (VAL, hydrocarbon 
side-chain) and triethylamine (TEA) were tested 
in the pH range 6-I 1; pH values > 11 were not 
investigated because at pH 12 the hydroxide ion 
concentration was larger than the Ru(bpy):+ 
concentration. The tertiary amine was chosen in 
order to compare the results of this study with 
a previous study of the reaction of amines with 

Table I. Luminescence signal tif. pH 

Luminescence signa 

PH GLU VAL TEA 

6 0.00 0.00 0.00 
7 0.00 0.00 0.19 
8 0.01 0.02 0.74 
9 0.22 0.21 t.0 

10 0.75 0.84 0.80 
II 1.0 I.0 0.79 

*Corrected for background and nor- 
malized to largest signal within a 
given data set. 
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Ru(bpy):+ . I4 The results are summarized in 
Table 1. 

From the data in Table 1 it is clear that 
pH is an important experimental variable in 
the amino-acid/Ru(bpy): + reaction. Figure 2 
clearly illustrates this. In Fig. 2, the signal for 
glutamic acid (a) is plotted along with the signal 
(b) for the buffer blank at each pH tested. It is 
evident that the amino-acid response is much 
greater than the signal from the hydroxide 
reaction. From the noise measured on the back- 
ground signal, the signal-to-noise ratio (SNR) at 
each pH was determined and normalized, and is 
also plotted in Fig. 2c. The highest SNR, 
which corresponds to the optimum detectabil- 
ity, occurs at approximately pH 10, correspond- 
ing to the pH at which the nitrogen site in the 
amino-acid is appreciably deprotonated. The 
apparent slight decrease in the SNR at pH 11 is 
indicative of the fact that most (86%) of the 
amino-acid is deprotonated at pH 10. Thus, in 
going from pH 10 to 11, a substantial increase 
in the background signal is observed because the 
hydroxide ion concentration increases from 
lop4 to 10e3M. At the same time, the fraction 
of amino-acid in the deprotonated form in- 
creases only from 86 to 98%. However, the 
background noise increased in proportion to the 
background signal with increase in pH, resulting 
in a decrease in SNR at pH values > - 10. 

The pH-dependence of the reaction of 

Ru(bpy): + with amino-acids should also hold 
for the reaction with amines, but this would 
contradict a previous studyI which suggested 
that Ru(bpy): + reacts optimally with amines at 
between pH 4.5 and 6.0. To determine the origin 
of this discrepancy, the pH-dependence of the 
reaction of triethylamine with Ru(bpy):+ was 

Fig. 2. Effect of pH on the chemiluminescence- of glutamic 
acid. (a) Background-corrected glutamic acid signal; (b) 
background signal from OH- reaction; (c) SNR obtained 
from (a) and the noise measured on (b), at each pH. 
Concentration of Ru(bpy):+ was 1SmM in 0.4M Na,SO, 

supporting electrolyte. 

studied. In the previous studyI maximum 
chemiluminescence occurred at pH 6, whereas in 
the present work (Table 1) it was obtained at pH 
9. A possible explanation is that in the previous 
study both the Ru(bpy)i+ and the amine sol- 
utions were buffered at the pH to be tested. 
BardI has shown that Ru(bpy):+ solutions are 
most stable at pH ~6. Therefore, as the pH is 
increased to 7, some decomposition of the 
Ru(bpy):+ solution would be expected, result- 
ing in a diminished amount of the reagent 
available for the chemiluminescence reaction. In 
the previous studyI the results would be very 
sensitive to the amount of Ru(bpy):+ available, 
since an approximately 10: 1 molar ratio of 
amine to Ru(bpy):+ was used. The optimum pH 
measured under such conditions would there- 
fore represent a trade-off between the avail- 
ability of the analyte in its most reactive form 
and the stability of the Ru(bpy):+ reagent. 

To avoid this problem, we used an unbuffered 
Ru(bpy)3, + solution and buffered only the amine 
or amino-acid to be tested. In addition, the 

Ru(bpy): + was used in at least lo-fold molar 
ratio to the amine or amino-acid. By measuring 
the pH of the solution after the reaction had 
occurred, it was ascertained that no significant 
pH change occurred as a result of either the 
dilution or the reaction. 

Noffsinger and DanielsonI related the ob- 
served chemiluminescence for the reaction of 

Ru(bpy): + with amines to the first ionization 
potential of the non-bonding orbital of the 
nitrogen atom. In such a model, the observed 
chemiluminescence results from the formation 
of an amine radical by reaction of the amine 
with Ru(bpy):+ . The radical then reacts with a 
second Ru(bpy)3, + ion, producing an excited 
Ru(bpy): + *, which subsequently decays to the 
ground state with the emission of a photon. 
Support for this model has been offered by Laloo 
and Mahanti16 who investigated the reaction of 
hexacyanoferrate(II1) with amino-acids. By 
consideration of these studies, a mechanism can 
be offered for the reaction of Ru(bpy):+ with 
amino-acids. The sequence is outlined below. It 
should be noted that in this mechanism, the de- 
protonation at the amine site is very important. 

+ H,NCRHCO; + OH - 

Z$ H,NCRHCO; + Hz0 

H,NCRHCO; + Ru(bpy): + 

-. H2 N + RHCO; + Ru(bpy): + 

H& + CRHCO; --* H,NCRCO? + H + 
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H,NCRCO; + Ru(bpy); + 

+HNCRCO; + Ru(bpy): + * + H + 

HNCRCO; + Hz0 + RCOCO; + NH, 

Ru(bpy): + * -. Ru(bpy): + + hv 

Therefore, on the basis of the pK, values 
alone, the normalized CL should be at a maxi- 
mum at pH values slightly above the pK, of the 
protonated amine group. Thus, for the amino- 
acids, the optimum signal would be expected at 
pH > 9, and for triethylamine at pH > 11. 
Only the amino-acids showed the expected pH- 
dependence, however, triethylamine giving an 
optimal signal at a pH of approximately 9, well 
below its pK, value of 11. 

A possible explanation for this requires con- 
sideration of the ionization potentials of amines 
and amino-acids. In general, it would be ex- 
pected that the higher the ionization potential of 
the nitrogen site, the more important is the state 
of protonation at that site, in terms of the ability 
of the nitrogen atom to donate an electron. 
Thus donation of an electron by triethylamine, 
a tertiary amine with an ionization potential of 
only 8.0 eV,” would be expected to be less 
dependent on the state of protonation than 
would be the case for the amino-acids, which are 
primary amines with ionization potentials of 
approximately 9.5 eV for the non-bonding elec- 
tron on the nitrogen atom.18 This would result 
in a less straightforward dependence of the 
chemiluminescence reaction on pH. In support 
of this, for the reaction of Ru(bpy):+ with 
ethylamine, pK, 11 and ionization potential 9.5 
eV,19 it was found that the optimum signal was 
obtained at a pH of approximately 11 (highest 
pH tested), lending credence to the idea that the 
pH-dependence is related to the ionization po- 
tential of the nitrogen site. 

The analytical capabilities of the Ru(bpy):+ 
chemiluminescence technique were investigated 
by using a flow-injection system. Figure 3 shows 
the reproducibility of multiple injections of 
methionine over an order of magnitude range of 
injected mass. For multiple injections of the 
same standard, the reproducibility was better 
than 5%. A plot of normalized peak height US. 
normalized mass of amino-acid injected was a 
straight line with a slope of 0.98 _+ 0.04, an 
intercept of 0.03 + 0.03 and a correlation co- 
efficient of 0.998 (5 points). For valine, a linear 
response was obtained from 1 x lo-” to 
100 x lo-” mole. Linear plots were also ob- 
tained for arginine, glutamic acid and methion- 
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Fig. 3. Chemiluminescence response vs. methionine concen- 
tration. Multiple 20 ~1 injections of (a) 0.5, (b) 0.2, (c) 0.1 
and (d) O.OSmM methionine buffered at pH 10. Ru(bpy): + 
flow-rate 0.6 ml/min; pH 10 (borate, 0.05M) buffer flow-rate 

0.5 ml/min. Ruthenium concentration as for Fig. 2. 

ine over the range from 1.5 x IO-” to 
100 x lo-” mole. After system optimization an 
injection of 1 x lo-” mole of valine buffered at 
pH 10 gave a signal of 5.3 ,uA, and the root 
mean square noise in the buffer blank was found 
to be 0.50 PA. From these values, the minimum 
measurable injected quantity for the Ru(bpy):+ 
system was calculated to be 3 x lo-” mole of 
amino-acid (3cblanlr criterion). The system was 
found to be stable for periods of several hours, 
as determined by repeated injections of the same 
standard. 

To investigate the generality of this approach, 
eight different amino-acids were tested, repre- 
senting the different side-chains found in the 
naturally occurring amino-acids. The results are 
summarized in Table 2. It is interesting that 
tryptophan, a secondary amine, gave no more 
chemiluminescence than the primary amine 
amino-acids, whereas secondary amines would 
be expectedI to give greater chemiluminescence 
than primary amines. It is possible that the 
aromatic ring in tryptophan may provide some 
delocalization of the electrons on the nitrogen 
atom, thereby diminishing the chemilumines- 
cence. 

Table 2. Relative luminescence for eight different 
amino-acids 

Amino-acid 

VAL 
MET 
PHE 
GLU 
TRP 
ARG 
GLY 
THR 

Side-chain type 

Hydrocarbon 
Sulfur-containing 
Aromatic 
Carboxyhc acid 
Aromatic amine 
Basic/amine 
Hydrogen 
Alcohol 

Relative+ 
luminescence 

1.00 
0.19 
0.71 
0.57 
0.35 
0.28 
0.06 
0.04 

*Normalized to valine. 
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As is evident, the Ru(bpy): + system provides 
an extremely sensitive way to detect amino- 
acids without derivatization. The relative re- 
sponse for the different amino-acids varies 
widely, but even in the least sensitive case 
(threonine), the limit of detection is estimated to 
be approximately 0.9 nmole of injected amino- 
acid. The optical system was not optimized, 
since the reaction chemistry was the primary 
reason for the investigation. With the pH- 
dependence resolved, optical optimization may 
provide significant improvements in the de- 
tectability. For example, visual observation of 
the reaction coil has shown that the amino-acid 
emission is localized in a region smaller than 
that sampled by the present detection system, 
but the background emission arising from the 
reaction with hydroxide ion occurs in a much 
larger region of the detection coil. Thus, more 
of the background signal than necessary is being 
sampled and optical imaging may help to isolate 
the analyte emission region while excluding 
regions of emission due only to the background 
hydroxide reaction. 

In summary, the pH-dependence of the reac- 
tion of amino-acids with Ru(bpy):+ has been 
investigated in terms of its implications for the 
detection of underivatized amino-acids separ- 
ated by HPLC or introduced into a flow-injec- 
tion system. It has been shown that the 
optimum chemiluminescence emission for 
amino-acids is observed at a pH between 10 and 
11, which corresponds to the pH at which a 
significant percentage of the amino-acid exists in 
the anionic form. A background reaction be- 
tween the Ru(bpy): + reagent and hydroxide ion 
has been observed to be less pH-dependent and 
it does not limit the technique. The method 
gives a linear response to amino-acid over a 
range of two orders of magnitude, and a mini- 
mum measurable quantity of 30 pmole of valine 
has been attained with a flow-injection system. 
These limits are already significant, considering 
that they were obtained with underivatized 

amino-acid, but improvements are expected 
from optimization of the optical system. Studies 
to identify the relative importance of various 
parameters in the reaction chemistry are cur- 
rently under investigation, including the role of 
the a-hydrogen atom on the reaction efficiency, 
and the importance of steric considerations at 
the nitrogen site. 
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E~~~L~BRIUM CONSTANTS AND ASSAY OF BASES IN 
ACETONITRILE 

JOSE BA.KBO~A, VKTORIA SANDNEBOT and ELENA TORRERO 

Department of Analytical Chemistry, University of Barcelona, 08028 Barcelona, Spain 

Summery-~~ acid-base eq~libria of a series of bases of pha~a~utica1 interest have been studied in 
a~tonit~le medium and used to inv~t~gate the ~~ibi~ty of the use of &is solvent to determine basic 
substances with complex and diverse structure. The ply,,, vzdues of a series of cardiovascular compounds 
have been determined. From these values, simple potentiometric and visual titrations in acetonitrile media 
are proposed for the assay of bases in pha~a~uti~~ fo~~lations. 

Acetonitrile is one of the most important dipo- 
lar aprotic solvents. It is used extensively as a 
reaction medium in synthesis and for mechanis- 
tic studies, as well as in electrochemistry, spec- 
trophotometry and liquid chromatography, It 
owes its manifold applications in such diverse 
fields to a combination of physical properties,’ 
particularly its high polarity (n* = O.75)2 ac- 
companied by only modest “chemical” solvat- 
ing power towards many polar and ionic 
solutes. In common with all other dipolar 
aprotic solvents,’ acetonitrile typically behaves 
as a very weak electrophile. It is a much weaker 
hydrogen-bond donor than water (a = 0.19)2 
but unlike protophilic dipolar aprotic solvents,3 
it is also a weak hydrogen-bond acceptor 
(p = 0.31)? In consequence, many solutes have 
high and strongly di~erentiated reactivities 
(both kinetically and the~odynamically~ in 
acetonitrile. 

A~etonitrile is a much more differentiating 
solvent than water, reflected by its much smaller 
autoprotolysis constant4 (pX,, = 33.6). Never- 
theless, the dielectric constant of acetonitrile is 
high enough (t = 36.0) to allow extensive elec- 
trolytic dissociation of ionic solutes. However, 
many of the potential benefits of acetonitrile as 
a reaction medium are not fully realized because 
in the majority of cases the selection of this 
solvent was largely based on trial and error, as 
little inf0rmatio.n was available about the exact 
nature of the various solute species present and 
their interactions in this solvent, 

The acid-base equilibria of a series of benzo- 
diazepines in acetonitrile have previously been 
studied.4 In the present work, the dissociation 
constants of the protonated bases in another 

series of cardiovascular compounds, the /_?- 
blockers, have been determined. 

fl-Adrenergic blocking agents are widely used 
in the treatment of cardiac arrhythmias, hyper- 
tension, angina and ~yrotoxicosis and, because 
they are also used as doping agents in sport, 
these substances have been added to the list of 
substances forbidden by the International 
Olympic Committe @UC). 

Although methods for the determination of 
p-adrenergic blocking drugs in urine or ather 
biological fluids are of importance,5 rapid and 
simple quality-control methods for their assay 
in pharmaceutical formuIations are also of 
interest. 

This paper discusses acid-base equilibria in 
a&on&rile and proposes simple potentiomet~c 
and visual titrations for the assay of bases in 
pharmaceutical preparations. 

Appamtus 

For potentiometric titrations, a Crison Digi- 
lab 517 pH-meter equipped with a Radiometer 
G202C glass electrode and the Pleskov 
(Ag/O.~ 1 M AgNO, in acetonitrife) reference 
electrode, with 0.144 tetraethyla~onium per- 
chlorate in acetonitrile as salt bridge, was used.6 
This perchlorate was used on the assumption 
that the liquid-junction potential introduced 
would remain essentially constant.? The titrant 
was added with a Metrohm 655 Multi-Dosim~t 
automatic burette with a 2-ml exchangeable 
unit. Sample solutions were titrated in a double- 
walled vessel maintained at 25.0 k 0. lo by circu- 
lating water, with magnetic stirring, under a 
continuous flow of nitrogen. 

425 
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Reagents (a) 

Acetonitrile (Merck, for chromatography); 
nitromethane (Fluka, analytical grade); perchlo- 
ric acid (Carlo Erba, RPE-ACS grade), O.lM 
solution in nitromethane; picric acid (Doesder, 
analytical grade, vacuum-dried); tetraethylam- 
monium perchlorate (Carlo Erba, RS grade) 
and tetrabutylammonium hydroxide (TBAH), 
0.1 A4 solution in propan-2-01 (Carlo Erba, RPE 
grade). 

At--0-CH,-CH(OH)-CH I-NH-C(CH&-R 

aIyl-_oxy-ppropanol--amine 

(b) 

All B-blocker drugs were purified materials 
kindly supplied by Lab. Esteve (propranolol 
and metoprolol), Almirall (atenolol), Fides 
(alprenolol and sotalol), Squibb Ind. Farm, 
(nadolol), Ciba-Geigy (oxprenolol), Hoechst 
( penbutolol) and Rhone-Poulenc (acebutolol), 
pharmaceutical laboratories from Barcelona 
and Madrid. 

CH3--02 -NH+--CH(~H)-CCH~-NH-CH(CH~): 

Fig. 1. (a) General structure of /I-adrenergic blocking 
agents. (b) Structure of sotalol, N-(4-[1-hydroxy-2-[(1- 

methylethyl)amino]lethyl]phenyl)methanesulphonamide. 

differ in polarity because of the different aryl 
groups. Among the /?-blockers studied, sotalol 
differs from the general structure and is shown 
in Fig. l(b). The substituents at key positions 
of the compounds studied may be found in 
Table 1. 

Structure and nomenclature 

Most /I-adrenergic blocking agents can be 
structurally generalized by the formula shown in 
Fig. l(a); they are oxypropanolamines which 

Determination of the dissociation constants 

The dissociation constants were determined 
by potentiometry at 25.0 f 0.1”. 

From the dissociation constant value of lo-” 
found for picric acid in a careful study by 

Substance 

Table 1. Structure of /?-adrenergic blocking agents 

Ar R Systematic name 

Acebutolol CH -CH2-CH2-CO-NH 3 -H 

Alprenolol CH2=CH - CH2 -H 

Atenolol HH2- CO -CH2 

Metoprolol CH -0-CH 3 2- .,,a -H 

Nadolol 

OH -W 
OH 

Oxprenolol CH2= CH- CH2-O 

Penbutolol 

Propranolol 
-H 

N-[3-Acetyl-4-(2-hydroxy-3- 
[( I-methylethyl)amino]propoxy) 
phenyllbutanamide 

I-[(1-Methylethyl)amino]-3- 
[2-(2-propenyl)phenoxy]-2-propanol 

4-(2-Hydroxy-3-[(l-methylethyl)- 
amino]-propoxy)benzeneacetamide 

I-[4-(2-Methoxyethyl)phenoxy]-3- 
[(1-methylethyl)amino]-2-propanol 

5-(3-[( l , l-Dimethylethyl)amino]-2- 
hydroxypropoxy)-1,2,3&tetrahydro- 
2,3_naphthalenediol 

I-[(I-Methylethyl)amino]-3- 
[2-(2-propenyloxy)phenoxy]-2- 
propanol 

I-(2Cyclopentylphenoxy)-3-[( 1, l- 
dimethylethyl)amino]-2-propanol 

I-[(1-Methylethyl)amino]-3- 
(I-naphthyloxy)-2-propanol 
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Kolthoff and Chantooni~ the standard poten- 
tial of the cell was determined by titration of 
5 x IO-‘Mpicric acid in acetonitrile with TBAH, 
and the computer program ACETERISO’ was 
used to calculate the autoprotolysis constant of 
the medium as reported previously.6Jo In pi- 
crate-picric acid solutions in acetonitrile, water 
and alcohols up to 0.5M have no effect on the 
pHT because the picrate ion has practically no 
hydrogen-bond acceptor properties. 

The dissociation constants of the bases were 
determined by ~tentiomet~c titration of their 
5 x 10P3M solutions in acetonitrile with O.lM 
perchloric acid in nitromethane. For atenolol, 
propranolol and sotalol, the constants were also 
determined in acetonitrile-water solutions 

where Q represents activity and y the molar 
activity coefficient. 

From the standard potential of the cell, uHS+ 
can be calculated from the Nemst equation and 
the pH is defined by pH = -log am,+. lJIB+] 
and [B] are computed from the analytical con- 
centration of the base; yB is assumed to be 1 and 
the activity coefficient of HB+ is calculated from 
the “reduced” Debye-Hiickel equation7 

where zj is the ionic charge, L the dielectric 
constant and I the ionic strength. With these 
values, the p&&B+ of the base is computed from 
each point of the titration6 

(water approximately 0.025 and O.OSM). The 
electrode came to equilibrium very quickly after 

RESULTS AND DISCUSSION 

each addition of titrant. Equation (1) was used in the manner de- 
The dissociation constant, &+ , of the proto- 

nated base is given by 
scribed earlier4 to determine the pKnB+ values of 

K [Blvs 
/I-adrenergic blocking agents in acetonitrile. 

He+ = ‘ns+ [H[B+ bHB+ 
(1) The results are shown in Table 2, together with 

literature data for the other bases. We estimate 

Table 2. Equilibrium constants of bases: dissociation constants (pKm,+) and effective acidities (pKus+) 
in acetonitrile; formation constant of perchlorate salt (log K z”z?) in acetic acid and dissociation 

constants (plu,,) in water 

Substance P&a+ P%,+ log Kj’“s’ p&o APKw.H~ 

1. n-Butylamine 18.26” 10.16 8.656 10.59 7.67 
2. Diethylamine 18.75” 10.65 8.62’ 10.98 7.77 
3. Triethylamine 18.46” 10.36 8.3gb 10.65 7.81 
4. tert-Butylamine 18.14” 10.04 8.Vb 10.45 7.69 
5. Isobutylamine 17.92” 9.82 8.79b 10.43 7.49 
6. Benzylamine 16.76” 8.66 8.&Qb 9.34 7.42 
7. 1,3_Diphenylguanidine 18.34’ 10.24 8.35’ 10.00 8.34 
8. Urea 8.52’ 0.42 4.88’ 0.20 8.32 
9. Trimethop~m 16.12’ 8.02 9.11’ 6.60 9.52 

10. Pyridine 12.57’ 4.47 9.18’ 5.17 7.40 
11. N~~otinamide 10.93’ 2.83 8.26’ 3.30 7.63 
12. Pyridinolcarbamate 10.42’ 2.32 8.26 
13. Sulphamethoxazole 7.19’ -0.81 6.48’ 
14. 2-Ph-1,1,3,3-TMG 20.60* 12.50 12.18 8.42 
15. Medazepam 14.34’ 6.24 9.17’ 6.25 8.09 
16. Chlordiazepozide 12.83’ 4.73 9.27/ 4.90 7.93 
17. Clotiazepam 12.06’ 3.96 8.67’ 
18. Bromazepam 11.10’ 3.00 7.83’ 2.90 8.20 
19. Diazepam 10.90’ 2.80 7.98f 3.30 7.60 
20. Nitrazepam 10.25’ 2.15 7.45’ 3.20 7.05 
21. Fhmitrazepam 9.11’ 1.01 6.73’ 1.80 7.31 
22. Oxazepam 9.07’ 0.97 6.12’ 1.70 7.37 
23. Clonazepam 8.71’ 0.61 5.80’ 1.50 7.21 
24. Lormetazepam 7.58’ -0.42 4.OY 1.30 6.28 
25. Acebutolol 17.89 9.79 8.63P 9.40 8.49 
26. Alprenoloi 17.66 9.56 8.22s 9.50 8.16 
27. Atenolol 17.59 9.49 8.748 9.60 7.99 
28. Metoprolol 17.62 9.52 8.47r 9.70 7.92 
29. Nadolol 17.73 9.63 8.819 9.67 8.03 
30. Oxprenolol 17.85 9.75 8.288 9.50 8.35 
3 1. Penbutolol 17.59 9.49 8.269 9.30 8.29 
32. Propranolol 17.52 9.42 8.728 9.50 8.02 
33. Sotalol 17.46 9.36 8.369 9.80 7.66 

“Reference (11). bcalculated from reference (12), ‘reference (6), dreference (13), ‘reference (4),Jreference (14), 
%eference (I 5). 
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that the pKHB+ values in Table 2 should be 
accurate to better than kO.10. This table in- 
cludes only bases for which pKHB+ and the 
formation constant of the perchlorate salt in 
acetic acid medium, k~HHcd,04,‘4,‘s are known, but 
additional data are available.4~6~“-‘5 

In solvents of relatively high dielectric con- 
stant, such as acetonitrile, in which perchlorate 
salts can be considered to be completely dissoci- 
ated, the pH at 50% neutralization, pHHNP, is 
equal to pK,,+ if activity coefficients are neg- 
lected, even though homoconjugated species are 
present.3 In our work, however, activity co- 
efficients are taken into consideration, e.g., for 
sotalol the potential EHNp = -385.2 mV, which 
corresponds to pH,,r = 17.55 compared with 
pKHB+ = 17.46. 

All the protonated bases studied are much 
weaker acids in acetonitrile than in water. The 
factors contributing to the ApKA, _ H2c, values 
in Table 2 are illustrated by comparing the 
following equilibria: 

and 
HB; + H,O= H,O& + B, 

HBLN + CH,CN= CH, CNH& + B,, 

where the subscripts indicate solvation by water 
(W) or acetonitrile (AN). Although the influ- 
ence of the solvent is complex, taking into 
account the ability of acetonitrile to solvate 
cations but not anions, the dominant factor 
must be the much lower proton-acceptor power 
of acetonitrile compared with that of water. 

In a study of the KHB+ values of a large 
number of base cations in acetonitrile and 
water, Coetzee and Padmanabhan” found that 
ApK for aliphatic amines, pyridine, pyrrolidine 
and piperidine varied between 7.2 and 8.3, the 
average being 7.6. For the aromatic amines 
aniline and p-toluidine they found a difference 
of about 6 (Table 2). Similarly, Leffek et ~1.‘~ 
found that for a series of 30 phenyl-substituted 
derivatives of 2-phenyl-l , 1,3,3-tetramethyl- 
guanidine (PhTMG) the mean value of ApK was 
8.1 + 0.5 the same as we find for B-blockers. 
The values reported4 for the benzodiazepines are 
in line with these results, with an average ApK 
value of 7.6. 

The difference in pK,,+ between acetonitrile 
and water in terms of transfer activity co- 
efficients is expressedI by equation (2): 

““AwpK’,B+ = (PKHB+ IAN - (PK,,+ )w 

=PY~-AN(HB’)-PY~-AN(H+) 

- PY~V-+AN(B) (2) 

in which y&_AN(i) is the transfer activity co- 
efficient from water to acetonitrile for species i. 

The symbol &_,AN is preferred here to the 
alternative one, tN~o, approved by IUPAC.” 

The transfer activity coefficient is closely re- 
lated to AGtW_,AN(i), the standard free energy of 
transfer of 1 mole of species i from water to 
acetonitrile. 

log y&_.A(i) = [AGk,,,(i)]/2.303RT 

A recent reviewI discussed the various ex- 
trathermodynamic assumptions made in finding 
transfer activity coefficients. In the present work 
the logY&.+AN(H+) value of 8.1 reported by 
Kolthoff and Chantooni” is used, based on the 
“Parker” (or “tetraphenylborate”) assumption 
that Y’(AsPh,+) = y’(BPh,-), which appears to 
yield more accurate Y&_,AN (i) values than any 
other assumption. 2o There is no uniform agree- 
ment on the sign convention. In this work a 
value of log&_,, (H+) of 8.1 means that a 
solute giving a hydrogen-ion activity of 1 in 
acetonitrile would give an activity of 10m8.’ in 
water. Therefore, positive values of log y’ indi- 
cate that the solvent-solute interactions are 
greater for the solute in water than in the 
solvent. 

Taking into account that the ApK,, _“+, 
values determined are close to 8.1 (Table 2), the 
influence of the proton-transfer activity co- 
efficient value on the difference in pK,,+ values 
could be important [equation (2)]. 

Even though acetonitrile is much more inert 
than water, it still solvates ammonium ions 
significantly, since in acetonitrile, as in water, 
tertiary ammonium ions are generally stronger 
acids than the corresponding secondary or 
primary ammonium ions. 

Aromatic ammonium ions (anilinium and p- 
toluidinium ions) are considerably stronger 
acids in acetonitrile than would be predicted 
from the strength of protonated aliphatic 
amines. This fact indicates probably either 
decreased solvation of aromatic amines or in- 
creased solvation of aromatic ammonium ions 
by water.“.2’ 

On the other hand, in the case of derivatives 
of the PhTMG basesi there is no hydrogen 
bonding to stabilize the base and conse- 
quently APKAN -. w is practically equal to 

log&-AN(H+)* 
Even in solvents with very poor hydrogen- 

bonding donor ability, such as acetonitrile,2 
hydrogen-bonding with acids is strong enough 
to make dimerization of the acids very small and 
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virtually negligible in dilute solution.3 However, 
particularly in protophobic solvents such as 
acetonitrile, hydrogen-bonding between an 
anion and its conjugate acid (homoconjugation) 
has a large effect on the slope of the titration 
curve and makes acetonitrile not very suitable 
for successive titrations of acids in mixtures, 
although it is a solvent with good resolving 
power for acids.3 The corresponding complexes 
AHA- formed between Bronstad acids and 
their anions are more stable than the BHB+ 
complexes. ” This difference reflects the fact 
that the solvation of cations rather than anions 
is more marked for acetonitrile than for water.22 
The formation constants of hydrogen-bonded 
complexes between free and protonated bases, 
BHB+, in acetonitrile have been determined 
and their values in general are very small.4~” 
In this paper the formation constants of the 
BHB+ homoconjugated complexes for the /I- 
blockers are evaluated by the method of Coetzee 
et ~1.~~ from plots of (E” - E) - g log yVHB+ 0,s. 
log (c&,), where E* and E are the standard 
potentiat and the potential of the cell respect- 
ively, g = ~.3~3RT~F and cb and c, are the 
analytical concentrations of the base and salt, 
respectively. Plots for several /?-blockers are 
shown in Fig. 2. 

It follows from the Nernst equation that 
a plot of (EO-E) -g log yuB+ VS. log ([B]/[HB+]) 
will be linear with a slope of 59 mV/decade 
at 25”. If no complexation occurs between 
B and HB+, [B] and [HB+] are given by 
i& and c, respectively, but otherwise the plot 
will deviate from linearity, increasing the 
slope. 

Figure 2 shows no evidence for formation 
of BHB+ complexes for /I-blockers under 
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Fig. 2. Plot of (E” - E) - g log yHs+ VS. log(c,/c,) for several 
/3-blockers. 0, Sotalol; A, oxprenolol; Onadolol; x, 

atenolol; + propranoiol. 

5 9 13 
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Fig. 3. Plot of pKHB+ in acetonitrile vs. pK,, for bases 
numbered as in Table 2. 0, From references (4) and (6); A, 
from reference (11); x , from reference (13); 0, p-blockers. 

the experimental conditions used, since in 
all cases linear plots with slopes close to 
59mV/decade were obtained. The curves 
for the neutralization of B-blockers with 
perchloric acid in acetonitrile can therefore 
be calculated in the same way as for aqueous 
media, since homoconjugation is negligible 
in dilute solutions, as is usually the case for 
bases.” 

In order to study the effects of hydrogen- 
bond donors such as water on the pKuB+ values 
of p-blockers in acetonitrile, the representative 
/?-blockers atenolol, propranolol and sotalol 
were also studied in acetonitrile containing low 
concentrations of water (up to 0.05M). The 
results were not significantly different from 
those in Table 2, which can be explained by 
these bases having very low homoconjugation 
constants3 

Analytically, resolution of acid strength in 
dipolar aprotic solvents is very important. For 
acids of a given class, HB+, the resolution 
R in acetonitrile is‘given by the relationship 

(~Kue; - PKHB: )AN = WPK,,; - PK,+,: )w 

in which the left-hand side is the difference in 
pKu,+ values in acetonitrile, and the right-hand 
side is the difference in water, multiplied by R.3 

For the substituted benzoic acids and for 
non-ortho-substituted phenols, the values of R 
in acetonitrile were 2.60 and 2.24, respectively.3 
However, a plot of pKHB+ values of bases in 
acetonitrile US. the pKHB+ values in water is 
roughly linear, as shown in Fig. 3, with a slope 
of 1.06. Figure 3 also shows all the pK,,+ 
literature data from references 4, 6, 11 and 13. 



430 JOSE BARBOSA et al. 

This low value of R is in agreement with the 
observation that aprotic solvents do not much 
improve the resolution of acid strength of cat- 
ionic acids, in contrast to the case for uncharged 
acids.’ 

From equation (2), the difference between 
ANAWpK,,BC and ANAWpK,,+ (ANAAWpK ;$), 
can be expressed in terms of&e transfer activity 
coefficients:3 

ANAAWpKi;; - , -[PY &+AN(HBZ) 

- PY~W-ANWT >I 

- [PY&+AN@z) 

-PYLAN(BI)I 

From this expression, it appears that the 
resolution R is independent of the proton trans- 
fer activity coefficient. 

In the case of uncharged acids, the main 
reason for the resolution obtained could be that 
the capacity of acetonitrile to solvate anions 
is very weak.3 Acetonitrile has practically no 
hydrogen-bond donor capacity, whereas water 
has a high hydrogen-bonding donor capacity 
with a solvatochromic parameter of 1.17.* Thus, 
acids such as carbon acids, the anions of which 
are not hydrogen-bonded in hydrogen-bond 
donating solvents, do not exhibit resolution of 
acid strength between amphiprotic and aprotic 
solvents3 and no difference was found in the 
resolution of acid strength between non-hydro- 
gen-bond donor solvents such as acetonitrile, 
NJ-dimethylformamide and dimethylsulph- 
oxide.24 

The difference in hydrogen-bond accepting 
capacity between acetonitrile (/l = 0.31)’ and 
water (/l = 0.47)25 is much smaller, however, 
than the difference in their hydrogen-bond 
donor capacities, and acetonitrile solvates HB+ 
cations much better than A- anions. This 
explains why the resolution of acid strengths of 
cation acids HB+ is very much smaller than for 
uncharged acids HA. 

Traditional pK measurements reflect the 
degree of dissociation of a species in a given 
solvent, but do not provide a valid measure 
of the relative proton activity.26 One of the 
main purposes of studies dealing with the in- 
fluence of solvents on acid-base equilibria 
is to obtain a solvent-independent acidity or 
basicity scale. By referring the acid-base charac- 
ter of non-aqueous solvents to the same 
aqueous standard state, an “absolute” pH’ 
scale is obtained which allows the acidity and 

basicity of aqueous solutions to be compared 
directly:*’ 

PH’ = PH + p&+s(H+) 

The transfer activity coefficient represents 
the acid end of the solvent-independent pH’ 
scale in each distinct solvent S, with ultimate 
reference to the familiar aqueous pH scale 
and physical comparability with the latter. The 
basic limit of the pH’ scale in any solvent is 
conventionally defined by its autoprotolysis 
constant.28 

For an aprotic solvent such as asetonitrile, 
the dissociation constants are translated into the 
absolute scale by the equation 

PKL,+ = PKue+ + PY~+ANW+) 

The effective acidity (pKhB+) provides a 
measure of both the proton activity in non- 
aqueous media and the ability to catalyse pro- 
ton-induced reactions.29 The values of pKh,+ 
shown in Table 2 provide a measure of the 
effective acidity of the protonated bases, irre- 
spective of the medium. 

On the other hand, the autoprotolysis con- 
stant defines the normal range of pH in the 
solvent and also has important bearings on 
acid-base titrations in non-aqueous media, 
where the “pH jump” at the equivalence point 
is larger, the greater the pK,, value. This value 
is a composite function of the intrinsic acidic 
and basic strengths of the solvent and its relative 
permittivity.30 

Then, in the titration of a base 

B+H,+$HB,+ 

where H,f denotes the solvated proton, the 
weaker the solvent is as a base and as an acid, 
the further to the right the equilibrium lies and 
the larger the “pH jump” at the equivalence 
point. For these reasons, very weak bases such 
as urea and lormetazepam4.6 are titrated in 
acetonitrile, because the formation constant of 
HB+ increases and KHB+ decreases with decreas- 
ing acid-base strength of the solvent. 

Although acetic acid has been a popular 
solvent for the titration of bases:‘,‘4.‘S,3’ the 
formation constants of HB+ are much larger in 
acetonitrile [K,(HB+) = l/KHB+] than in acetic 
acid (KF$?), I4 as shown in Table 2. Hence the 
break in pH at the end-point is much greater for 
titration in acetonitrile than in acetic acid. 
Titration in acetonitrile extends the potential 
range at the basic end to several hundred mV 
below that for acetic acid.4 The difference in the 
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“pH jump” is approximately equal to the differ- 
ence between ply,,, and log lilfB~~*~. 

Furthermore, for the differentiating titration 
of two or more bases of different strengths, it is 
frequently necessary to avoid the levelling effect 
of acetic acid. This may be done by titration in 
a non-levelling solvent such as acetonitrile, with 
perchloric acid dissolved in nitromethane.4*6 

The usefulness of acetonitrile for the titration 
of mixtures of bases was tested in this work and 
earlier4.(’ and we conclude that binary mixtures 
of bases differing in p&,+ by 22.5 can be 
successfully titrated with perchloric acid in 
nitromethane with potentiometric detection of 
the end-point. Some mixtures are of great 
pharmaceutical interest, e.g., trimethoprim and 
sulfa-methoxazole, potentiometric titration 
provides a differentiating assay with errors of 
less than 2%. 

KzHHCdPq valuesI are plotted against the re- 
spective dissociation constants of the proto- 
nated bases in acetonitrile in Fig. 4. Most of the 
bases investigated, despite their marked struc- 
tural differences and the fact that their equi- 
librium constants were estimated under different 
experimental conditions, fall into one of two 
groups, each with reasonable linearity. Only 
sulphamethoxazole seems not to conform. 

The vertical straight line can certainly be 
attributed to the levelling properties of anhy- 
drous acetic acid. Thus, bases with a p&a+ 
value in acetonitrile greater than *V 12.5 or a 

P&iZO value greater than -5 are levelled in 
acetic acid medium.‘$ In contrast, levelling of 
the strongest bases does not occur in aceto- 
nitrile, as this solvent is too weak an acid.” 

Fig. 4. Plot of p&s+ values in acetonitrile M. log K FtyF for 
bases, numbered as in Table 2. 

It is of interest that for bases that are not 
levelled in acetic acid medium, there is a nega- 
tive correlation between the formation con- 
stants, log&(HB+), in acetonitrile, acetic acid 
and water and their solvatochromic parameters 
E,N,32 if their pK,,, values are greater than 1.5. 

The intrinsic acidic and basic strengths of the 
solvent and its relative permittivity have an 
influence on K,(HB+), i.e., on the pH change at 
the end-point of a titration.29*30 Acetonitrile, 
acetic acid and water are similar in basic 
strength, since their fi values are not very differ- 
ent.2*25 However, they are very different in 
polarity and acidic strength. The correlation of 
log K,(HB + ) and EF for these three solvents can 
be explained by the fact that the ET” parameter 
is a measure of the polarity-polarizability of the 
solvent and its hydrogen-bond donor acidity.32 

The answer to how strong a base must be to 
give a satisfactory potentiometric titration end- 
point in acetonitrile is that pK,,+ must be 
approximately 6 or greater. This theoretical 
principle has been tested. 

Hence, titration graphs with sharp and repro- 
ducible inflection points, and ~2% error were 
obtained in acetonitrile for all the bases investi- 
gated (Table 2), even for the extremely weak 
bases urea and lormetazepam, which cannot be 
titrated potentiometrically in acetic acid 
medium with any degree of accuracy. 

On the other hand, those organic bases 
employed in pharmaceutical preparations and 
which show a sharp break in the titration curve, 
may be determined by the more rapid indicator 
method with the same accuracy and precision as 
by the potentiometic method. 

The change in pH near the equivalence point 
can be calculated from the dissociation constant 
of the protonated base, so it is possible to 
predict which indicators (I) will give sharp 
colour changes in the equivalence range, since 
the pKn,+ values and the quality of colour 
change in acetonitrile are known.‘0*33 The 
/?-blockers were visually titrated with errors 
<2%, the indicator selected on the basis of 
pKa,+ and the quality of colour change being 
Tropaeolin 00. For visual titrations of bases in 
acetonitrile we suggest the use of the previously 
reported series of indicators for the acid-base 
scale in acetonitrile,” from which it is easy 
to select the best indicator for a specific 
titration.‘0~3’ 
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Summary-Equilibria in the U(VI)-H,G-CO,(g) system in 0.W sodium perchlorate medium at 25” have 
been studied. By using thermal lensing spectrophotometry (TLS) and a very low total concentration of 
U(V1) (4 x 10e6M) information could be obtained on equilibria involving UO,(CO,)i- without compli- 
cations due to formation of the trimer (UO,),(CO&-. The experimental data allowed a precise 
determination of the equilibrium constant log k; = 6.35 f0.05 for the reaction UOz(CO& + 
CC$~UO,(CO& The interpretation of TLS data is briefly discussed, as well as the potential use of 
this technique for studies of the speciation of trace elements in natural water systems. 

Uranium(VI) forms strong complexes with the 
carbonate ion. The following species have been 
identified: ’ UO$ + , WCO, (as), UO, WA t , 
UO, (CO,):- , and the trimer (UO,), (CO,):- . 
UO,(CO,):- is the limiting complex, i.e., it 
contains the maximum number of co-ordinated 
carbonate ions per UOi+ ion. The trimer is very 
stable and the equilib~um constant for the 
reaction 

3uo* (CO,):- ?=(UO& (CO&- (1) 

in OSM sodium perchlorate medium is N 107.6. 
As a result, the concentration of the trimer is 
much larger than that of the monomer 
UO,(CO,):- , except at a very low total concen- 
tration of U(VI), i.e., IO-‘M or lower. Special 
experimental methods must be used to detect 
and study the properties of UO,(CO&- . Solu- 
bility experiments may give the desired infor- 
mation provided that the solubility of the solid 
phase is sufficiently low. This is the case for 
U0,C03(s).’ Conventional spectrophotometry 
was used by Scanlan’ to study the equilibrium 
between UOz(CO,)i- and UO,(CO,):- . De- 
spite the low total concentration of U(V1) used, 
_-._--.-. _~- 
*Part 20: J. Bruno, 1. Grenthe and P. Robouch. Inorg. Chim. 

Acra, 1989, 158, 221. 
ton leave from the Royal Institute of Technology, Depart- 

ment of Inorganic Chemistry, Stockholm, Sweden. 
$Author for correspondence. 
§On leave from the Institute of Mechanics, Chinese 

Academy of Sciences, Beijing, People’s Republic of 
China. 

10m4M, the concentration of (UO,),(CO,)z- 
was not negligible. 

Thermal lensing spectrophotometry (TLS)3 
has many of the characteristics of conventional 
spectrophotometry but much higher sensitivity. 
In previous communications4,5 we have outlined 
how this method may be used for the quantitat- 
ive study of equilib~a in solution. 

S~trophotomet~ is a quick and reliable 
experimental method, but its use in equilibrium 
analysis is complicated by the need to determine 
the equilibrium constants and the molar absorp- 
tivities for the various complexes, cf: Rossotti 
and Rossotti.6 There are many reports on the 
use of graphical6 and numerical methods7B8 for 
the evaluation of spectrophotometric equi- 
librium data. To establish a unique chemical 
model it is generally necessary to rely on exper- 
imental data of high precision and to vary the 
concentrations of the reactants over as large a 
concentration range as possible. When this is 
not possible there will invariably be ambiguities 
in the interpretation. 

TLS and laser-induced photoacoustic spec- 
troscopy (LIPAS) have been proposed as 
possible tools for the determination of the 
chemical form of trace elements (speciation) in 
ground water systems. p-‘3 Both methods have 
the required high sensitivity but, as will be 
outlined in this work, this is in general not 
sufficient to determine the speciation of a trace 
element in a multiligand system such as ground 
water. 

433 
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This communication describes the experimen- 
tal technique used to obtain TLS data, and their 
chemical interpretation. Some remarks on the 
use of TLS (which can also be applicable to 
other laser techniques) for the study of specia- 
tion of trace elements in ground waters will also 
be made. 

EXPERIMENTAL 

Chemicals 

All chemicals used were of reagent grade. The 
various stock solutions of HClO,, NaClO,, 
NaHCO, and UOz(CIO.,)z were prepared and 
analysed as described before.14 Carbon dioxide 
(100%) and a 10.33% CO,/NZ gas mixture were 
obtained from SIO, Milan, and analysed by 
them. 

TLS equipment 

The excimer laser and the dye laser systems 
were the same as described before.15 The 
measurements were made at 448 nm, obtained 
by using Coumarin 450 dissolved in spectro- 
scopically pure methanol. The total concen- 
tration of U(V1) was 4 x 10v6M. The overall 
efficiency of the system was only about 40% of 
that obtained in our previous studies,4,5 mainly 
because of the lower performance of the excimer 
laser. The maximum energy available from the 
dye was N 1 ml/pulse. The TLS signals, ob- 
tained by boxcar averaging of 30 laser firings, 
were displayed on a chart recorder. These sig- 
nals were then normalized by means of an 

external reference solution (a dilute aqueous 
solution of potassium dichromate) which was 
measured immediately before and after the test 
solutions. This procedure allowed correction for 
unavoidable random drifts and variations in the 
efficiency of the system, which were not simply 
due to fluctuations in the laser power, which was 
constantly monitored with a pyroelectric detec- 
tor. For each test solution, the measuring se- 
quence was external standard, test solution, 
external standard. The experimental results ob- 
tained at 25” are collected in Table 1, together 
with their estimated random error. 

Carbonate concentrations from 10e9 to 
10e4M must be studied to cover the entire 
complex-formation range in the U(VI)-H,O- 
CO,(g) system. It is advantageous to use a 
titration technique as described previously.’ 
This system was modified slightly by the ad- 
dition of a gas trap after the filter, to prevent the 
gas-bubbles released by the pressure drop over 
the filter from reaching the cuvette. This device 
worked quite well, although some gas-bubbles 
occasionally entered the cuvette and caused 
extensive random deflections of the probe laser 
beam. When this happened the measurements 
were repeated. 

The carbonate concentration was varied by 
titrating an initial solution of composition 
20.00mM NaHCO,, 0.480M NaClO, , 
4 x 10e6M U(V1) with a solution of compo- 
sition 200.0mM HClO,, 0.300M NaClO,, 
4 x 10m6M U(V1). The total concentration of 
U(V1) was thus kept constant, throughout the 

Table 1. Experimental TLS data for the UO, r+-H20C02(g) system in 0.5M NaCIO, at 25”; the experimental data in each 

series are given as log(Pco,/[H+]2), S*/BS,; the random error in individual S*/BS, values is given in parentheses, and is 

the absolute variation in the last one or two decimal places in the value given 

SERIES I (100% CO,): 
11.812, 0.923(2); 11.650, 0.879(12); 11.521, 0.824(g); 11.393, 0.813(12); 11.237, 0.763(13); 11.055, 0.733(21). 

SERIES 2 (100% CO,): 
11.822,0.938(2); 11.812,0.923(2); 11.717,0.919(2); 11.586,0.894; 11.406,0.869; 11.241,0.798; 11.024,0.715; 10.781,0.558; 
10.629, 0.482; 10.422, 0.397. 

SERIES 3 (100% CO,): 
11.812, 0.923(2); 11.653, 0.873(13); 11.535, 0.857(12); 11.376, 0.810(9). 

SERIES 4 (100% CO,): 
11.812, 0.923(2); 11.518, 0.855 (11); 11.342, 0.839(14); 11.197, 0.760(g); 11.095, 0.691 (17); 10.984, 0.655 (7); 10.892, 
0.602 (17); 10.750, 0.486 (7); 10.622, 0.414 (10); 10.463, 0.345 (8); 10.098, 0.246 (7); 9.469, 0.205 (9). 

SERIES 5 (100% C02): 
11.812, 0.923 (I); 11.785, 0.903 (17); 11.460, 0.834 (14); 11.322, 0.811 (10); 10.815, 0.472 (6); 10.379, 0.293 (9); 10.280, 
0.258(7); 10.037, 0.205(13); 9.888, 0.184(7); 9.706, 0.162(7); 9.331, 0.154(7); 9.158, 0.144(5); 8.681, O.IlO(6). 

SERIES 6 (10.33% CO,): 
12.798, 0.959 (IO); 12.311, 0.952 (4); 12.088, 0.947 (11); 11.953, 0.928 (13); 11.814, 0.923 (1). 

SERIES 7 (100% CO,): 
11.812, 0.923 (1); 11.322, 0.792 (9); 10.916, 0.547 (12); 10.686, 0.428 (9); 10.500, 0.345 (7); 10.362, 0.289 (10); 10.314, 
0.273 (I 1); 10.200, 0.258 (18); 10.362, 0.289 (10); 10.314, 0.273 (11); 10.200, 0.258 (18); 10.104, 0.238 (7); 9.993, 0.233 (9); 
9.915, 0.229(11); 9.780, 0.212(18); 9.611, 0.188(7); 9.496, 0.185(11); 8.942, 0.152(6); 8.661, O.llS(lO). 
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titration and [H+] and [CO:-] varied. The par- 
tial pressure of CO*(g) was kept constant 
throughout the titrations by bubbling CO3 
through the test solutions. The hydrogen-ion 
concentration was measured with a glass elec- 
trode, calibrated by means of the known hydro- 
gen-ion con~ntration in the initial solution, 
which was calculated from the known value of 
log K*i-,, = - 7.607, the equilibrium constant for 
the reaction CO,(g) + H30*H+ + HCO; in 
the given ionic medium and at the temperature 
useda20 The titrant was added by use of cali- 
brated Eppendorf pipettes. The experimental 
results are given in Table 1 and in Fig. 1. 

Interpretation of data 

The chemical equilibria in the U(VI)-H@- 
CO,(g) system can be described by 

pUO$+ + qH30 + rCO,(g) 

+U0,)P(OH),(C0,):P-4 -i- qH+ (2) 

where (0H)CO; represents HCO; and 
(OH),CO:- represents CO:-. 

From previous work’ it is known that the 
complexes formed under the conditions used in 
this study are mononuclear and contain only 
CO:- as the ligand (the latter point being 
verified by the fact that the data in Fig. 1 were 
independent of Pco,). It follows that equation 
(2) can be written as 

uo:+ + nco:- ~uo,(co3),2-” (3) 

12 11 10 9 

log~&,,/CH*l*) 

Fig. 1. Experimental TLS data points for P/B& us. log 

(P,,, /[H +I’) and normalized curves for R vs. log u. The full 
line is the best normalized curve, shown in the position of 
best fit (obtained by using S,/S, = 0.2, S,/S, = 0.15, 
S,,& =i 0.1, L = 0.15, A4 = W3). The dotted line was simi- 
larly calculated but witb L = 0.10. From the position of best 
fit we obtain (for log II = 0): 

The TLS signal (S*) corrected for the effect of 
the solvent is given by 

s*=s-s,,, 

=B ( &/&a3 + &&a* f SIBta + So 

j33a3+82a2+B1a + 1 > 
(4) 

where S and S,, are the TLS signals for the test 
solution and the solvent, respectively, B is total 
concentration of U(W), S,, is the molar value 
of the TLS signal for U02 (CO,): - 2n (S, is 
analogous to the molar absorptivity), /3,, is the 
equilibrium constant for reaction (3), and a is 
the free carbonate concentration. By introduc- 
ing the normalized variables l/u = fi2/j13a; 
L = &f13/@: and M = & J#?: we can transform 
equation (4) into 

z BS,R (5) 

From equation (4) it is obvious that 
S*/BS,+ 1 with increasing a. In Fig. 1 we have 
plotted the experimental data S*/BS, as a func- 
tion of log(Pco,/[H+]*) (the latter quantity is 
proportional to log a). 

The experimental data can be compared with 
model functions R(~,L,~,S~) where the func- 
tion R is as defined in equation (5). The shape 
of the model function depends on L, A4 and S,,. 
By comparing graphs of R vs. u with the exper- 
imental plots for S*/BS3 vs. log(P,,/[H+J’) (or 
log a), we can, in principle, determme the par- 
ameters in equation (4). At the position of best 
fit, we obtain (at log t( = 0) 

log$=logK3= 
2 logu=O 

where 17.25 = -log &.*O For further details 
refer to the literature.s*‘“‘s From Fig. 1 it is 
obvious that the largest variations in the exper- 
imental quantity occur in the region where the 
complexes UO3 (CO,)$- and UO3 (CO3 ):- are 
predominant. The variations are much smaller 
in the range where UOi+ and UO,CO,(aq) are 
present. Hence, we should be able to obtain the 
most precise information for the reaction 

UO, (CO3)$- f CO:- Z+ UO2 (CO3):- (6) 

with ~ui~b~urn constant K3 = ~3/~2, as is in- 
deed the case, 

The value of S3 is obtained from the initial 
solution in the absence of CO,(g). The carbon- 
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ate concentration is then so high that all U(VI) 
is present as UOz(CO,)!- . 

RESULTS AND DISCUSSION 

As seen from Table 1, the precision in the 
individual determinations of S*/BS, was fairly 
good, but repeating the experiments gave a 
much larger scatter in the results (c$ Fig. 1). An 
uncertainty of +0.02 in S*/BS3 therefore seems 
to be a better estimate than the values obtained 
for the individual test solutions. In the present 
experiment the absolute error obtained was the 
same for all the solutions investigated. The large 
relative error in S*/BS3 in the range where 
UO:+ and UOzCO, (aq) predominate means 
that we can only determine the equilibrium 
constants /I, and /I2 with a low degree of 
accuracy. 

The experimental data can be described quite 
well with just equilibrium reaction (6). A least- 
squares refinement gave log K3 = 6.42 and 
S/S3 = 0.11. However, from previous exper- 
iments it is known that UO,CO,(aq) and UO:+ 
will be present in non-negligible amounts in 
some of the test solutions at the lower values of 
-log [H+]. Hence, we preferred to make the 
curve-fitting by using the complete equation (5) 
but with S/S, and S,/S, as fixed parameters 
estimated as described below. The variables 
L and A4 were also assigned a fixed value. 
By comparing the experimental data with 
plots for different model functions R us. log u, 
we obtained, in the position of best fit, 
log K3 = 6.35 + 0.05 by using a curve with 
s, JS, = 0.20 + 0.05; S/S, = 0.15; s,/s, = 0.1; 
L = 0.15 + 0.05; M = 10-3. 

The value of log K3 is not very sensitive to the 
values of the other parameters, with the excep- 
tion of S,/S,. The full line in Fig. 1 is the 
normalized curve in the position of best fit. The 
dotted line was obtained by using L = 0.1, with 
the other parameters the same as for the full 
line. By comparing the two curves we estimate 
the error in L to be kO.05. 

The ratio S,/S, was estimated from the exper- 
imental curve to be approximately 0.1 at low 
values of log(Pc,,/[H+]*). From the experimen- 
tal data we observe that S*/BS3 increases as 
UO:+ is transformed into U02C03(aq). Hence 
the value of S/S, should be larger than the 
value of S,,/S, (i.e., >O.l) but smaller than S,/S, 
(i.e., < 0.2), so we have chosen S, /S, = 0.15. 

We can now compare the results obtained in 
this TLS investigation with previous results, CJ 

Table 2. The agreement between the equilibrium 
constants is satisfactory. The ratio S,/S, 
can also be calculated from the spectra given 
by Bidoglio et al.4 In that case, in the 
solution denoted “UO,(CO& “, about 90% 
of the uranium was present as UO,(CO,)f:- , 
and the rest as UO,(CO,):- ; the solution 
denoted “U02(C0,):- ” contained approxi- 
mately equal concentrations of U02(C03):- 
and UO,(CO,):- . Using this information and 
the TLS signals reported in the previous study, 
we obtain S,jS, N 0.2, in good agreement with 
our result. 

To calculate the various & values we need 
information not only on K3 and L but also on 
M. The latter quantity can only be obtained 
from the data at the lower end of the S*/BS, us. 
log a curve, where the experimental errors are 
the largest. Hence, no precise value can be 
obtained for N in this study; a model with 
A4 = 0 and S/S, = 0.12 will fit the experimental 
data as well as the one proposed. However, even 
this model gives log K3 = 6.35 and S/S3 = 0.2. 
Other mononuclear models do not give a 
satisfactory fit. If noticeable quantities of 
(UO,),(CO,):- had been formed, the exper- 
imental (and model) curve would have been 
much steeper. I9 Thus, at the level of precision 
attained in this study, we can safely exclude 
the formation of quantities of the oligomer 
(UO,),(CO,)z- larger than 5%, but not smaller 
quantities of this or other complexes than those 
postulated. The limitations just discussed are 
not characteristic for the TLS method, but for 
any solution chemical method. 

Information about the speciation of trace 
elements in natural water systems is of interest 
for several reasons. The chemical form of the 
trace metal may influence its toxicity or its 
beneficial effects. The chemical form may also 
influence the rate of transport of the trace 
elements, e.g., by affecting their sorption on the 
solid phases encountered along the transport 
path. The speciation is often derived indirectly 

Table 2. Comparison between equilibrium data and spectro- 
scopic information obtained in this study with some litera- 

ture data 

log 4 L W& References 

6.20*0.11* 0.10 + 0.02 - 1, 20 
6.35 k 0.06 0.15 + 0.05 0.2 5 0.05 This study 

- - -0.2t 4 

*This value was recalculatedM from the original data pub- 
lished’ earlier. 

tcalculated from the TLS spectra4 as discussed in the text. 
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by calculating the species distribution from 
known analytical data for the water (e.g., pH, 
redox potential, total concentration of ligands 
and concentrations of the major cations), and 
a suitable thermodynamic database for the 
elements in question. The quality of the calcu- 
lation is no better than the quality of the 
database. TLS and other laser techniques, such 
as LIPAS, are important experimental tools 
because they allow us to study chemical equi- 
libria in the laboratory at concentrations closer 
to those found in nature. This is particularly 
important for elements which may form poly- 
nuclear complexes when “ordinary” experimen- 
tal methods (which in general require total 
concentrations of 10p4M or larger) are used, 
but form mononuclear complexes at the very 
low total concentrations usually encountered 
in surface and ground water systems. One 
example is the hydrolysis of metal ions,’ another 
is the oligomerization of UO,(CO,)s-, as dis- 
cussed in this communication. The laser 
methods thus make it possible to improve the 
databases used for equilibrium (“speciation”) 
calculations. 

The laser techniques may also be useful for 
on-line investigations of trace elements, either at 
a fixed wavelength or at several different wave- 
lengths. In order to obtain information on 
speciation in systems containing more than one 
ligand it is necessary to have rather large differ- 
ences in the spectra of the complexes. This is 
rarely the case for inorganic ligands. However, 
elements such as the actinides have quite differ- 
ent spectra in each oxidation state. The laser 
techniques then offer a convenient way to obtain 
information on the oxidation states, as exem- 
plified by the work of Pollard et ~1.‘~ 

Acknowledgements-Many useful discussions with Dr. G. 
Rossi are gratefully acknowledged. I. G. gratefully acknowl- 
edges the financial support of the Joint Research Centre and 
the Swedish Nuclear-Fuel Supply Co. 

1. 

2. 
3. 
4. 

5. 

6. 

I. 
8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 
17. 
18. 

19. 

20. 

REFERENCES 

I. Grenthe, D. Ferri, F. Salvatore and G. Riccio, 
J. Chem. Sot. Dalton Trans., 1984, 2439. 
J. P. Scanlan, J. Inorg. Nucl. Chem., 1977, 39, 635. 
N. Dovichi, CRC Crit. Rev. Anal. Chem., 1987, 17,357. 
G. Bidoglio, G. Tanet, P. Cavalli and N. Omenetto, 
Inorg. Chim. Acta, 1987, 140, 293. 
I. Grenthe, G. Bidoglio and N. Omenetto, Znorg. Chem., 
1989, 28, 71. 
F. J. C. Rossotti and H. S. Rossotti, The Determination 
of Stability Constants, and other Equilibrium Constants 
in Solution, McGraw-Hill, New York, 1961. 
L. G. Sillen and B. Warnqvist, Ark. Kemi, 1969,31,377. 
G. Carta and G. Crisponi, J. Chem. Sot. Perkin Trans. 
II, 1986, 371. 
J. V. Beitz and J. P. Hessler, Nucl. Technol., 1980, 51, 
169. 
P. M. Pollard, U.K. At. Energy Res. Establ., Rept., 
AERE-R, 198S, AERE RI1496 
R. Stumpe, J. I. Kim, K. Schrepp and H. Walther, Appl. 
Phys. B, 1984, B34, 203. 
M. M. Doxtader, V. A. Maroni, J. V. Beitz and M. 
Heaven, Mat. Res. Sot. Symp. Proc., 1987, 84, 173. 
P. M. Pollard, M. Liezers, J. W. McMillan, G. Phillips, 
H. P. Thomason and F. T. Ewart, Radiochim. Acta, 
1988, 44145, 95. 
L. Ciavatta, D. Ferri, I. Grenthe and F. Salvatore, 
Inorg. Chem., 1981, tQ, 463. 
N. Omenetto, P. Cavalli, G. Rossi, G. Bidoglio and 
G. C. Turk, J. Anal. Atom. Spectrom., 1987, 2, 519. 
L. G. Sill&, Acta Chem. Stand., 1956, 10, 803. 
G. Biedermann and L. G. Sillen, ibid., 1956, 10, 1011. 
D. Ferri, I. Grenthe and F. Salvatore, ibid., 1981, A35, 
165. 
I. Grenthe, C. Riglet and P. Vitorge, Znorg. Chem., 1986, 
25, 1679. 
I. Grenthe, J. Fuger, R. J. Lemire, A. B. Muller, 
C. Nguyen-Trung and H. Wanner, Chemical Thermo- 
dynamics of Uranium, OECD/NEA, in the press. 



Talanta, Vol. 38, No. 4, pp. 43W44, 1991 
Printed in Great Britain. All rights reserved 

0039-9140/91 $3.00 + 0.00 
Copyright 0 1991 Pergamon Press plc 

STUDIES OF POLYFUNCTIONAL O-LIGANDS: 
FORMATION AND STABILITY OF Mg*+ AND Ca*+ 

COMPLEXES OF 1,2,4,5-BENZENETETRACARBOXYLIC 
ACID IN AQUEOUS SOLUTION AT 25” 

ALFZSSANDRO DE ROBERTIS and CONCETTA DE STEFANO 

Istituto di Chimica Anahtica dell’Universit$, Salita Sperone 31, P.O. Box 30, 
I-98166 S. Agata di Messina, Messina, Italy 

(Received 21 February 1990. Revised 5 November 1990. Accepted 9 November 1990) 

Summary-The stabilities of the Ca2+ and M$+ complexes with 1,2,4,5-benzenetetracarboxyhc acid 
(pyromelhtic acid) were studied potentiometrically, at 25”. The species ML, MHL, MH,L, and M, L 
[L = pyromelhtate4-; M = Ca*+, Mgr+] were o f und to be present in solution (for Mgr+ the species MH,L 
was also found). The dependence of the formation constants on ionic strength, and the stability trends 
of the Ca*+ and Mg2+ complexes with carboxylate ligands, are discussed. 

Magnesium and calcium cations form not 
very strong complexes with carboxylate lig- 
ands.lm9 As an example, monocarboxylate 
ligands form CaL+ complexes (L = acetate, 
phenoxyacetate, salicylate) with a mean stability 
constant log K = 0.9 (I = OM, T = 25”)4-6-8 and 
dicarboxylate ligands form CaL complexes 
(L = malonate, maleate, succinate and phthal- 
ate) with a mean stability constant log K = 2.4 
(Z = OM, T = 25”). 5,6 Increasing the number 
of carboxylate groups rapidly enhances the 
stability of the Mg2+ and Ca*+ complexes [cit- 
rate, log K = 4.9 (I = OM, T = 25”) and 4.7 
(I = OM, T = 25”) for calcium and magnesium, 
respectively’]. 

Since polycarboxylate ligand complexes rep- 
resent the first step for understanding the com- 
plexing ability of several polyelectrolytes and 
natural ligands (such as humic and fulvic acids), 
we have studied previously the formation of the 
alkali-metal complexes of 1,2,4,5_benzenetetra- 
carboxylic acid (H,L, pyromellitic acid);” the 
solubility and thermal stability of the alkali- 
metal and alkaline-earth metal salts of pyro- 
mellitic acid;” and the stabilities at different 
temperatures and ionic strength of alkali-metal 
and alkaline-earth metal ion complexes with 
citrate.‘2.‘3 

Here we report a potentiometric determi- 
nation of the stability of Mg*+ and Ca2+ pyro- 
mellitate complexes at 25”, in aqueous solution. 

EXPERIMENTAL 

Materials 

Tetraethylammonium iodide (Et,NI, 
Fluka) and tetramethylammonium hydroxide 
(Me,NOH, Fluka) were recrystallized as de- 
scribed by Pert-in et ~1.;‘~ Me,NOH was stan- 
dardized against potassium hydrogen phthalate, 
and hydrochloric acid (C. Erba, concentrate 
ampoules) against sodium carbonate. The sol- 
utions of calcium and magnesium chlorides 
were prepared from the analytical-grade re- 
agents (Fluka) and standardized with EDTA.iS 
Lithium chloride solution was prepared from 
the analytical-grade salt (Fluka), dried under 
vacuum. All the solutions were prepared by 
using doubly distilled water and grade A 
glassware. 

Potentiometric equipment and procedure 

The free hydrogen-ion concentration was 
measured with a potentiometer (Metrohm 
E600) connected to a Ross combination pH 
electrode model 8102, supplied by Orion. The 
titrant was delivered by an Amel model 882 
dispenser, readable to 1 ~1. The measurement 
cell was maintained at 25 k 0.2”; . a magnetic 
stirrer was employed, and purified nitrogen 
was bubbled through the solution during the 
titration. 

439 
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Table 1. Experimental conditions for the potentiometric titrations of the 
system H+-Mg2+Cl--L4- (L4- = pyromellitate), at 25” 

Titration [H,L], M [MgCl,], M pH 7*, M nt 

1 0.00502 0.00506 2.1-5.3 0.03 69 
2 0.00502 0.00998 1.9-5.9 0.05 67 
3 0.00502 0.02026 19-5.8 0.07 69 
4 0.00502 0.03992 1.9-5.9 0.13 70 
5 0.00502 0.07983 1.84.0 0.24 72 
6 0.00502 0.1603 1.8-5.6 0.47 76 
7 0.01795 0.00506 1.6-4.9 0.06 52 
8 0.01795 0.00998 1.65.4 0.07 58 
9 0.01795 0.02026 1.65.6 0.09 60 

10 0.01795 0.03992 1.6-5.5 0.14 59 
11 0.01795 0.07993 1.5-5.2 0.24 60 
12 0.01795 0.01049 1.5-5.3 0.32 58 

770 

*Mean ionic strength. The ionic strength varies throughout the titration, 
and this was taken into account by the computer program STACO. 

tNumber of points in the titration. 

The test solutions (see Tables 1 and 2) con- 
taining the ligand and magnesium chloride or 
calcium chloride were titrated with standard 
0.4M Me,NOH. The E” value for all the sol- 
utions was calculated from separate titrations of 
O.OlOM hydrochloric acid at the same ionic 
strength as the solution under study. For the 
solutions containing Mg2+ the self-medium 
method was used, whereas for those containing 
Ca2+ the titrations were done in the presence of 
1M lithium chloride. Protonation constants 
and Li+ complex formation constants were 
obtained from titrations of the pyromellitic 
acid in the presence of LiCl and EtdNI, by a 
method already reported for studying weak 
complexes6 We used Me,NOH as titrant in 
order to avoid the formation of other complex 
species with Na+ and K+, and because Me,N+ 
ions do not form complex species with carboxy- 
late ligands6 

Table 2. Experimental conditions for the potentiometric 
titrations of the system H+-Li+Ca*+Cl--L4- (L4- = 

pvromellitate), at 25” and Z = lM(LiCI) 

Titration 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

tH,Ll, M lCaCt21, M 
0.00790 0.00293 
0.00790 0.00601 
0.00790 0.00894 
0.00790 0.01848 
0.00790 0.03587 
0.00491 0.00498 
0.00491 0.00601 
0.00491 0.00806 
0.00491 0.00996 
0.00999 0.00498 
0.00951 0.00586 

PH ?l* 

2.1-5.3 
2.1-5.4 
2.1-5.5 
2.1-5.6 
2.1-3.1 
2.3-5.4 
2.3-5.8 
2.3-5.7 
2.3-5.4 
2.9-4.9 
2.1-5.3 

44 
44 
44 
44 
22 
44 
45 
44 
44 
60 
45 

480 

*Number of points in the titration. 

Calculations 

Protonation constants and the ligand purity 
were calculated by the computer program 
ESAB.“j+” Formation constants of the Mg2+ and 
Ca2+ complexes were calculated by the computer 
program STAC0.18 The formation constants of 
weak Li+ complexes were calculated by using the 
computer program ES2WC.69’9 All these pro- 
grams are based on non-linear least-squares 
methods. In the calculations, the association of 
Mg2+ and Ca*+ with Cl- was taken into account, 
by using the formation constants reported pre- 
viously. *O Distribution diagrams were calculated 
by using the computer program ES4EC.2’-23 

The dependence of the protonation and com- 
plex formation constants on ionic strength was 
taken into account by using the equation6*24 

log p = logTj? - .z *[J1/(2 + 3Jf) 

+ 0.113’2] + CI (1) 

Table 3. Protonation constants of pyromellitic acid 
and formation constants of Li+ complexes, at 25” 

iv * 
011 
012 
013 
014 
110 
111 
112 
113 
210 
211 

loi2 s,,t 
(I = O.lM)“’ C$ 

5.70 f 0.02 5.435 2.03 
10.13 f 0.02 9.69 3.52 
12.96 f 0.03 12.34 4.65 
14.83 f 0.05 14.08 5.20 
1.70 f 0.03 
6.85 + 0.03 

10.76 f 0.04 
13.00 f 0.06 
2.50 f 0.04 
6.87 f 0.10 

*Indices refer to the reaction pLi+ + qL4- + 
rH+ = Li L H(P+r-%) 

Pcll 
tMean + 3 standard deviations. 
JEmpirical parameter of equation (1). 
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Table 4. Formation constants of M&+-pyro- 
mellitate complexes, at 25” and 0.03 < I < 0.5M 

(self-medium)* 

log Spq,I 
pqrt (I =O.lM) C§$ 

110 2.63 k 0.05 4.57 f 0.06 
111 7.41 f 0.04 5.40 & 0.08 
112 10.92 4 0.06 6.08 + 0.10 
113 13.07 +_ 0.10 5.92kO.15 
210 3.72 f 0.07 5.62 f 0.09 

*Calculations performed with the formation of 
species MgCI+ considered. 

tIndices refer to the reaction pMg*+ + qL4- + 
rH+ = MgPL,H!2J’+‘-*l. 

$Mean + 3 standard deviations. 
§Empirical parameter of equation (1). 

where ‘p is the overall formation constant at 
infinite dilution, 

and C is an empirical parameter. The program 
STACO is able to calculate C in addition to the 
formation constants. 

The protonation constants of pyromellitic 
acid and the formation constants of the Li+ 
complexes, reported in Table 3, are in agree- 
ment with previous findings.40 

RESULTS AND DISCUSSION 

The analysis of the potentiometric data indi- 
cates the formation of the species MgL’-, 
MgHL-, MgH, L, MgH3L+ and Mg, L. In the 
calculations, the formation of the MgCl+ 
species was also considered. In Table 4, we 
report the formation constants calculated by the 
program STACO, together with the empirical 
parameter C [equation (l)], which accounts for 
the dependence of log p on ionic strength. In 
Fig. 1 we show the distribution of Mg*+- 
pyromellitate species US. pH. The stability of the 
Mg’+--pyromellitate complexes is quite high: at 
pH > 6.5, the fraction of pyromellitate present 
as MgL*- and Mg,L in the solution (in the 
conditions of Fig. 1) is over 90%. 

For the determination of the stability of 
Ca2+-pyromellitate complexes it was not poss- 
ible to use the self-medium method, because of 
the low solubility of Ca,L and CaH,L 
(p& = 11.85 and 17.71, respectively).” There- 
fore, we decided to use a constant medium with 

*Varying the LiCl concentration in the experiments might 
allow the species LiCaL- to be found, so the formation 
constants of Table 5 must be regarded as conditional 
ones, i.e., valid only in lM LiCl medium. 

Table 5. Formation constants (mean f 3 stan- 
dard deviations) of Ca’+-pyromellitate com- 

plexes, at 25” and I = lM(LiC1) 

pqr * log &q,t log &,I 

110 3.86 f 0.04 4.16+0&I 
111 8.20 f 0.03 8.63 + 0.03 
112 11.47+0&t 12.00 + 0.04 
210 5.59 + 0.08 6.47 + 0.07 

*Indices refer to the reaction pCa*+ +qL4- + 
rH+ = Ca L H(*P+r-%) 

PO r 
tCalculations did not consider the formation of 

species CaCl+ 
$Calculations did consider the formation of 

species CaCl+ .I0 

Z = 1M (LiCl). Lithium chloride was chosen as 
background for two reasons: (i) Li+ and Cl- do 
not interact significantly2’ (and therefore the 
calculated ionic strength is, in practice, the 
effective ionic strength); (ii) Li+ forms quite 
well-defined complexes with pyromellitate. The 
analysis of the potentiometric data indicates the 
formation of the species CaL’-, CaHL-, 
CaH,L and Ca,L (Table 5). It was impossible 
to find the species CaH,L, in contrast to the 
Mg*+ system, owing to the lower metal concen- 
trations. The chloride complex CaCl+ was also 
taken into consideration. In Fig. 2 we show the 
distribution of Ca*+-pyromellitate species US. 
pH. Apparently, the degrees of formation of 
Ca*+-pyromellitate complexes are lower than 
those for the corresponding complexes of Mg2+ 
(Fig. l), but this apparent difference is due to 
the presence of 1M Li+ which forms complexes 
having a stability that is unusual for alkali-metal 
complexes. Attempts to find mixed Li+Ca’+ 
pyromellitate complexes were unsuccessful*. 

On comparing the stability of the complexes 
studied here with those of citrateg,13 [log K(ML) 

PH 

Fig. 1. Distribution of the Mg*+-L (L = pyromellitate4-) 
complex species us. pH, at 25”, I = O.lM (MgCl,). In this 
diagram, only Mg*+ species are reported. C,, = 0.033M; 
C, = 0.005M. Species: 1, MgLH3; 2, MgLH,; 3, MgLH; 

4, MgL; 5, Mg,L. 
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2 3 4 5 6 7 

PH 

Fig. 2. Distribution of the Ca’+-L (L = pyromellitate4-) 
complex species w. pH, at 25”, I = lM(LiC1). In this 
diagram, only Ca’+ species are reported. Cc, = 0.02M; 
C, = O.OOSM. Species: I, CaLH,; 2, CaLH; 3, Ca,L; 4, CaL. 

= 4.7(1 =OM, T= 253, 4.9 (Z=OM, T = 25") 
and log KfMHL) = 2.4 (1 = OM, T = 2.57, 2.8 
(I = OJW, T = 25”) for magnesium and calcium, 
respectively] we observe that with citrate the 
unprotonated complexes are more stable than 
the monoprotonated complexes, whereas the 
reverse is the case with pyromellitate. This be- 
haviour can be explained, for pyromellitate 
unprotonated complexes by the simultaneous 
presence of the binuclear M,L species, and for 
the monoprotonated complexes by the presence 
of a residual negative charge on the ligand. 
Nevertheless, these comparisons, though widely 
used in the literature, can often be misleading, 
in particular when dealing with polyfunctional 
ligands. 
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Fig. 4. Fraction of Ca2+ in complex form, (X%)r, w. 
pCa. Ligands (L): 1, acetate; 2, malonate; 3, pyromellitate; 

4, citrate. 

Stability constants for a metal-ligand system 
can be of interest in several fields of chemistry, 
one of which, related to the speciation of multi- 
component fluids, is the analytical study of the 
sequestering ability of a series of ligands for a 
particular metal ion. In this case the fraction of 
metal present in the form of complexes in 
solution (as the sum of the fractions for the 
individual complexes) is the best parameter for 
comparing the stabilities of different systems. As 
an example, in Figs. 3 and 4 we report the sum 
of percentages of Mg2+ and Ca2+ complexes of 
acetate, malonate, citrate and pyromellitate, as 
a function of the total metal concentration pM 
( = -log [Mgj or -log lea]), at pH 5 and 8. 
The curves indicate clearly (and quantitatively) 
the stability of each metal-ligand system, with a 
parameter independent of the type of species 
formed. Moreover, calculations performed at 
different pH values show how the differences in 
the sequestering ability of ligands for a metal 
ion are dependent on pH. As can be seen in 
Figs. 3 and 4, the sharp difference at pH 8 
between the Mg2+ and Ca2+ citrate complexes, 
(compared with the corresponding pyromelli- 
tate complexes) disappears in practice at pH 5. 
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Table 6. Constants of Ca2+ and Mg2+ pyromellitate complex formation at different ionic 
strengths, at 25” 

Log&, 

pqr Metal I=0 I=O.l I = 0.25 I =0.5 I = 0.75 I= 1.0 

011 - 6.12t 5.44t 5.38.t 5.487 5.61t 5.70 
012 10.89 9.69 9.59 9.75 9.98 10.13 
013 13.86 12.34 12.23 12.46 12.79 12.96 
014 15.77 14.08 13.96 14.23 14.60 14.83 

110 Mg2+ 3.94$ 2.63 2.60 2.91 3.313 
111 9.08 7.41 7.32 7.64 8.06 
112 12.73 10.92 10.84 11.23 11.73 
113 14.9 13.1 13.0 13.3 13.8 
210 5.81 3.72 3.48 3.65 3.94 

110 Ca2+ 4.3% 3.088 3.058 3.3% 3.778 4.16 
111 9.23 7.56 7.47 7.79 8.21 8.63 
112 12.5 10.7 10.6 11.0 11.5 12.0 
210 8.05 5.96 5.73 5.89 6.19 6.47 

*Indices refer to the reaction pM2+ + qL4- + rH+ = M L H’20+‘-*). PI r 
tFrom Daniele et al.” 
IExtrapolated values. 
§Values calculated by using, for the ionic strength dependence of formation constants, the 

parameters determined for the system Mg2+-pyromellitate. 

the statement must be revised. In fact, we can 
say that the stability increases with the number 
of carboxylate groups only if they are effective 
in the co-ordination, and this is not true for 
pyromellitate. This ligand can be considered to 
be similar to phthalate, with additional groups 
that are not involved in the co-ordination. Ad- 
ditional alkaline-earth metal-carboxylate ligand 
systems are being studied in this laboratory, to 
provide information for a model of the stability 
of the complexes formed in such systems. 

The dependence of the Mg*+ complex for- 
mation constants on ionic strength (Table 4) is 
in good agreement with previous findings for 
several complex systems.6,24 In Table 6 we report 
the formation constants of Mg2+ and Ca2+ 
complexes at different ionic strengths for the 
Ca*+ complexes; the C values [equation (l)] 
found for the Mg2+ complexes were used. 
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Summary-The synthesis, physicochemical properties and interactions with metal ions of three new 
reagents of the N-phenylthiosemicarbazone family, namely pyridoxal phenylthiosemicarbazone, 
3-hydroxypyridine-2-aldehyde phenylthiosemicarbazone and 2,ddiacetylpyridine bis(phenylthiosemi- 
carbazone), as well as their ionization constants and the spectral features of their complexes with 
transition-element cations are reported. A photometric determination of cobalt with pyridoxal phenyl- 
thiosemicarbazone in perchloric acid medium is proposed and has been used in analysis of steels. 

Thiosemicarbazones and phenylthiosemicarba- 
zones generally react as chelating ligands with 
transition metal ions by bonding through the 
sulphur and hydrazine nitrogen atoms,‘,’ but 
occasionally behave as terdentate ligands and 
bond through an additional co-ordinating 
group. As a rule, phenylthiosemicarbazones are 
more advantageous than thiosemicarbazones, 
as their complexes have much higher absorp- 
tivities.3 

So far, pyridine-2-aldehyde,4*5 2-acetylpyri- 
dine,6 2-benzoylpyridine’ and di-2-pyridyl 
ketone phenylthiosemicarbazones’ as well as 
diacety19 and dipyridylglyoxal diphenylthio- 
semicarbazones” have been used as spectro- 
photometric reagents. Likewise, the diphenyl- 
thiosemicarbazones of 1,2-cyclohexanedione 
and its 2-methyl and 5,5’-dimethyl derivatives 
have been used in the non-catalytic kinetic 
determination of copper(II) 

This paper reports on the synthesis, physico- 
chemical properties and analytical behaviour 
of three new phenylthiosemicarbazones, viz. 
pyridoxal (PPT), 3-hydroxypyridine-2-aldehyde 
(3-OH-PAT) and 2,6_diacetylpyridine bis(C 
phenylthiosemicarbazone) (2,6-DAPT). These 
compounds, not studied so far, feature quite 
different structures and properties. We have 
made a comprehensive photometric study of the 
complexes they form with a variety of transition 
metal ions, to evaluate and compare their poten- 
tial analytical applications. 

EXPERIMENTAL 

Reagents 

The chelation study was made with 0.05 and 
0.1% solutions of the compounds in question in 
dimethylformamide (DMF). Analytical reagent 
grade chemicals were used throughout. All 
metal ion solutions were standardized. 

Synthesis of the compounds 

PPT. 1 g of pyridoxal hydrochloride was 
dissolved in 15 ml of water and mixed in a 
flask with 0.8 g of 4-phenylthiosemicarbazide 
dissolved in 50 ml of ethanol. The resulting 
solution was neutralized with sodium acetate 
and heated under reflux for 30 min. It was 
allowed to stand at room temperature until 
yellow crystals were formed; these were then 
recrystallized from ethanol. The melting point 
of the product obtained was 150” (decompo- 
sition). 

3-OH-PAPT. A solution of 1.5 g of 3-hy- 
droxy-2-hydroxymethylpyridine hydrochloride 
in 150 ml of water was heated together with 0.8 
g of manganese dioxide and 200 ml of chloro- 
form at 60” under reflux for 30 min, after which 
50 ml of 0.3M sulphuric acid were added drop- 
wise to the mixture. After 10 min of further 
heating, the solution was cooled gently and the 
layers formed were decanted. The chloroform 
solution was dried over sodium sulphate and 
then evaporated in a rotating film evaporator at 
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30-40”. The remaining white solid, 3-hydroxy- 
picolinaldehyde, was dissolved in 30 ml of 
ethanol and added to a solution containing 1 g 
of 4-phenylthiosemicarbazide in 50 ml of 
ethanol. The mixture was heated under reflux 
for 6 hr and then allowed to cool to room 
temperature. The yellow crystals obtained were 
recrystallized from methanol. Their melting 
point was 155” (decomposition). 

430 nm against a reagent blank prepared at the 
same time as the sample. Construct calibration 
graphs with standard solutions treated in the 
same way. 

Determination of cobalt in steels 

2,6-DAPT. A 1.1 g amount of 2,6-di- 
acetylpyridine was dissolved in the minimum 
volume of absolute ethanol and mixed in a 
round-bottomed flask with 2.2 g of 4-phenyl- 
thiosemicarbazide in ethanol. The mixture was 
heated under reflux for 3 hr and then allowed to 
stand at room temperature for 12 hr. The 
crystals obtained were filtered off, washed with 
several portions of cold ethanol and then recrys- 
tallized from ethanol. Their melting point was 
152”. 

Dissolve 0. l-l .O g of steel in 20-50 ml of aqua 

regia under reflux. Remove the excess of acid by 
heating. Dilute the solution to 100 ml in a 
standard flask with distilled water. Analyse 
an aliquot of this solution by the procedure 
described above. Any silica or tungstic acid 
precipitated should be filtered off. 

RESULTS AND DISCUSSION 

The purity of the products obtained was 
confirmed by elemental analysis. 

Chelation study 

The solutions used in this study were pre- 
pared in 25-ml standard flasks with different 
concentrations of the metal ions, 5 ml of a 
solution of the reagent in question in DMF, 
10 ml of buffer and dilution with distilled water 
to the mark. 

We recorded the infrared spectra of the three 
compounds by the potassium bromide pellet 
technique and assigned the corresponding bands 
to -NH-, C=N and C&S stretching vi- 
brations. We also obtained the ‘H NMR spectra 
of solutions of the compounds in a mixture of 
CHCl,-d, , DMSO-d, and MeOH-d,. The mass 
spectra were also recorded and the molecular 
peaks were found to be consistent with the 
expected molecular weights. Spectral data are 
summarized in Table 1. 

Absorbances were measured against a reagent 
blank. 

Determination of cobalt with PPT in perchloric 

acid medium 

The ultraviolet spectra of the reagents in 
various solvents showed intense n -+ n* bands 
between 250 and 360 nm, as expected for these 
systems. The wavelengths of the bands de- 
creased (blue shift) with an increase in the 
solvent polarity.14 

Acid-base behaviour 

To 3 ml of 0.5 mg/ml PPT solution in The reagents PPT and 3-OH-PAPT both have 
dimethylformamide in a 25-ml standard flask, one protonation constant and two dissociation 
add a known volume of cobalt solution contain- constants, which, on comparison with those of 
ing between 12.5 and 100 /_~g of cobalt, 2 ml of similar compounds, can be assigned to the 
dimethylformamide, 0.05 g of ascorbic acid and protonation of the pyridine nitrogen atom (K, ), 
5 ml of 60% perchloric acid, and dilute to release of the proton of the hydroxyl group (K,), 
volume with water. Measure the absorbance at and release of the proton of the --SH group, 

Property 

Table I. Physiochemical properties of the ligands 

PPT 3-OH-PAPT 2,6-DAPT 

Solubility in ethanol, g/i. 3.20 
Solubility in water, g/I. 0.40 
Solubility in dimethylformamide, g/l. 18.50 
C=N frequency (stretch), cm _’ 1600 m 
C=S frequency (stretch), cm ’ 1040 s 
Aromatic -CH- protons (NMR), ppm 7.1 -7.8 
CH, protons, ppm 2.4 
Imine proton, ppm 8.5 
Molecular peak (mass spectrum) m/z 316 
pK, (protonation of pyridine N atom) 3.25 

PK, (OH group) 7.75 

PK (SH group) 10.50 

I .60 
0.20 

25.40 
1600 s 
1070 s 
7.1--8.2 

8.5 
272 

3.25 
7.70 

11.85 

0.13 
0.04 
1.04 

1590 s 
1080 m 
7.1-8.5 
2.7-2.9 

1.80 
- 

10.50 
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(which is in tautomeric equilibrium with the 
C&S group) (K,); this last process is typical of 
all thiosemicarbazones and phenylthiosemi- 
carbazones. On the other hand, besides its pro- 
tonation constant 2,6-DAPT has only one 
dissociation constant although it has two 
phenylthiosemicarbazide chains; presumably, as 
with other dithiosemicarbazones,9-” this arises 
because of the long distance between the two 
--SH groups, which may make their dis- 
sociations spectrophotometrically indistinguish- 
able. The protonation constants (Table 1) were 
calculated by plotting the absorbance values as 
a function of pH and applying the customary 
Stenstrdm and Goldsmith’s and Sommer16 
methods. As can be seen, pK, for 2,6-DAPT is 
smaller than that for the other two compounds 
and also smaller than the usual value for 
pyridine compounds; this is also the case with 
pyridine 2,6-dialdehyde dithiosemicarbazone,” 
and probably arises from the steric hindrance 
exerted by the two chains at positions 2 and 6 
which block access of protons to the pyridine 
nitrogen atom through the so-called “face strain 
effect”. 

Reaction with metal ions 

We studied the reactivity of the three reagents 
towards 40 cations at concentrations up to 100 
ppm and at different pH values. As(II1) and (V), 
Sn(I1) and (IV), Al, Cr(III), Be, U(VI), Th, La, 
Ce(III), W(VI), Mo(VI), alkali-metal and alka- 
line-earth metal ions did not react with any of 
the three to an appreciable extent. The most 
sensitive reactions were with Co(II), Fe(H) and 
(III), Ni, Cu(II), Zn(I1) and Cd(H). 

We made a spectrophotometric study of the 
complexes formed and determined their opti- 
mum pH ranges and molar absorptivities, which 
are listed in Table 2. As can be seen, the values 
obtained for DAPT were lower than those for 
the other two compounds; hence its potential 
analytical interest is smaller. 

One of the most outstanding features of these 
reagents is the high stability of their Co(I1) 
complexes, which are formed even in perchloric 
acid media, unlike other complexes. This allows 
their use in the selective determination of 
traces of cobalt in acid media as the products 
show no appreciable tendency to decompose 
in such acidic media. The best results were 
obtained with PPT, which was therefore chosen 
for the selective photometric determination of 
cobalt. 

Table 2. Photometric properties of complexes 

Ligand 
Metal L, Optimum L x lo4 

ion nm PH I.mole-‘.cm-’ 

PPT Co(H) 
Co(II) 
NieI j 
Cu(II) 
Zn(I1) 
Cd(I1) 
Fe(I1) 
Fe(II1) 

3-OH-PAPT Co(I1) 435 
Co(I1) 450 
Ni(I1) 440 
CuiIi) 
ZnUI) 
Cd<Ii) 
Fe(I1) 
Fe(II1) 

2,6-DAPT Co(I1) 
Ni(I1) 
Cu(I1) 
Zn(I1) 
Cd(I1) 
Fe(I1) 
Fe(II1) 

430 
450 
430 
440 
430 
405 
440 
420 

450 
430 
435 
440 
470 

l-2 
8.5-l 1 
8.5-l 1.5 
1.5-9 
lo-12 

5.5-8.5 
2-3.5 
8-10 

2.15 
2.60 
3.45 
2.10 
3.83 
3.56 
2.12 
2.57 

400 2.5-5 1.93 
390 4.5-7.5 1.66 
380 5-10 1.44 
385 4-9 1.85 
380 6-10.5 1.60 
380 48 2.97 
385 3.5-8.5 3.48 

1 
4.54.5 

2.E.5 
5-6 

4.5-5.5 
46 
3-5.5 

1.35 
1.40 
1.90 
2.17 
1.62 
8.60 
2.45 
2.40 

Study of the cobalt(II)-PPT complex 

The Co(II)-PPT complex was found to have 
1:2 stoichiometry. We studied its formation in 
a perchloric acid medium and found the ab- 
sorbance did not vary significantly up to an acid 
concentration of 1.2M. To avoid precipitation 
of the reagent the DMF content of the final 
solution must not be below 20%. The optimum 
order of addition is cobalt-reagent-DMF- 
ascorbic acid-perchloric acid. 

Determination of cobalt 

A method for the determination of cobalt 
with PPT in perchloric acid medium has been 
developed. Beer’s law is obeyed over the range 
0.5-4.0 ppm, with a molar absorptivity of 
1.35 x IO4 l.molee’.cm-’ at 430 nm. The mini- 
mum error zone in a Ringbom graph was 
between 1.2 and 3.6 ppm. 

The method was subject to few interferences 
as the complexes of most of the potential inter- 
ferents are either not formed or are decomposed 
in the strongly acidic medium used. The toler- 
ated levels of the different species tested are 
listed in Table 3. 

The technique described above has been ap- 
plied to the determination of cobalt in steels. 
Standard steels were supplied by CENIM. The 
compositions of these steels were as follows, 
Steels 1, 2 and 3: Ni, 3.878-3.893%; MO, 0.490- 
0.492%; Mn, 0.580-0.583%; Cr, 1.046-1.048%; 
C, 0.158-0.159%; Si, 0.290-0.291%; S, 0.01%; 
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Table 3. Interference of foreign ions in the determination of 
cobalt with PPT 

Tolerance 
ratio, 

Ion w/w 

Ni(II), Cd(H), Zn(I1). Pb(II), MnfII), Bi(III), 
&$I), ZrW), WIII), CWI), Sr(IIh JWI), 
MgW, B&II), LitI), WI), K(I), Na(If, Fe(H) 
or (III) (in the presence of ascorbic acid), 
sulphite, sulphate, phosphate, bromide, thio- 
cyanate, nitrite, oxalate, iodide, chloride. 
ascorbic acid > 100 
V(V), Hg(II) 40 
Iodate 20 
Fe(III), Cu(II), Ag(I), Mo(VI), W(VI), arsen- 
ate, tartrate, citrate, borate, bromate 10 
Cr(III), Al(II1) 5 

0.27%; C, 0.90 and 0.98%; Si, 0.29 and 0.26%; 
P, 0.022 and 0.029%; S, 0.009 and 0.013%; Co, 
4.75 and 9.50%. The results are shown in 
Table 4 {averages of three determinations). In 
general, the procedure devised can be applied to 
a wide variety of steels, except those with an 
appreciable content of chromium and tungsten. 
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ANALYTICAL DATA 

PROTONATION AND COMPLEX FORMATION 
CONSTANTS OF 3-AMINO-1,2,4-TRIAZOLE IN NaCl AND 

CaCl, MEDIA AT DIFFERENT TEMPERATURES AND 
IONIC STRENGTHS 
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Summary-The protonation of 3-amino-1,2,4_triazole was studied potentiometrically (glass electrode) in 
sodium chloride and calcium chloride solutions, 0.13 d I C 0.92M, at 10, 25, 37 and 45”. The effect of the 
background electrolyte on the protonation constants is explained by a complex formation model. The 
species CaL+, CaHLr+ and H,LCl (HL = 3-amino-1,2,4-triazole) are proposed. Stability constants, 
together with their dependence on temperature (AH”) and on ionic strength, are reported for the 
protonated and complex species 

The speciation of natural fluids, i.e., the deter- 
mination of all the species present in the fluid 
(free metal ions and ligands, hydrolytic species, 
stable and weak complexes), requires knowledge 
of accurate thermodynamic parameters for the 
metal-ligand interactions. Since pesticides are 
often involved in complexation reactions, the 
study of the thermodynamics of formation of 
pesticide complexes would be highly desirable, 
particularly for the speciation of ground waters. 
Moreover, transport and plant uptake of pesti- 
cides can be favoured by complexation with 
cations present in the ground, and therefore the 
knowledge of the stability of these complexes 
is important also for pesticide transport and 
uptake models. 

As a further contribution to our studies on 
complexing ability of pesticides and related 
compounds,‘A we chose, as an interesting nitro- 
gen-containing ligand, the herbicide 3-amino- 
1,2,4-aminotriazole (AmitroleTM). Here we 
report a potentiometric study of the protonation 
of this ligand in sodium chloride and calcium 
chloride aqueous solution, at different tem- 
peratures and ionic strengths. Salt effects are 
tentatively explained by a complex formation 
model. 

EXPERIMENTAL 

Materials 

3-Amino-1,2,4-triazole (Aldrich) of > 99.5% 
purity (standardized by acidimetric titration); 
sodium chloride (Carlo Erba RPE, standardized 
by argentometric titration) and calcium chloride 
dihydrate (Carlo Erba RPE, standardized by 
EDTA titration), were used without further 
purification. 

Potassium hydroxide and hydrochloric acid 
stock solutions were prepared by diluting the 
contents of Merck or Carlo Erba ampoules of 
concentrates, and standardized against potass- 
ium hydrogen phthalate and sodium carbonate 
respectively. 

Apparatus 

Potentiometric measurements were per- 
formed with a Metrohm 654 pH-meter coupled 
with Orion glass-saturated calomel electrodes, 
with an instrumental resolution of +O.l mV. 
The titrant solution (potassium hydroxide) was 
delivered by a Metrohm model 654 dispenser 
(minimum reading 0.01 ml). An IBM PC XT 
and a Honeywell printer were coupled with the 
pH-meter and the dispenser in order to add 
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Table 1. Protonation constants of 3-amino-1,2&triazole 
in aqueous NaCl and CaCl, solutions* (two independent 

experiments, first and second row) 

NaCl CaCl, 
T, 

1, M “C logly? log K:2” log KY log Kg/ 

0.13 10 

2s 

37 

4s 

0.48 10 

25 

37 

45 

0.92 10 

2s 

37 

45 

10.671 4.383 10.606 4.389 
10.696 4.400 10.605 4.393 
10.406 4.172 IO.294 4.168 
IO.416 4.180 10.293 4.169 
10.204 4.029 10.079 4.014 
10.20s 4.031 10.071 4.022 
10.069 3.940 9.94s 3.937 
10.068 3.939 9.947 3.932 

10.663 4.47s 10.488 4.428 
10.661 4.473 10.489 4.430 
10.396 4.253 10.208 4.211 
10.394 4.255 10.203 4.212 
10.177 4.101 9.991 4.063 
10.177 4.087 10.007 4.065 
10.032 4.099 9.871 3.977 
10.023 4.009 9.888 3.979 

10.686 4.562 10.464 4.473 
10.693 4.565 10.453 4.473 
10.431 4.341 10.14s 4.251 
10.429 4.339 10.146 4.253 
10.197 4.182 9.964 4.116 
10.201 4.185 9.982 4.115 
10.059 4.090 9.866 4.037 
10.040 4.088 9.857 4.033 

*3a (log KY’) = 0.005-0.02; 3a(log KY’) = 0.003-0.01. 

preselected volumes of titrant and to print out 
the corresponding e.m.f. values. The measure- 
ment cells (25 ml) were kept within 0.2” of the 
required temperature. All titrations were done 
with magnetic stirring, and purified nitrogen 
passed through the solution. 

Each to be investigated prepared 
by mixing, in a 250-ml flask, - lM 
hydrochloric 

suitable volume of 
- SM sodium or - 1.7M calcium 
chloride, 

strength about 

0.1,0.5 or 1 .OM according 
solution was 

with potassium hydroxide solution. 
The electrode 

-log[H+], by titrating 

chloride or calcium con~ntration 
solution under study. The excess of hydro- 

chloric acid ahowed the E” and the 
liquid-junction 

constants and 
ligand purity were performed 

computer program ESAB2M.5p6 
The dependence of the protonation constants on 
temperature strength was calculated 
by the REGIS’ Weak complex for- 
mation constants, and their dependence on tem- 

and ionic strength, 

diagrams were calculated 
by the ES4EC program.9*‘o reported 
pK, values ” for different temperatures and 
ionic strengths 

constants were expressed 

[HjLl/([Hl Wj - f Y) 

(primes will be used to conditional 
protonation results). 

Concentrations, thermody- 
namic parameters, expressed on the 

scale. Throughout the paper, uncer- 
are given as three times the 

deviation. 

RESULTS AND DISCUSSION 

Protonation constants calculated without 
allowing for weak interactions are given in 
Table 1. The dependence of the formation 

Table 2. Ionic strength dependence of protonation constants [see 
equation (1)) of 3-amino-1,2,4-triazole in NaCl and CaCl, media 

(I = o.lLO.9M)* 

Medium B’ C’ (X’/U) x 10) D’ @D’/iw) x lo3 

First protonation step 
NaCl 1.5 0.55 -0.51 -0.315 0 
CaCl, 1 0.098 0.54 0 0 

Second protonation step 
NaCl - 0.219 -1.95 -0.0153 1.11 
CaCl, - 0.163 -2.34 - 0.0466 2.75 

*The primes indicate that the parameters are apparent quantities, 
calculated without allowing for any weak-complex formation. 
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Table 3. Thermodynamic parameters* 
(It3 x std. devn.) for the protonation of 3- 

amino-1,2,4-triazole at Z = OM 

T, “C log TK y log ‘K; 

10 10.84 f 0.03 4.364 + 0.015 
25 10.57 * 0.03 4.150 f 0.005 
31 10.35 &- 0.04 4.003 f 0.004 
45 10.22 + 0.05 3.917 + 0.006 

AH: AH; AC$ 
25 -30.6_f 1.1 -22.250.2 12Ok30 

*AH’ in kJ/mole, AC; in J.mole-‘.K-‘. 

constants on ionic strength can be taken into 
account by using the equation’2-‘4 

log/? =log’P -z*‘4&1 +BJI) 

+ cz + oz3’2 (1) 

where 

/I = generic formation constant; 
‘j3 = formation constant extrapolated to zero 

ionic strength; 

r * = C (charge):,,,,, - C (charge&ducts ; 
A =0.5115+9.123x 1O-4 (T-25) 

+ 4.93 x 1o-6 (T - 25)2; 
B = 1.5 or lt. 

A and B are the parameters of the Debye- 
Hiickel equation, C and D are empirical par- 
ameters, and T is the centigrade temperature. 

In Table 2 we report the numerical values of 
the empirical parameters together with their 
dependence on ionic strength. Extrapolation to 

tThe parameter B assumes the value 1.5 when the dimen- 
sional parameter d in the Debye-Hiickel equation is 
-5 A. In some cases, particularly when weak inter- 
actions are neglected, it is better to use B = 1. This is the 
case for the protonation constants of aminotriazole 
determined in CaCl, medium (see below). 

IWhen dealing with systems where weak interactions are 
studied, the association of the background electrolyte 
has to be considered, in our opinion, since small differ- 
ences in the assumptions made in deriving formation 
constants may drastically change the picture of the 
solution under study. On the other hand, high uncertain- 
ties affect the association constants for the background, 
as in our case for the species NaCl and CaCl+. In any 
case, it is of great importance to give clearly in the paper 
all the information that allows the reader to know 
exactly the assumptions under which thermodynamic 
parameters are calculated. 

3 

4 

Y -1 

-0.4 - I I I I 2, 

0.2 0.4 0.6 0.6 1.0 

Ji- 

Fig. I. Dependence of protonation constants on ionic 
strength, calculated without allowing for weak-complex 
formation. y = log KH (I = 0) -log K”’ (Z). 1, log KY 

(NaCl); 2, log KY’ (CaCl,); 3, log KY (NaCl); 4, log KY 

(CaCl,). 

zero ionic strength gave the thermodynamic 
parameters, reported in Table 3, together with 
AH” and AC: values obtained from the depen- 
dence of the protonation constants on tempera- 
ture, (by using the equation of Clarke and 
Glew”). Figure 1 shows the function log KH’ vs. I. 

When analysing salt effects on the protona- 
tion of 3-amino-1,2,4-triazole, we must consider 
(i) the complex formation between the proto- 
nated form H,L and Cl-, as for similar sys- 
tems,‘“” and (ii) the formation of weak 
complexes with Ca’+, as suggested by the fact 
that the protonation constants in calcium chlor- 
ide medium are significantly lower than those in 
sodium chloride medium (see Fig. 1). By making 
the same assumption as in preceding papers on 
salt effects on the protonation of amines,’ and 
by using calculation procedures for weak com- 
plexes,s*‘2 we found the formation of the species 
H,LCl, CaL+ and CaHL’+ (HL = 3-amino- 
1,2,Ctriazole), the formation constants of 
which, extrapolated to zero ionic strength, are 
reported in Table 4. To calculate the depen- 
dence of the formation constants of these 
species on ionic strength, it is necessary to 
decide whether association of the background 
electrolyte should be c0nsidered.t 

We performed the relative calculations with 
and without considering the association of 
background (for the species NaCl and CaCl, we 

Table 4. Formation constants (f 3 x std. devn.) of 3-amino-1,2,4-triazole-Ca2+ and Cl- complexes 
at Z = OM (HL = aminotriazole) 

log K 

Reaction T, “C 10 25 37 45 

HZL+ + Cl- = H,LCl -0.42 + 0.15 -0.27&0.10 -0.17 f 0.12 -0.12&0.15 
Ca*+ + L- = CaL+ 1.14_+0.15 I .08 0.08 rf: 1.00*0.11 0.95 0.15 f 
Ca2+ + HL = CaHL*+ -0.3 f 0.2 -0.3 f 0.2 -0.5 0.3 f -0.5 f 0.3 
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Table 5. Formation constants of the species formed in the system 3-amino-1,2,etriazol~az+~l- at 
I = 0.15M 

Reaction T,“C logK& Cg$ 08 IogK Ct Dt 

L-+H+=HL 10 10.69 0.55 -0.30 10.68 
25 10.43 0.54 -0.24 10.42 
31 10.20 0.47 -0.19 10.19 
45 10.05 0.42 -0.16 10.04 

L- + 2H+ = H2L+ 10 15.17 0.70 -0.30 15.17 
25 14.66 0.64 -0.24 14.65 
37 14.25 0.53 -0.19 14.24 
45 13.99 0.45 -0.16 13.98 

L- + 2H+ + Cl- = H,LCI 10 14.60 1.25 -0.60 14.34 
25 14.24 1.18 -0.48 14.04 
37 13.92 1.00 -0.38 13.78 
45 13.73 0.87 -0.31 13.62 

Ca*+ + L- = CaL+ 10 0.71 0.95 -0.60 0.58 
25 0.77 0.97 -0.48 0.64 
37 0.67 0.88 -0.38 0.49 
45 0.57 0.81 -0.31 0.41 

Ca2+ + L- + H+ = CaHL2+ 10 10.6 0.70 -0.30 10.5 
25 10.1 0.64 -0.24 10.1 
37 9.7 0.53 -0.19 9.6 
45 9.5 0.45 -0.16 9.4 

0.54 -0.30 
0.52 -0.24 
0.45 -0.19 
0.40 -0.16 

0.69 -0.30 
0.62 -0.24 
0.51 -0.19 
0.43 -0.16 

1.23 -0.60 
1.14 -0.48 
0.96 -0.38 
0.84 -0.31 

0.93 -0.60 
0.93 -0.48 
0.85 -0.38 
0.78 -0.31 

0.69 -0.30 
0.62 -0.24 
0.53 -0.19 
0.43 -0.16 

*The subscript (e) indicates parameters calculated by considering effective free concentrations of all 
components, i.e., by allowing for both ligand-background interactions and background electrolyte 
association. 

tFot parameters for the ionic strength dependence of formation constants, see equation (1). 

used formation constants obtained in previous 
work’), and in Table 5 we report the results. At 
I = 0.75M, in the case of the H*LCl and CaL+ 
species, quite different results are obtained with 
the two types of calculations. 

In Fig. 2 we report the distribution diagram 
of the system Ca’+-Cl--3-amino-1,2,4-triazole. 
Errors in formation percentages, arising from 
errors in formation constants,‘,” are compatible 
with correct speciation. For example, at 
I = 0.75M, C,, = 0.25M, Co = OSM and 
CL = O.OOSM, the maximum percentages are: 
HzLCl 21 + 4%, at pH 2; CaL+ 50 + 6%, at 
pH 11; CaHL*+ 11 + 6%) at pH 7. 

Complex-formation constants are slightly de- 
pendent on temperature, and we calculated for 
the chloride complexation: 

H2L+ + Cl- = H,LCl 

AH” = 15 +_ 7 kJ/mole 

and for calcium complexation: 

Ca*+ + L- = CaL+ 

AH” = -9 f 5 kJ/mole. 

No comparison can be made with the litera- 
ture for the thermodynamic parameters re- 
ported in this work, but in Table 6 we report 
some formation constants found for Ca*+ and 

ethylenediamine*’ and other amines.” The stab- 
ility of these complexes (similar reactions for 
different ligands are taken into account) is quite 
close, indicating similar side-reactions. The con- 
ditions of the distribution diagram in Fig. 2 
were chosen to show a hypothetical system 
where all the interactions are significant. Con- 
centrations in natural (irrigation) waters are 
much lower*‘-” (average values 0.45mM, 
0.82mM and 5.4pM for Cl-, Ca2+ and amino- 
triazole, respectively; Z -3mM). In these con- 
ditions, as reported in Fig. 3, the only important 
species is HL. On the other hand, in some 
particular situations, the concentrations may be 

PH 

Fig. 2. Distribution of the species 0s. pH in the system 
Ca2+C1--aminottiazole (L-). Percentages ate calculated 
with respect to the ligand. C,=O.OlM, C, =O.ZSM, 
Cc, = 0.5&f (I =0.75%). 1, H*L+; 2, HL; 3, H,LCl; 4, 

Cl- complexes with pyridine,‘6*‘9 imidazole,” CaHL2+. 5 CaL+. 6 L- 9 t ,, . 



ANALYTICAL DATA 453 

Table 6. Formation constants of some N-ligands at 25” and I = OM 

Reaction 

H,L+ + Cl- = H,LCI 

Ligand* log K Reference 

PY (i = 1) -0.1 19 
im (i = 1) -0.27 17 
en(i = 1) -0.1 20 

am (i = 1) -0.24 18 
at (i = 2) -0.27 this work 

mean -0.2 & 0.15 

Ca’+ + H L = CaH,L’+ py (i = 0) -0.48 19 
im (i = 0) -0.2 17 
at(i= 1) -0.3 this work 

mean -0.3 f 0.2 

*py = pyridine, im = imidazole, en = ethylenediamine, am = generic 
amine, at = 3-amino-1,2,4-triazole 

5 10 

PH 
Fig. 3. Logarithms of the concentrations of the species IX. 
pH, in the system Ca2+-C1--aminotriazole (L-) under 
natural water (irrigation water) conditions. C, = 5.4pM; 
Cc, = 0.45mM; Cc, = 0.82mM. 1, H+; 2, OH-; 3, Ca2+; 4, 
Cl-; 5, H,L+; 6, HL; 7, L-; 8, H,LCI; 9, CaHL*+; 10, 

CaL+. 

higher, and the formation constants reported 
here for different temperatures and ionic 
strengths allow the speciation of aminotriazole 
in the presence of Ca” and Cl-, under a wide 
range of conditions. Furthermore, interactions 
between amines and Mg*+, SO:- and other 
cations and organic anions should be con- 
sidered, and are under study in our laboratories. 
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Summary-The protonation constants of 1.3-propanediamine-N,N’-diacetate-N,N’-di-3-propionate (1,3- 
pddadp) were determined in sodium nitrate solution of various concentrations and in O.lM potassium 
nitrate medium. The values of the thermodynamic functions (AC, AH and Ahs) for the successive 
protonation equilibria, in O.lM (Na)NO, medium, at 25”. are also reported. 

In the recent past, attention has been paid to 
aminopoiycarboxyiic acids structurally related 
to ethylencdiaminetetra-acetic acid (EDTA), 
owing to their importance in chemistry,‘-3 medi- 
cine4 etc. 

Aminopolycarboxylic acids form strong com- 
plexes with many metal ions;’ the high values of 
the stability constants of such complexes may be 
attributed to the presence of the basic secondary 
or tertiary amino groups, the large negative 
charge of the acid anion, and the formation of 
five- or six-membered chelate rings.’ 

To investigate the effect of chelate ring size on 
the stability of metal complexes in soiution, 
numerous substituted and st~cturally related 
EDTA-type ligands have been tested,‘y2 

The ligand studied here (abbreviated as 1,3- 
pddadp or simply pddadp) is a newly syn- 
thesized aminopolycarboxylic acid6*’ capable of 
forming three six-membered (one diamine and 
two 3-propionate) chelate rings and two five- 
membered (glycinate) rings with metal ions. Its 
protonation constants have not previously been 
reported in the literature. In this work, they 

*Author for correspondence. 
tNotation of the medium is in accordance with Sillen and 

MartelLs 

have been determined in (Na)NO,t and K(N0,) 
medium at 15,20,25,30 and 35” from potentio- 
metric measurements with the glass electrode. 

Reagents 

The 1,3-pddadp was prepared by con- 
densation of 1,3-propanediamine-i’V,N’-diacetic 
acid with 3-chloropropionic acid in aqueous 
potassium hydroxide solution as described pre- 
viously.6-8 Elemental analysis gave C 45.6%, H 
6.2%, N 8.5%; C,,H,,08N, requires C 46.70%, 
H 6.63%, N 8.38%. A stock solution was 
prepared by dissolving a weighed amount of 
the acid, previously dried at 80” for 3 hr and 
stored in a desiccator, in doubly distilled water. 
A stock solution of nitric acid, ‘Suprapur’ 
(Merck) was standardized against tris(hydroxy- 
methyl)aminomethane. Carbonate-free sodium 
hydroxide and potassium hydroxide p.a. 
(Merck) were standardized against potassium 
hydrogen phthalate, by using a Gran plot. Stock 
solutions of sodium nitrate p.a. (Merck) and 
potassium nitrate p.a. (Fluka) were prepared 
by dissolving the doubly recrystallized salt in 
doubly distilled water. The salt content was 
dete~ined by evaporation of a known volume 
of solution to dryness at 150” and weighing the 
residue. 
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Apparatus 

Potentiometric measurements were made on 
solutions in a double-walled glass vessel at 
15.00, 20.00, 25.00, 30.00 and 35.00 *0.02”, 
with a commercial Beckman (39501 BSU) com- 
bined electrode. The emf was measured with a 
Beckman model 4500 digital pH-meter with a 
precision of f0.1 mV. The temperature was 
controlled by circulation of water through the 
jacket, from a VEB model E3E ultrathermostat 
bath and maintained within +0.02”. Purified 
nitrogen was bubbled through the solution in 
order to maintain an inert atmosphere. Efficient 
stirring of the solution was achieved with a 
magnetic stirrer. All test solutions (TS) were 
prepared in a constant ionic medium, 0.1, 0.5, 
1.OM (Na)NO, or 0.1M (K)NO, by mixing the 
appropriate amounts of ligand, nitric acid, and 
sodium nitrate (or potassium nitrate) solutions. 
The concentration of hydrogen ion was de- 
creased by the addition of sodium hydroxide (or 
potassium hydroxide), prepared in the ionic 
medium used for the test solution. At each 
medium concentration, at least 6 titrations 
with various concentration ratios of H,-1,3- 
pddadp to nitric acid (l.O-5.0mM pddadp and 
lO.O-20.0mM HNO,) were performed, over the 
pH range 1.0-i 1.0. Approximately 150 points 
were collected in each titration. 

The concentration of free hydrogen ion, h, 
at each point of the titration was calculated 
from the measured emf, E, of the cell 
RE/TS/GE (RE and GE denote the reference 
and glass electrode, respectively) from the 
Nernst equation: 

E=&+Qlogh (1) 

where E. is a constant which includes the stan- 
dard potential of the glass electrode, and Q is 
the slope of the glass electrode response. The 
vaIue of E. for the electrode was determined 
from a separate titration of nitric acid with 
sodium hydroxide, both of known concen- 
tration, under the same temperature and 
medium conditions as for the test solution 
titration. The data so obtained were analysed by 
the program MAGEC.9 During the MAGEC 
calculation the auto-protolysis constant of 
water, K,, was refined until the best value for Q 
was obtained. The values of Q at various tem- 
peratures were found to be: at 15”, 57.0 mV; 20”, 
58.1 mV; 25”, 59.0 mV; 30”, 60.1 mV; 35, 61.0 
mV. The results obtained indicate the reversible 
Nernstian response of the glass electrode used. 

These values were employed in all subsequent 
calculations, The E. values obtained from 
strong acid-strong base titrations were used in 
conjunction with the data obtained for titration 
of H4-1,3-pddadp with strong base, in the pro- 
gram SUPERQUAD’O for refining the values of 
the protonation constants of the ligand. In the 
SUPERQUAD calculation, the total ligand, 
total proton and strong base concentrations 
were kept constant and E. and the protonation 
constants of the ligand were varied. When the 
resulting statistics and standard deviations were 
acceptable, the refined values of E, did not 
deviate by more than 1% from the initial values. 
When the statistics and residuals were unaccept- 
able, the total proton concentration was also 
refined, which mostly led to a much improved 
set of statistics and a reasonably good scatter of 
residuals. However, the results were accepted 
only if the changes in E. and total proton 
concentration did not exceed 1% of the initial 
values. Otherwise, the titration was rejected. 
Standard deviations of protonation constants 
obtained from SUPERQUAD calculations 
reflect the random errors inherent in exper- 
iments. The errors which may arise from tem- 
perature variations, standardization of reagents, 
electrode calibration and sample weighing and 
dilutions were estimated from the eorrespond- 
ing inst~mental precision, and used in the 
calculation of the total absolute errors of the 
protonation constants. It was found that the 
total absolute errors of the protonation con- 
stants corresponded to an error of co.05 in 
log K. 

Proton magnetic resonance spectra of 1,3- 
pddadp solutions were recorded on a Varian 
FT-80A High Resolution Spectrometer operat- 
ing at 80 MHz, with samples kept at 30.0 + 0.5”. 
All solutions were made in D,O in order to 
provide an internal lock signal. Chemical shifts 
are reported in ppm and measured relative to 
sodium-3-( t~methyisilyl)- 1 -propanes~phonate 
(tms*). Typically 50-100 transients were accu- 
mulated. 

RESULTS AND DISCUSSION 

The protonation equilibria of 1,3-pddadp 
may be represented by 

~H+~dadp=H~~dadp n = 1,2,3,4 

(where charges are omitted for simplicity). 
The successive protonation constants, K,, 



ANALYTICAL DATA 457 

of the various protonated forms are defined 
as 

D-W 
K, = WHICH,_, Ll L = 1, Wdadp 

The constants were calculated by minimizing 
the error-square sum, U, of the potentials: 

u = C Wi(Eobs -Ecalc)2 (2) 

where Eobs and Ecalc refer to the measured poten- 
tial and that calculated from equation (1). The 
weighting factor wi is defined as the reciprocal of 
the estimated variance of measurement: 

wj= l/a2= l/[ai+ (6E/6V)o2,] 

where ai and o$ are the estimated variances of 
the potential and volume readings, respectively. 
The minimization in equation (2) was per- 
formed with the aid of SUPERQUAD.” The 
quality of fit was judged by the values of the 
sample standard deviation, s, and the goodness 
of fit, x2, (Pearson’s test). At cE = 0.1 mV and 
cy = 0.005 ml, the values of s in different sets of 
titrations were between 1 .O and 1.8, and x2 was 
between 12.0 and 13.0. The scatter of residuals 
(Eobs - ,!I&) vs. pH was reasonably random, 
without any significant systematic trends, thus 
indicating a good fit of the experimental data. 

The calculated values of the protonation con- 
stants in various concentrations of the (Na)NO, 
medium at 25” are shown in Table 1. It can be 
seen that the influence of the medium on the 
protonation constants of 1,3-pddadp is not very 
pronounced and is much lower then in the case 
of EDTA.” Variations of log K,, with the 
medium concentration may be attributed to 
changes in only the activity coefficients. That is, 
it appears that any complexation of 1,3-pddadp 
with Na+ can be neglected. A distribution dia- 
gram of the various protonated forms of 1,3- 
pddadp, calculated by using the SPECIESI 
program indicates that the formation of the 
1,3-pddadp4- anion starts at pH N 9.0 and 
sharply increases with increasing pH. 

In Table 2 the protonation constants of 
ethylenediaminetetra-acetate (EDTA) ethylene- 

Table 1. 

K, 10.26 9.60 9.83 10.46 10.11 
log Kz 6.13 6.77 5.98 8.02 8.11 
log K, 2.67 3.43 3.79 2.41 3.75 
log K, 2.00 3.00 3.00 1.88 2.85 

“At 30”.” 
bAt 20”.14 
‘At 30”, this work. 
dAt 20”, this work. 

10.21 
8.30 
3.76 
2.79 

diaminetetra-3-propionate (edtp), ethylenedi- 
amine - N, N’ - diacetate - N, N’ - dipropionate 
(eddadp), 1,3-propanediaminetetra-acetate 
(pdta) and 1,3-pddadp, in the same media, are 
presented together. 

The values for the first and second proton- 
ation constants, log K, and log K, respect- 
ively, of 1,3-pddadp are similar to the corre- 
sponding constants of pdta and are quite close 
to the protonation constants of 1,3-propanedi- 
amine (log K, = 10.62, log K2 = 8.64)” This 
suggests that the two constants, Kl and K2, refer 
to protonation of the nitrogen atoms. The con- 
stants for the third and fourth protonation steps 
of 1,3-pddadp, log K3 and log K4 respectively, 
differ very little from the corresponding con- 
stants for eddadp and edtp, so they may be 
ascribed to protonation of the propionic car- 
boxylate groups. 

The increase in the values of log K, for the 
series edtp, eddadp, pddadp and EDTA arises 
from the increasing concentration of negative 
charge on the basic nitrogen atoms, leading to 
an increase in the binding energy for H+ ions. 
The second protonation constant (log K2) of 
pddadp is approximately two units higher than 
the corresponding value for eddadp, and the 
difference between these two values roughly 
corresponds to the difference between the log K2 
values of 1,3_propanediamine and 1,2-ethylene- 
diaminels (1.65). Comparison of the log K3 
values of pdta and pddadp (2.47 and 3.75) 
shows that their difference is approximately 
equivalent to the difference between the log K2 
values of 3-aminopropionic and 2-aminoacetic 
acid” (1.19). Bearing in mind the structures of 
the chelating agents involved, the explanation of 
the differences discussed may be found in the 
greater electrostatic inductive effect of the 
=N-H group on the second nitrogen atom in 
eddadp or the acetate carboxyl group in pdta, in 
comparison with the same groups in pddadp. 
From the electrostatic point of view, the stabil- 
ization of the groups where the electropositive 
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nitrogen atom is separated by two carbon atoms then of the two basic steps in solute-solvent 
from the group to be protonated is higher than interactions, i.e., charge transfer and charge 
in the case where the separation is by three separation,16 only the first will be dominant. 
carbon atoms. Therefore, in eddadp and pdta Therefore, although the difference in dielectric 
the second nitrogen atom and the acetic car- constant between pure water and the 
boxy1 group respectively, are more acidic than water-ethanol mixture is appreciable (78.3 US. 
in pddadp. 49.0 at 25”), it will have little effect on the 

The existence of protonated nitrogen atoms in protonation constants of the solutes. Also, the 
the molecule of 1,3-pddadp indicates that it has solvation in mixed ethanol-water as solvent 
a zwitte~onic structure: should not differ much from that in water, since 

-OOCCH,CH, CH,CH,COO - 

H-6-CH,-CH,-CH, 

-OOCCH/ \ CH,COO - 

That the ion has this structure in solution is also 
indicated by the values of the protonation con- 
stants obtained in a 50% v/v water~thanol 
mixture, and given in Table 3. 

Comparing the values of the protonation 
constants of 1,3-pddadp in 0.1 M (K)NO, water 
solution (Table 2) and at the same salt concen- 
tration but in mixed water-ethanol solution 
(Table 3) it can be seen that in ethanolic solution 
the values of the protonation constants remain 
the same (log K, and log K2) or are only slightly 
raised (log K3 and log &) compared with those 
for aqueous medium. Such behaviour is com- 
mon for amino-acids” and characterizes dipolar 
ions.16 

The data presented in Table 3 can con- 
veniently be discussed in terms of AGci0n.j defined 
as 2.303RT (log K(“) - log K@)), i.e., the differ- 
ence between the standard free energies of ioniz- 
ation in the mixed solvent and in water.j6 The 
ionization process can be represented by the 
general equation: 

H L’“-4’+S==H,_,L(“-3)-f-HS+ n 

where S denotes a molecule of solvent. Since the 
solutes involved in the ionization are charged, 

Table 3. Protonation constants 
for 1,3-pddadp in 50% v/v 
mixed water-ethanot solvent 
containing O.tM (K)NO, as 

ionic medium 

20” 30” 

log K, 10.56 10.30 
log Kz 8.41 8.16 
log 5 4.09 4.03 
log & 3.06 3.05 

the structures of the two solvents are similar. 
Consequently the two effects will result in rela- 
tively small values of AG~i,,j. 

In order to confirm the zwitterionic structure 
of 1,3-pddadp in solution, the proton nmr spec- 
trum, at various pH values of the ligand were 
recorded. The nmr spectrum of 1,3-pddadp over 
the pH range 2.7-13.0 consists of a sharp singlet 
for the acetate methylenic protons, a triplet-like 
pattern for the protons of the two nitrogen- 
bound methylenic groups of the propanedi- 
amine part of the ligand (2.45 ppm, pH 12) a 
broad quintet-like pattern for the protons of the 
central methylenic group of the propanediamine 
part of the ligand (1.85 ppm, pH 12) and a 
complex multiplet for the protons from the two 
propionate groups (2.95 ppm, pH 12). The 
chemical shifts of all resonances of the ligand 
are pH-dependent, as illustrated by the chemical 
shift data for the acetate methylenic protons in 
Table 4. 

On the basis of the chemical shifts of struc- 
turally related protons in other aminopolycar- 
boxylic acids’7-20 it can be concluded that the 
two nitrogen atoms in 1,3-pddadp are proto- 
nated first, followed by protonation of the pro- 
pionate groups. 

The values obtained for the thermodynamic 
functions AGO, Al?‘, and AS’ associated with 
the protonation reactions investigated are pre- 

Table 4. The pH-dependence of the chemi- 
cal shifts of the acetate methylenic protons 

in 1,3-pddadp 

PH 2.80 6.00 12.00 13.00 
6. uom 3.85 3.75 3.35 3.10 
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Table 5. Thermodynamic quantities, log K,, AGE (kcal/mole), AHI) (kcal/mole) 
and AS: (Cal. mole-‘. K-‘) for the stepwise protonation reaction nH + L = H,L 

(L = pddadp, EDTA, pdta, ida) 

1,3pddadp [O.lM (Na)NO, medium] 

459 

15” 20” 25” 30” 35” AGo, AH0 A%, 

log K, IO.16 10.12 10.06 10.00 9.93 - 13.7 -4.5 31 
log KZ 8.34 8.27 8.24 8.17 8.13 -11.2 -4.1 24 
log 4 3.69 3.72 3.73 3.77 3.79 -5.1 +1.7 23 
log & 2.94 2.97 2.98 3.01 3.00 -4.1 +0.1 14 

EDTA (O.lM KN0,)2’ 
log K, 10.19 -13.9 -5.6 27.9 
log Kr 6.13 -8.4 -4.2 14.1 
log 4 2.69 -3.7 +1.4 17.1 
log & I .99 -2.7 +0.3 10.1 

pdta (O.lM KNO,)Z2 
log K, 10.46 - 14.02 -5.16 30.2 
log KZ 8.02 - 10.75 -4.43 21.6 

ida (O.lM KN03)22 
log K, 9.45 - 12.67 -8.15 15.4 

sented in Table 5 for 1,3-pddadp and some other 
complexones. 

Within experimental error the values of AH0 
for all the protonation steps are reasonably 
constant over the entire temperature range 
from 15 to 35”. Thermodynamic quantities were 
calculated from the equation23 

AH0 
lnK=-P +C’lnT+ 

AS, - AC, 

RT R R 

by plotting log K against l/T and taking 
AC, = 0 over the temperature range used. 

From Table 5 it can be seen that the heat of 
the first protonation step decreases in the order 
ida, EDTA, pdta, pddadp. Since for the proto- 
nation of ammonia,23 AH0 = - 12.4 kcal/mole it 
may be concluded that increasing the substi- 
tution on the nitrogen atom causes the binding 
energy for H+ to decrease. 

Values of AH0 for pdta, EDTA and pddadp 
are about half of those for glycine and /I-alanine 
(N 10 kcal/mole).5 Such lowered values may 

0 Y-L 0 

-0 -0 
_A N-&-“--O- o- 

x/ q 
0 0 

0 0 

Y-L _A 
-0 -O--H-N + /\/\ &___H__O- o- 

Y u 
0 0 

Scheme 1 

partly arise from the formation of a hydrogen 
bond between the proton from the =N-H 
group and the nearest negatively charged oxy- 
gen atom from the carboxyl group, resulting in 
weakening of the bond between the nitrogen 
atom and the proton. Owing to steric hindrance 
in pddadp, hydrogen bonds may be formed only 
with the negatively charged oxygen atoms in the 
acetate groups (Scheme 1). 

The entropy change of the first protonation 
step for all ligands in Table 5 is large and may 
be attributed to the decrease in the negative 
charge of the ligands and consequent redistri- 
bution of water molecules in the first solvation 
sphere. 
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discussions of magnetic resonance and the use of lasers have both been extended), statistical thermodynamics and electrical 
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in mass spectrometry, it is gratifying to note that descriptions are given of the theories and practicalities of techniques such 
as fast atom bombardment, plasma desorption, desorption chemical ionization and other innovations in ionization methods. 
In addition, clear explanations are given of the principles and use of tandem mass spectrometry, linked scanning, 
Fourier-transform techniques, and gas chromatography and liquid chromatography linked to mass spectrometry. 

In most of the chapters, methods are described for the isolation, extraction and derivatjzation of compounds prior to 
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The book comments with a very useful review section on recent advances and then continues to look at appfications 
of several techniques to study of protein structure, biomembranes, chromophore-contai~ng systems, and nucleic acids, and 
is completed by a most informative section on the medical and pharmaceutical applications, including in uiuo studies. 
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on agricultural, pharmaceutical and environmental chemistry which are in camera-ready form and reviewed under 
the supervision of the editor, Mark Brown, with the assistance of the Series Advisory Board. Unfortunately, there is a 
wide variation in the standard of presentation in this format which detracts somewhat from the overall quality of the 
book. 

Eighteen papers formed into chapters deal progressively with agrochemicals, pesticide metabolism and degradation (2-7). 
pharmaceuticals and metabolism (812) and environmental analysis (13-18). These applications of LC/MS are preceded 
by Chapter 1, a short review of the development of LC/MS techniques by Cairns and Siegmund. This paper highlights the 
advantages of LC/MS over GC/MS in the analysis of molecules that are either thermally labile, or of low volatility or high 
polarity. Although not an in-depth review, it does form a useful, limited introduction and deals with the practicalities, 
advantages and disadvantages of the various LC/MS interfaces that have been developed. 

Because of the stereotyped format, there is some inevitable overlap and repetition in description and practical aspects 
from paper to paper. However, the applications provide a good indication of the wide use of LC/MS techniques in these 
fields. 
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The book is extremely well produced, with wide margins which contain many excellent diagrams. In particular there are 
numerous structures which emphasize the three-dimensional nature of the subject. However, I did notice that one structure 
of tin referred to in the formula index was actually a polymer of sulphur (S,). Bonding and mechanistic models are explained 
clearly and co-ordination chemistry is well surveyed. Periodic trends rather than isolated treatments of elements are 
emphasized, e.g., the inorganic chemistry of phosphorus is mentioned in various chapters, viz. those on the nitrogen and 
oxygen groups, the structures of solids, molecular structure, Bronsted acids and bases, Lewis acids and bases, oxidation 
and reduction, hydrogen and its compounds, main group organometallics, and d- and f-block organometallics. Also, 
uranium is not mentioned in the general index but some uranium chemistry is scattered here and there in the text. The 
terms “d-orbital splitting” and “crystal field theory” are also absent but “ligand field splitting” and “ligand field theory” 
are present, along with “frontier orbital energy level” diagrams. 

As a general introductory text with a structural bias it certainly succeeds in its interpretative approach. 
P. J. Cox 

Dictionary of Drugs-Chemical Data, Structures and Bibliographies: J. ELKS and G. R. GANELLIN (eds.), Chapman & Hall, 
London, 1989. f675. 

This 2-volume work provides a concise up-to-date reference source on structures, physical properties and pharmacological 
properties of more than 6000 drugs of current interest. The compilation brings together essential data that are otherwise 
difficult to retrieve, and together with additional references allows a rapid access to original data. 

The main work is clearly presented in the style of the Dicfionary of Organic Compounds with extensive cross-referenced 
indexing. The Structure Index, however, though providing a source of rapid scanning for structural recognition, is 
confusingly condensed. 

This will be a key source for scientists of many disciplines working with pharmaceuticals as well as for the industry itself. 
The editors are to be commended on their labours, but not surprisingly for such a specialized publication the cost is high. 
It will be of interest to see whether the high standard of these volumes is to be maintained in subsequent additions. 

D. G. DURHAM 



BOOK REVIEWS 463 

The book is extremely well produced, with wide margins which contain many excellent diagrams. In particular there are 
numerous structures which emphasize the three-dimensional nature of the subject. However, I did notice that one structure 
of tin referred to in the formula index was actually a polymer of sulphur (S,). Bonding and mechanistic models are explained 
clearly and co-ordination chemistry is well surveyed. Periodic trends rather than isolated treatments of elements are 
emphasized, e.g., the inorganic chemistry of phosphorus is mentioned in various chapters, viz. those on the nitrogen and 
oxygen groups, the structures of solids, molecular structure, Bronsted acids and bases, Lewis acids and bases, oxidation 
and reduction, hydrogen and its compounds, main group organometallics, and d- and f-block organometallics. Also, 
uranium is not mentioned in the general index but some uranium chemistry is scattered here and there in the text. The 
terms “d-orbital splitting” and “crystal field theory” are also absent but “ligand field splitting” and “ligand field theory” 
are present, along with “frontier orbital energy level” diagrams. 

As a general introductory text with a structural bias it certainly succeeds in its interpretative approach. 
P. J. Cox 

Dictionary of Drugs-Chemical Data, Structures and Bibliographies: J. ELKS and G. R. GANELLIN (eds.), Chapman & Hall, 
London, 1989. f675. 

This 2-volume work provides a concise up-to-date reference source on structures, physical properties and pharmacological 
properties of more than 6000 drugs of current interest. The compilation brings together essential data that are otherwise 
difficult to retrieve, and together with additional references allows a rapid access to original data. 

The main work is clearly presented in the style of the Dicfionary of Organic Compounds with extensive cross-referenced 
indexing. The Structure Index, however, though providing a source of rapid scanning for structural recognition, is 
confusingly condensed. 

This will be a key source for scientists of many disciplines working with pharmaceuticals as well as for the industry itself. 
The editors are to be commended on their labours, but not surprisingly for such a specialized publication the cost is high. 
It will be of interest to see whether the high standard of these volumes is to be maintained in subsequent additions. 

D. G. DURHAM 



Talanta, Vol. 38, No. 5, pp. 461-476, 1991 0039-9140/91 $3.00 + 0.00 
Printed in Great Britain. All rights reserved Pergamon Press plc 

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY OF 
METAL CHELATES: ENVIRONMENTAL AND 

INDUSTRIAL TRACE METAL CONTROL 

A. R. TIMERBAEV* and 0. M. PETRLJKHIN 

D. I. Mendeleev Moscow Institute of Chemical Technology, 125190 Moscow, USSR 

I. P. ALIMARIN~ and T. A. B~L’SHOVA 

Department of Chemistry, M. V. Lomonosov Moscow State University, 117234 Moscow, USSR 

(Received 20 July 1989. Revised 30 November 1990. Accepted 14 December 1990) 

Summary-The methodological aspects of the use of HPLC in determination of metals in the form of their 
chelates are discussed. Rational schemes for the analysis of complex environmental and industrial samples 
are presented, including choice of chelating reagent, chelate preparation, metal concentration, separation 
method and detection method. Examples of the application of HPLC of metal chelates to environmental, 
production and quality control are presented. 

To ensure ecological safety and improve pro- 
duction processes, special attention should be 
paid to determination of heavy metals in en- 
vironmental and technological samples. Auto- 
mated HPLC systems can serve this purpose 
because of their speed, throughput, reproduci- 
bility and repeatability, and, ease of auto- 
mation. In combination with computer systems, 
they are almost ideal sensors for environmental 
monitoring and process control. 

When metals are determined in the form of 
chelates,’ another advantage of HPLC is the 
diversity of possible separation methods, and 
hence of approaches for solving the analytical 
problem. 

The present paper is devoted to developing 
the chemical fundamentals and methodology of 
the HPLC of metal chelates, and their use for 
the analysis of environmental and industrial 
samples. 

EXPERIMENTAL 

Instrumentation 

The work was done with high-performance 
liquid chromatographs manufactured in the 
USSR (Milikhrom, Tsvet 306 and 3006, KhZh 
1305) and equipped with spectrophotometric 
detectors. Steel columns of standard size 
and microcolumns (2 mm i.d.) packed with 
appropriate sorbents were used. Preconcen- 

*Author for correspondence. 

tration was performed in glass columns (usually 
5 x 100 mm) filled with Teflon FT-4 (0.10-0.25 
pm) treated with an organic solvent or a 
solution of a chelating reagent (extraction- 
chromatographic preconcentration), or in steel 
columns (4 x 50 mm) packed with silanized 
silica gel or a high-capacity ion-exchanger 
(sorption and ion-exchange preconcentration, 
respectively). 

Reagents 

Standard metal solutions were prepared 
from salts or the metals (analytical-reagent 
grade) and standardized by conventional 
methods. Chelating reagents (sodium diethyl- 
dithiocarbamate, potassium dibutyldithiophos- 
phate, 8-hydroxyquinoline (Fluka), 4-(2-pyridy- 
1azo)resorcinol and 1-(2-pyridylazo)-2-naphthol 
(Reanal, Hungary) were purified by recrystal- 
lization, sublimation or extraction,1-3 and used 
as aqueous or ethanol solutions or in solid 
form. 

The chelates were obtained by mixing the 
aqueous analyte solution with the reagent, by 
extraction or by extraction chromatography. 

Other chemicals were of analytical-reagent 
grade. Doubly distilled or demineralized water 
was used. 

The organic solvents (hexane, chloroform, 
dichloromethane, benzene, toluene, acetone, 
2-propanol, acetonitrile, etc.) of “pure for 
chromatography” or analytical-reagent grade 
were used without further treatment. 
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RESULTS AND DISCUSSION 

Types of chelates used in HPLC 

Depending on the electronic structure of the 
analyte metal M, the type of chelating reagent 
HL, and the complex formation conditions, 
different types of complexes can be formed, 
including (1) neutral chelates ML,; (2) cationic 
ML: or anionic ML; chelates; (3) mixed-ligand 
chelates ML,X,_, (X = a singly charged uni- 
dentate or bidentate ligand). In the presence 
of hydrophobic ions of opposite charge, 
charged complexes can form ion-associates, 
e.g., ML;B+. 

group structure, insertion of substituents with 
different numbers of carbon atoms, and differ- 
ent electronic and steric effects, insertion of 
electron-acceptor atoms and ionogenic groups, 
and by optimizing the complex formation con- 
ditions and the mobile phase composition. 

The following should also be taken into 
account. 

All these forms of complexes have been 
used in metal determination by HPLC, and the 
separation method used is determined by the 
type of metal chelate (Table 1). 

Selection of the chelating reagent 

In general, reagents designed for separation 
and determination of metals by HPLC should 
fulfil the following requirements. 

(1) The kinetics of complex formation 
(especially during the chromatographic process 
or post-column detection). 

(2) The stability of the reagent under the 
conditions of complex formation. 

(3) The possibility of metal preconcentration 
and removal of reagent excess. 

(4) Adequate sensitivity (e.g., high molar ab- 
sorptivity) and difference in the characteristics 
of the complexes and the reagent. 

(5) Ready availability and/or simplicity of 
synthesis. 

(6) Specificity for the analytical problem 
being solved. 

(1) Neutral or charged complex formation 
with a large number of metals (i.e., the reagent 
should have a sufficiently mobile electronic or 
geometric structure). 

(7) Material and labour costs. 

Chelate preparation 

(2) Formation of a single well defined 
co-ordinatively saturated complex under the 
conditions used, with high stability in the chro- 
matographic system and sufficient solubility in 
the mobile phase. 

Several techniques are used for formation of 
metal chelates for analysis by HPLC.4*’ 

(3) Comparatively low hydrophobicity. 

These properties can be achieved by tailoring 
the reagent molecule by varying the chelating 

(1) Complex formation in aqueous medium, 
followed by extraction with an organic solvent, 
or extraction of metals from an aqueous 
solution with a solution of the chelating reagent 
in an organic solvent. 

(2) Complex formation in aqueous medium, 
followed by sorption on a column of an inert 

Table 1. Determination of metals in the form of different types of chelates 
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Type of 
chelate 

ML, 

ML,,-,,&, 

MI,’ 

Example 

Cu(DEDTC)r 

Co(Gx), 

Pt(PAN)CI 

Fe(DAM)i+ 

Method of preparation 
(concentration) 

Extraction, extraction 
chromatography, 
sorption 

Extraction, extraction 
chromatography 

Extraction, extraction 
chromatography 

Chromatographic 
variant 

Normal- or 
reversed-phase 
adsorption 

Normal- or 
reversed-phase 
adsorption 
Normal-phase 
adsorption 

Species 
determined 

Cu, Ni, Co, 
Zn, Cd, Hg, 
Fe, Pb etc. 
Co(III), Cr(III), 
MoWI), W’I), 
platinum 
metals 
Pt, Pd, Rh 
Cu, Ni, Co 

Fe, Ti, Zr, 
rare-earth 

ML, 
ML,, S,, 

Zn(PAR)i- 
Ni(PAR),(R,N), 

Direct mixing, ion-exchange 
Direct mixing, 
extraction, extraction 
chromatography 

Ion-exchange 
Ion-pair 

elements 
Co, Cu, Ni, Zn, Fe etc. 
Fe, Co, Ni, Cu, 
Zn, Ga etc. 

*DEDTC = diethyldithiocarbamate; Ox = 8-hydroxyquinoline; DAM = diantipyrylmethane; PAN = I-(2-pyridylazo)-2- 
naphthol; PAR = 4-(2-pyridylazo)resorcinol; R,N = quaternary ammonium ion. 
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support coated with an organic solvent, or 
passage of the sample solution through a 
column of an inert support coated with a sol- 
ution of the chelating reagent in an organic 
solvent. 

(3) Chelate formation in aqueous medium 
with subsequent sorption on a column of a 
hydrophobic sorbent, a polymeric support or a 
high-capacity anion-exchanger. 

(4) Formation of the chelates by passing 
the sample through a precohunn of silica gel 
coated with octadecylsilane and loaded with the 
reagent. 

(5) Direct injection of the chelate mixture 
in aqueous or homogeneous water-organic 
medium into the analytical column. 

(6) Precolumn on-line formation by injection 
of the sample into an eluent containing the 
chelating reagent. 

(7) On-column formation with the sample 
injected directly into the column, the reagent 
being present in the mobile phase. 

Only the first four variants permit simul- 
taneous concentration of the metals, and are to 
be preferred. In a number of cases, however, a 
simpler and faster formation of the complexes 
can be achieved by direct mixing of the metal 
and reagent solutions or by on-column for- 
mation (see below). The choice of chelate prep- 
aration technique is partly dependent on the 
nature of the metals to be determined. For 
example complexes of kinetically inert metals 
can only be obtained under static conditions. 

Concentration 

As a rule, preconcentration is necessary in the 
determination of traces of metals by HPLC.6 

Liquid-liquid extraction, the most widely 
used group separation method in inorganic 
analysis (including HPLC),4 also offers the 
possibility of relative concentration of metals. 
This makes concentration by extraction indis- 
pensable in the determination of trace elements 
in the presence of large amounts of matrix 
components. However, the concentration fac- 
tors achieved rarely exceed 100. 

Extraction chromatography (the dynamic 
mode of extraction) can give a degree of concen- 
tration that is about twice that attainable in 
static (batch) extraction. Further, performance 
of the concentration stage in a closed system 
practically eliminates the risk of metal losses 
and contamination. The same advantages 
are inherent in sorption concentration, and the 

capacity of columns of hydrophorbic sorbents is 
substantially higher, which allows separation of 
larger amounts of metals, at a higher flow-rate. 

In general, extraction and extraction chro- 
matographic concentration are better combined 
with normal-phase chromatography, whereas 
sorption concentration is more suitable for 
reversed-phase and ion-pair chromatography. 

Ion-exchange concentration of metals is con- 
ducted on a small precolumn (which may have 
a back-flush facility) or directly on a separation 
column. The latter possibility is due to the low 
elution power of water, as a result of which 
much greater sample volumes can be used in 
ion-exchange chromatography than in the other 
HPLC methods (up to 500 ~1 or, on average, 
larger by a factor of 50). 

The choice of concentration technique is 
determined not only by the chromatographic 
mode and the concentration of the analyte, but 
also by the nature of the sample. For instance, 
in sorption concentration of samples with a high 
salt background the matrix components are 
partially eluted by the polar solvent (acetonitrile 
or methanol) used to elute the concentrate from 
the column. Therefore, for analysis of mineral 
salts, extraction concentration is recommended, 
but for solutions which contain a large amount 
of low-polarity organic compounds, sorption 
concentration is preferable. 

Chelate separation mechanism 

As mentioned above, the choice of HPLC 
method and therefore the separation mechanism 
is primarily determined by the type of metal 
chelate (see Table 1). 

The retention mechanism of neutral chelates 
ML, in adsorption chromatography has been 
comprehensively discussed by Timerbaev and 
Petrukhin.4 In the case of co-ordinatively satu- 
rated chelates (the complexes of choice) reten- 
tion is determined by the formation of hydrogen 
bonds with the surface hydroxyl groups (nor- 
mal-phase variant) or with the mobile phase 
polar molecules (reversed-phase variant). The 
energy of these interactions is proportional to 
the total electronegativity of the ligand donor 
atoms: the higher the electronegativity the 
stronger the adsorption on specific sorbents and 
the weaker on non-polar sorbents. In turn, 
the effective charge on the donor atoms is 
proportional to the effective charge on the 
metal ion. In reversed-phase chromatography 
the contribution of non-specific chelate-sorbent 
interactions and, especially, the solvophobic 
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effect caused by disordering of the water struc- 
ture, can become appreciable.7 

The same features are observed for the cat- 
ionic chelates ML,+. However, a distinguishing 
feature of their chromatographic behaviour is 
the influence of the nature of the counter-ion B- 
on the retention of different chelates of the same 
metal. In mixed-ligand chelates ML,,_,X,,,, if 
X- is a unidentate ligand it can affect the 
electron density distribution in the chelate ring 
and thereby the proton-acceptor ability of the 
donor atoms. As a consequence, the ability of 
such compounds to participate in specific inter- 
molecular interactions also depends on the an- 
ionic composition of the medium. Anionic 
chelates ML; can be retained in ion-pair HPLC 
by both ion-exchange and adsorption. The 
relative contributions of these mechanisms then 
strongly depend on the mobile phase compo- 
sition (mainly on the eluting strength and con- 
centration of the organic modifier), and under 
certain conditions a mixed retention mechanism 
may occur. This is why the elution sequence of 
complexes can vary considerably and even be 
completely reversed. 

When separation is performed on organic 
anion-exchangers, anionic chelates, because of 
their rather high hydrophobicity, are retained 
simultaneously by ion-exchange and hydro- 
phobic adsorption. 

Detection 

Since most metal chelates are highly coloured, 
spectrophotometric detection is generally used.4 
For consecutive determination of all the com- 
ponents, with comparable sensitivity, close simi- 
larity of the spectral characteristics of the metal 
chelates (wavelength of absorption maxima, and 
molar absorptivity) is desirable. On the other 
hand, if there is sufficient difference in the 
chelate absorption spectra, there is a possibility 
of determining one metal in the presence of 
large amounts of another.’ Thus the selectivity 
can be increased, and interferences eliminated 
by appropriately changing the detection wave- 
length. 

Detectors of the other types (electro- 
chemical, atomic-emission, atomic-absorption, 
fluorescence) have various drawbacks, com- 
pared with spectrophotometric detectors, and 
are rarely used.4 

Sample analysis 

The advantages of HPLC as a multielement 
method are manifested in the analysis of multi- 

component mixtures in which the analytes are 
present at comparable concentrations. The 
method is particularly useful for complex water 
samples containing traces of metals (natural 
water, treated waste water). Moreover, since 
only a comparatively short time is required for 
the treatment of such samples, another advan- 
tage of HPLC-speed of analysis-becomes 
prominent. 

A number of analytical problems, however, 
require selective determination of one or several 
metals in the presence of large amounts of 
macrocomponents. Characteristic examples are 
the determination of trace platinum metals in 
the presence of non-ferrous metals,‘** determi- 
nation of cobalt in nickel salts,’ or analysis of 
waste water from wash tanks in electroplating 
works.’ 

The selectivity of HPLC determination of 
metals can be increased in several ways. 

(1) By choice of chelating reagent. 
(2) By choice of chelate preparation con- 

ditions (pH control, use of masking agents, 
kinetic effects etc.). 

(3) By varying the separation conditions, 
utilizing the differences in the chromatographic 
stability of the complexes, and changing the 
separation mechanism. 

(4) By changing the spectrophotometric 
detection conditions or using a selective detec- 
tion method (atomic-emission spectrometry, 
atomic-absorption spectrometry, etc.)4 

PRACTICAL APPLICATIONS 

Some examples of applications to various 
analytical problems will now be given, with an 
outline of the methods used, and some typical 
results (Table 2). 

Environmental samples 

To demonstrate the possibilities of HPLC in 
environmental control, natural samples of three 
different types have been chosen: mineral 
(ground) waters, surface (lake) waters, and soils. 

Mineral waters.” To determine heavy metals, 
the sample (up to 500 ml) was made O.lM in 
hydrochloric acid and 0.3M in sodium chloride, 
and 20-70 mg of potassium dibuthyldithiophos- 
phate was added. The complexes formed were 
concentrated on a glass column containing 2 g 
of FT-4 impregnated with 1 ml of toluene, and 
then eluted with toluene (the total volume eluate 
is 3 ml). A lo-p1 portion of the eluate was 
analysed on a column (62 x 2 mm) of 5-pm 
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Reagent 

Table 2. Results for metal determination in different samples 

Found 
Linear 

HPLC Concenfration Detection range, Metals Present Certified 
variant? technique limit, ng &ml determined methodS value 

DBDTP’ NP 

ox 

DBDTP NP 

DEDTC RP 

DBDTP 

DEDTC 

NP 

RP 

PAR 

PAR 

PAR IP 

PAR 

PAN 

ox 

ox 

ox 

DBDTP NP 

NP 

IP 

IE 

IP 

RP 
NP 

NP 

NP 

NP 

Extraction 
chromatography 

Mineral waters (2 samples) 
l-10 10-5000 

Extraction 
Surface waters (2 samples) 

0.5-0.6 l-35 

Extraction 
chromatography 
Sorption 

Soils 
l-10 10-5000 

Extraction 
chromatography 
Sorption 

Waste waters (5 samples) 
1 6-2000 

2-10 50-2500 

- 3-16 5 x IO”-5 x 104 

1.2-15 5 x 102-5 x l@ 

- 1.86 102-5 x 104 

Steel 
3-16 5 x 102-5 x lo4 

- 

Extraction 
chromatography 

Metallic nickel 
7.5 5 x 102-5 x IO4 

Copper alloy 
l-7 10-1000 

Extraction 
Catalysts (2 samples) 

3 103-6 x lo4 

Extraction 

Extraction 

Salts (NaCl, NaNO,) 
0.6 2 x 102-6 x 10’ 

Technological solutions (4 samples) 
0.5-0.7 2 x 102-7 x IO3 

Extraction 
chromatography 

1 10-5000 

cu 31 f 1 pg/ml 30 
Pb 160+5 - 

cu 24O+5 250 
Pb 250 & 5 - 

MO 1.3 f 0.1 ng/ml 
W 5.3 & 0.2 
MO 1.6kO.l 
W 8.9 f 0.9 

- 
- 

cu 0.78 + 0.05 pg/ml 0.71 
Pb 0.19 f 0.02 - 
cu 0.75 f 0.05 0.71 
Mn 132&4 135 

cu 

: 
Fe 
Cd 
Pb 
cu 
Fe 
cu 
Ni 
cu 
Ni 
Zn 

1.25 + 0.05 pg/ml 

1.31 * 0.07 pg/ml 
0.46 f 0.02 

5.1 + 0.6 
0.28 + 0.03 
0.53 + 0.07 

6.8 f 0.3 pg/ml 
14.9 * 0.3 

80+3 pg/ml 
40+2 

0.51 * 0.03 pg/ml 
0.37 + 0.02 pg/ml 
0.82 + 0.05 pg/ml 

1.5 
0.5 
5.0 
0.2 
0.5 

7 
15 
70 
40 
0.5 
0.4 
0.8 

Fe 53.1 f 1.1% - 
co 17.8 + 0.2 17.7 
Ni 29.6 + 1.2 29.0 

Fe 0.71 f 0.02% 0.75 

Pd 0.28 &- 0.01 pg/ml 0.28 
Pt 0.49 f 0.03 0.50 
Rh 1.05 +0.10 1.07 

Pt 2.40 f 0.10% 2.64-2.80 
Pt 3.53 f 0.18 3.52-3.80 

co 1.22 + 0.23 pg/ml 

MO 0.81 f 0.05 mg/ml 
W 12.1 f 0.2 
MO 0.15 f 0.03 
W 1.90 f 0.06 
MO 17.2 f 2 pg/ml 
W 43 f 7 
co 57 f 8 
Cr 110* 17 
cu 7 f 1 Wnl 

0.98 
- 

0.1 
1.8 

- 
- 

- 
7 

*DBDTP = dibutyldithiophosphate. 
tNP = normal-phase; RP = reversed-phase; IP = ion-pair; IE = ion-exchange. 
fMean f standard deviation of 4-9 determinations. 



472 A. R. TWDUM% et al. 

Silasorb- (Lachema) with toluene-hexane Purified waters. In procedure (a) the metals 
(70:30 v/v) mixture (flow-rate 1 ml/mm), fol- were determined as dibutyldithiophosphates by 
lowed by spectrophotometric detection at the .procedure used for analysis of mineral 
300 nm. waters. lo 

Surfuce waters.” To determine molybdenum 
and tungsten, a 70-100 ml sample of lake water 
was adjusted to pH 4 with O.lM hydrochloric 
acid, 30 mg of crystalline 8-hydroxyquinoline 
were added and the mixture was left to stand 
overnight. It was then passed through a glass 
column (100 x 3 mm) containing 0.2 g of FT-4 
treated with 1M 8-hydroxyquinoline solution 
in chloroform, at a flow-rate of 0.5 ml/min. 
The concentrate was eluted with 0.5 ml of 
chloroform and the eluate was washed with 
0. 1M hydrochloric acid [to remove the excess of 
reagent and eliminate interferences by Fe(III), 
Al(III), Cu(I1) and other ions]. A lo-p1 aliquot 
was chromatographed on the same Silasorb 
column with a dichloromethan+isopropyl 
alcohol (95: 5 v/v) mixture as the mobile phase, 
and spectrophotometric detection at 254 nm 
was used. 

In method (6) the sample (100-400 ml) was 
adjusted to pH 8 with 1M ammonia solution, 
10 mg of sodium diethyldithiocarbamate were 
added, and the mixture was passed through 
a column of 2 g of FT-4 or (&-phase. The 
concentrated complexes were desorbed with 
5 ml of acetone, the eluate was evaporated to 
dryness, and the residue was dissolved in 1 ml 
of acetonitrile. A 2-~1 aliquot of this solution 
was chromatographed on the Separon column 
with acetonitrile-water-chloroform (70 : 29 : 1 
v/v) as mobile phase (flow-rate 100 &nin), 
followed by detection at 280 run. Figure 1 
shows chromatograms of waste water samples 
before and after four stages of electroflotation 
treatment.” 

Untreated waters. Analysis of waste water 
from electroplating wash tanks can be per- 
formed without preconcentration. 

Soik9 A finely ground sample (5 g) was 
stirred with 50 ml of acetate buffer (pH 4.8) for 
1 hr. The suspension was filtered (filter paper) 
and after adjustment to pH 8 with 1M ammonia 
solution was treated with 4 mg of sodium 
diethyldithiocarbamate. The mixture was 
passed through a glass column filled with 2 g of 
FT-4, the concentrate was eluted with 3 ml of 
acetonitrile, and a 4-~1 aliquot of the eluate was 
analysed on a column (64 x 2 mm) of IO-,um 
Separon C,* (Chemapol) by elution with aceto- 
&-&-water-chloroform (70 : 28 : 2 v/v) at a 
flow-rate of 100 pl/min. The absorbance of the 
eluate at 280 nm was measured. 

Ion-pair HPLC was used in two different 
ways. In the first, 1 ml of acetate buffer (pH 5), 
1 ml of acetonitrile and 0.6 ml of 5 x 10e3M 
PAR were added to a known volume of sample, 
and a lo-p1 aliquot of the mixture was analysed 
on a column (62 x 2 mm) of Nucleosil RP-18 
(Merck), with a mobile phase consisting of 

(a) 

t 
0.04 
absorbance 

Waste waters 

Waste waters from electroplating plants are a 
potential source of environmental pollution 
with toxic heavy metals. This type of waste 
water is analysed before and after purification. 
In this case the analysis data allow simultaneous 
control of the ecological safety of a given 
production process and the efficiency of the 
purification systems. 

Four procedures have been developed,2,9-‘1 
based on (a) combination of extraction- 
chromatographic concentration by normal- 
phase HPLC of metal dibutyldithiophosphates, 
(b) sorption concentration and reversed-phase 
HPLC of metal diethyldithiocarbamates, (c) 
ion-pair HPLC and (d) anion-exchange HPLC 
of metal pyridylazoresorcinol (PAR) complexes. 

x 
0 5 10 15 20 

Time (min) 

Fig. I. Chromatograms of waste water samples: (a) before 
treatment, (b) after purification. For chromatographic con- 

ditions see text. 
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40: 60 v/v acetonitrile-acetate buffer (pH 5) 
mixture containing O.OlM cetyltrimethylammo- 
nium bromide, at a flow-rate of 100 pl/min. In 
the second, 10 ml of 2 x 10-3M PAR were 
added to the sample and 50 ~1 of this mixture 
were injected into a column (100 x 6 mm) of 
lo-pm Silasorb- C8, and the analytes 
were eluted with acetonitrile-water (20: 80 v/v) 
or acetone-water (30 : 70 v/v) containing 
6 x 10m3M tetrabutylammonium hydroxide and 
O.lM sodium carbonate (pH 11.5) (flow-rate 
1.5 ml/min). 

In the anion-exchange HPLC, a correspond- 
ing excess of 1 x 10e3M PAR was added to 
the sample, and 100 ~1 of the mixture were 
chromatographed on a column (200 x 6 mm) of 
the low-capacity surface-modified resin-based 
anion-exchanger XIKS-1 (USSR), with a mix- 
ture (40: 60 v/v) of acetone and 0.04M sodium 
carbonate (pH 12) as eluent (flow-rate 2 
ml/min), followed by spectrophotometric detec- 
tion at 500 nm (Fig. 2). 

When the iron content was high [e.g., in the 
purification of eflluents by co-precipitation of 
metals with hydrous iron(II1) oxide], modifi- 
cation of the anion-exchange chromatography 
by on-column formation of the metal PAR 
complexes proved to be effective. In contrast to 
other metals, the iron(II1) does not form a 
complex under these conditions, probably for 
kinetic reasonsI and does not interfere. 

Industrial samples 

There are two objectives with this type of 
sample: quality control in metallurgical and 
other industries (analysis of steels, alloys, 
metals, etc.) and monitoring of technological 

cu 
CO I’ I 0.01 absorbance 

0 5 IO 15 

Time (min) 

20 25 

To determine palladium(II), platinum(I1) and 
rhodium(II1) in a copper alloy (0.01% of plati- 
num metals), the sample (0.5 g) was dissolved by 
heating with 10 ml of aqua regia. The solution 
was carefully evaporated to minimum volume, 
then diluted with concentrated hydrochloric 
acid and again evaporated. This operation was 
repeated until destruction of nitroso compounds 
was complete and all the metals were present 
as their chlorides. The precipitate of silver 
chloride was filtered off on paper, and washed 
with IO-mg/ml sodium chloride solution. The 
filtrate and washings were diluted to 25 ml, 5 g 
of sodium sulphate and 5-7 ml of 6M sulphuric 
acid were added and the mixture was boiled 
until dissolution of metal hydroxo- and oxo- 
chlorides was complete, then cooled and diluted 
accurately to 20 ml with O.lM sulphuric acid. A 
lo-ml aliquot was buffered with 4M sodium 
acetate and 1 M sulphuric acid to pH 3, one drop 
of 1-(2-pyridylazo)-2-naphthol solution (PAN, 
1 mg/ml solution in dimethylformamide) was 
added and then 0.25M EDTA saturated with 
isopentanol, until copper was completely 
masked (colour change from violet to green). 
The solution obtained was heated to 85” and 
passed through a steel column (140 x 5 mm) 
packed with FT-4 (1 g) impregnated with PAN 
solution in isopentanol and kept at 85” (flow- 
rate 0.25 ml/min). The column was washed with 
2 ml of O.OlM EDTA and cooled, then the 
concentrate was eluted with 2 ml of chloro- 
form-isopropyl alcohol mixture (2: 1 v/v) and 
10 ~1 of the eluate was analysed on a column 
(200 x 2 mm) 5-pm Spherisorb CN (Merck) or 
(250 x 4.6 mm) 5-pm Silasorb- with a mo- 
bile phase of acetonitrile-O.lM sodium per- 
chlorate (40 : 60 v/v, pH 4) or benzenGsopropy1 
alcohol (90: 10 v/v), respectively, followed by 
spectrophotometric detection at 440 nm (Fig. 3). 

Fig. 2. Anion-exchange separation of metal PAR chelates. A lo-20 mg sample of carbon fibre- 
For chromatographic conditions see text. based catalyst was dissolved in 3 ml of 

solutions and intermediate products to control 
or improve the technological process. 

Steels, metals.’ A sample (0.1 g) of steel or 
metallic nickel was dissolved by heating with 
aqua regia and the solution was evaporated to a 
moist residue, which was dissolved in O.lM 
hydrochloric acid and accurately diluted with 
water to 250 ml. A 0.1-0.5 ml portion was 
adjusted to pH 5, and the determination was 
performed as in the analysis of waste waters 
(ion-pair variant). 

Alloys, catalysts. ‘** These samples may con- 
tain traces of platinum metals. 
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Pt 

0.002 
absorbance 

0.02 
absorbance 

I I I I 
0 1 2 3 

Time (min) 

Fig. 4. Determination of platinum in carbon fibre-based 
catalyst as %hydroxyquinolinate. Detection at 254 nm. For 

chromatographic conditions see text. 

platinum metals in the sample in less than 
12 min.14 

L I I I 
0 10 20 30 

Fig. 3. Chromatogram of a mixture of palladium, platinum 
and rhodium PAN chelates. Chromatographic conditions: 
column, S-pm Spherisorb CN, 200 x 2 mm; mobile phase, 
acetonitrile/O.lM sodium perchlorate, pH 4, (40: 60 v/v); 

flow-rate, 1 ml/mitt; detection at 440 nm. 

concentrated sulphuric acid and 1 ml of 3% 
hydrogen peroxide solution, heated till the sol- 
ution became colourless, and then cooled. One 
ml of aqua regia was added and the solution was 
heated until sulphur trioxide fumes appeared. 
The solution was cooled, and to remove nitro- 
gen oxides 1 ml of concentrated hydrochloric 
acid was added and evaporated to a moist 
residue, this operation being repeated three 
times. After cooling, the residue was dissolved in 
water and diluted to 25 ml. One ml of 50 mg/ml 
ascorbic acid solution was added to l-2 ml of 
this solution (accurately measured) and the pH 
was adjusted to 4.8 with acetate buffer. Then 
8-hydroxyquinoline (30 mg; was added, fol- 
lowed by heating on a boiling water-bath for 2 
hr. After cooling, the platinum metal chelates 
were extracted with 2 ml of chloroform. The 
extract was washed with O.lM sodium hydrox- 
ide (to remove the reagent excess), and a lo-p1 
aliquot was sorbed on a Silasorb column and 
the chelates were eluted with dichloromethane- 
isopropyl alcohol mixture (97 : 3 v/v) at a flow- 
rate of 100 pl/min (Fig. 4). Under these con- 
ditions it is possible to determine all the 

Salts.’ The content of colour-producing 
metals, such as cobalt and chromium, in raw 
materials (alkali metal salts) should be con- 
trolled in the production of optical glasses. 

A 10-g sample of sodium chloride or nitrate 
was dissolved in 30 ml of acetic buffer (pH 4.5) 
and 8-hydroxyquinoline (30 mg) was added. 
After heating on a boiling water-bath for 30 min 
the mixture was cooled and then shaken with 
5 ml of chloroform for 5 min. The extract was 
washed twice with 0.1 A4 hydrochloric acid, then 
evaporated to dryness. The residue was dis- 
solved in 0.1 ml of the eluent to be used (95 : 5 
v/v dichloromethane-isopropyl alcohol) and a 5 
or 10 ,~l aliquot was chromatographed on a 
Silasorb column. 

Technological solutions. Ifi For determination of 
molybdenum, tungsten, cobalt and chromium in 

0.02 
absorbance 

co 

I- 
JU 

I I I I I I I 1 
0 1 2 3 4 5 6 7 

Time (min) 

Fig. 5. Chromatogram of technological solution sample. 
Mobile phase, dichloromethane/isopropyl alcohol (95: 5 

v/v). Other conditions as for Fig. 4. 
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the leaching solutions from oxidized and sul- 
phide copper ores (Fig. 5), the same procedure 
was used as for salt analysis. MO and W in the 
technological solutions of ore processing were 
determined under the same chromatographic 
conditions. The sample was heated with 10 ml 
of concentrated sulphuric acid and 6 ml of 
concentrated nitric acid on a sand-bath and the 
solution was then evaporated to dryness. The 
residue was dissolved in 2% v/v nitric acid 
and diluted accurately to 100 ml with water. 
A l-5 ~1 portion of this solution was taken for 
HPLC analysis. 

Copper was determined in the technological 
solutions of plastics production by a procedure 
similar to the one described above for analysis 
of mineral waters. Non-ionic surfactants present 
in considerable amounts in the sample did not 
interfere. 

Comparison of diflerent HPLC methods 

The data in Table 2 and other metrological 
and analytical characteristics can be used to 
compare the analytical possibilities provided by 
the HPLC methods reported above for analysis 
of metal chelates. 

The detection limits for the metals are on 
average about 1 ng. With a lo-p1 volume of 
sample injected this corresponds to 0.1 pg/ml 
in the final test solution. With preconcen- 
tration the detection limit will be about 
1 ng/ml, which for many metals is comparable 
with the sensitivity of such instrumental 
methods as atomic-absorption, X-ray fluor- 
escence and X-ray emission spectrometry, and 
others. 

The sensitivity depends on the molar absorp- 
tivity of the metal chelates and on the separation 
efficiency. The dispersion of the chromato- 
graphic zones, under conditions of comparable 
sorbent characteristics, flow-rates and sorbate 
molecular size, is determined by the nature of 
the mobile phase. Because of this, the lowest 
detection limits are observed in normal- 
phase HPLC, where less viscous eluents are 
used. 

The linear calibration range covers 2-3 orders 
of magnitude, and the absolute determination 
limit primarily depends on the degree of metal 
concentration. 

Reproducibility (in terms of relative standard 
deviation) varies on the average from 3 to 
7% for trace and environmental analysis but 
can be somewhat worse when multicomponent 
mixtures are analysed (owing to peak overlap) 

or when the sample has a complex composition 
(soils, technological solutions). 

The accuracy of the results, provided separ- 
ation of the reagent excess is complete (at the 
sample treatment or the chromatographic 
stage), is sufficiently high. The separation time 
usually does not exceed lo-15 min. 

Nevertheless, each chromatographic variant 
has its own analytical peculiarities. 

The HPLC of neutral chelates, which is at 
present better developed both theoretically and 
methodologically, is characterized by higher se- 
lectivity. However, adsorption chromatography 
has the disadvantage of the more strict require- 
ments for the stability and kinetic inertness 
of metal chelates.16 The dissociation of low- 
stability and labile complexes in the mobile and 
stationary phases leads to a decrease in the 
number of metals that can be determined and 
worsens the metrological characteristics of the 
determination. 

Ion-pair and ion-exchange HPLC are distin- 
guished by the ability to use spectrophotometric 
reagents (dyes, metallochromic indicators) 
which form highly coloured chelates with 
numerous metals, as well as to vary the separ- 
ation selectivity within wide limits by changing 
the mobile phase composition. Moreover, the 
metal chelates formed by this type of multi- 
dentate reagent are rather stable in the chro- 
matographic process. The increased sensitivity 
often makes the metal preconcentration stage 
unnecessary, which speeds up and simplifies 
the analysis. The somewhat lower sensitivity of 
ion chromatography (because of the lower 
efficiency of the available ion-exchangers) is 
compensated by the higher sample volumes that 
can be used. 

Thus, at present the different HPLC modifi- 
cations do not compete but complement each 
other. 

With regard to the competitiveness of HPLC 
of metal chelates as a whole, we should note 
that its advantages over the other analytical 
methods follow from (a) the possibility of multi- 
element determination, (b) consecutive deter- 
mination of metals in different oxidation states 
and in different chemical forms, as well as 
non-metals (anions, including metal oxo- 
anions) and organic compounds (both neutral 
and charged); (c) the possibility of being com- 
bined with various metal preconcentration 
methods; (d) low dependence of the analysis 
results on sample treatment; (e) good technical 
equipment. 
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CONCLUSIONS IUWERENCEs 

High-performance liquid chromatography 
as a method of inorganic analysis came into 
being in the middle 1970s. In metal analysis an 
important role is played by the HPLC of metal 
chelates, the progress of which is connected with 
the development of its main field of practical 
application-the analysis of complex water 
samples. At present, however, there is rapid 
development of other chromatographic tech- 
niques in which complex formation is utilized to 
a greater or lesser extent. These are cation- 
exchange HPLC with post-column reaction 
detection, ion chromatography of metal cyanide 
complexes and HPLC on chelating bonded 
phases. The future will show which chromato- 
graphic variants will become the most competi- 
tive, and when. 
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LIQUID-LIQUID DISTRIBUTION OF ION-ASSOCIATES OF 
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Summary-Diprotic acid dyes [H,A: Bromophenol Blue (BPB), Bromochlorophenol Blue (BCPB), 
Bromocresol Purple (BCP), Bromocresol Green (BCG), Bromothymol Blue (BTB)] can be extracted as 
1: 1 ion-associates Q+HA- and 1: 2 ion-associates (Q+)rA’- with quatemary ammonium cations (Q’) into 
chloroform. The extraction constants (log K,) of the 1: 1 and 1: 2 ion-associates have been determined. 
Linear relationships between log X;, and the number of methylene groups in the quaternary ammonium 
ions were observed; from the slope of the line, the contribution of a methylene group to log K, was found 
to be -0.43-0.65. The extractability with alkyltrimethylammonium cations was larger than that with 
symmetrical tetra-alkylammonium cations, for both the 1: 1 and 1: 2 ion-associates. From the extraction 
constants obtained, the extractability of acidic dyes was in the order BTB > BCG > BPB > BCPB > BCP. 

The extraction behaviour of ion-associates of 
triphenylmethane dyes such as Methylene Blue, 
Ethyl Violet and Crystal Violet, with various 
monovalent anions has been widely studied.‘” 
Although acidic dyes, such as Bromophenol 
Blue, Bromocresol Purple and Bromocresol 
Green, have frequently been used for the 
extraction-spectrophotometric determination 
of amines and quaternary ammonium com- 
pounds, 4-6 the extraction behaviour of the acidic 
dyes themselves has not been examined in detail. 
In the present work, the extraction constants for 
the ion-associates of five acidic dyes [Bromo- 
phenol Blue (BPB), Bromochlorophenol Blue 
(BCB), Bromocresol Purple (BCP), Bromo- 
cresol Green (BCG) and Bromothymol Blue 
(BTG)] with quaternary ammonium counter- 
ions distributed between an aqueous phase 
and chloroform were determined and correlated 
with the numbers of carbon atoms in the 
counter-ions. A parameter related to the ex- 
tractability of the acidic dyes was determined 
from the extraction constants obtained. Such 
a parameter will be useful for prediction of 
the extractability of ion-associates with the 
acidic dyes and the design of new extraction 
systems. 

EXPERIMENTAL 

Apparatus 

Absorbances were measured with a Japan 
Spectroscopic Uvidec-430 spectrophotometer 
with fused-silica cells of IO-mm path-length. 
The pH values were measured with a Hitachi- 
Horiba Model F-8 dp pH meter. An Iwaki 
Model V-SK type KM shaker was used for 
horizontal shaking of the 25ml stoppered test- 
tubes used for the extractions. 

Reagents 

Acidic dye solutions were prepared by dis- 
solving the appropriate amounts of dyes (see 
Fig. 1) in O.OlM sodium hydroxide and diluting 
to 200 ml with distilled water. 

Stock solutions of quaternary ammonium 
ions were prepared by dissolving accurately 
weighed amounts of the chlorides listed in 
Table 1, in distilled water. Working solutions 
were prepared by diluting the stock solutions 
before use. 

Sulphuric acid, acetic acid, acetate buffer sol- 
ution, phosphate buffer solution, ammoniacal 
buffer solution and sodium hydroxide solution 

477 
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Fig. 1. Structural formulae of acidic dyes. 

Acidic dye R, = R; R, = R; R, = R; & = & Abbreviation 

Bromophenol Blue H Br Br H BPB 
Bromochlorophenol Blue H Br Cl H 9 BCPB 
Bromocresol Purple H Br CH, H BCP 
Bromocresol Green H Br Br CH, BCG 
Bromothymol Blue CH, CH(CH,), Br H BTB 

(0.05M) were used to adjust the pH of the 
solutions to 2.3-12.5. 

A 0.33M sodium sulphate solution was used 
to adjust the ionic strength of the aqueous 
solution to a final value of p = 0.2. 

Chloroform was used without further purifi- 
cation, and was saturated with distilled water 
before use. 

All reagents were of analytical-reagent 
grade and were used without further purifi- 
cation. 

Procedure for the determination of extraction 
constants 

A 5-ml volume of an aqueous solution con- 
taining 1.2 x IO-‘M acidic dye, 0.01 M buffer 
solution, sodium sulphate solution and an 
appropriate amount of aqueous quaternary 
ammonium salt solution (,u = 0.2) was mechan- 
ically shaken with 5 ml of chloroform for a fixed 
time at 25.0”. After phase separation, the ab- 
sorbance of the organic phase was measured at 
the wavelength of the absorption maximum of 
the ion-associate. 

Calculation of the extraction constants 

A diprotic acid dye (H,A) dissociates 
protons to form two kinds of anion, HA- and 
A*-. An extraction system in which a quater- 
nary ammonium cation (Q’) reacts with HA- 
and A*- to form the ion-associates Q+HA- and 
(Q+)*A*- respectively, in the aqueous phase, 
involves the following equilibria, provided that 
the extracted ion-associates do not dissociate or 
aggregate: 

Q’ + HA-=Q+HA-=(Q+HA-),, (1) 

2Q+ + A*- S(Q+)*A*- =[(Q+)zA*-],,rg (2) 

where the subscript org refers to the organic 
phase and the aqueous phase is unmarked. 
The extraction constants, &, and I&*, for 
equations (1) and (2) are given by: 

Kx, = [Q+HA-lo,/[Q+l WA-1 (3) 

Km2 = KQ+M*-l,,/[Q+l*[A*-1 (4) 

Table 1. Salts of quaternary ammonium cations examined 

Salt Abbreviation Supplier* Purity, % 

Group I 
Octyltrimethylammonium chloride OTMA A >98 
Decyltrimethylammonium chloride DTMA A >95 
Dodecyltrimethylammonium chloride DDTMA A 
Tetradecyltrimethylammonium chloride TDTMA A >98 

Group II 
Tetraethylammonium chloride TEA A >98 
Tetrapropylammonium chloride TPA B >90 
Tetrabutylammonium chloride TBA A >98 
Tetraamylammonium chloride TAA B >95 

*A-Tokyo Kasei Co., Ltd.; B-Wako Pure Chemicals Inc. 
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Table 2. Analytical parameters for determination of the extraction constants 

Experimental conditions 

Ion-associate PH Shaking time,t Ion associate 
(ratio of anion : cation) Dye P& (an,+)* min L%,nm 6% 

1:l BPB 3.8 2.6 5-20 (10) 416 2.5 

1:2 (;.y) 
216 

lo-20 (12) 608 9.4 
1:l BCPB 4.1 5-20 (10) 413 2.4 

1:2 (;.f) 
2:6 

IO-20(12) 606 8.4 
1:l BCP 6.3 5-20 (10) 410 2.3 

1:2 10.7 10-20 (12) 605 1:l BCG 4.6 2.6 5-20 (10) 419 ::o” 
I:2 11.7 20-30 (25) 634 5.9 
1:l BTB 6.8 3.9 5-20 (10) 416 1.9 

*The figures in parentheses are the values of aHA_ in equation (8). 
tThe figures in parentheses are the shaking times used for the determination of the extraction 

constants. 
$Molar absorptivity, 104 l.mole-‘.cm-‘. 
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The concentration of the ion-associate in 
the organic phase was calculated from equation 

(5) 

A X(0) = LX(o) C X(0) (5) 

where A,,,, E,(,) and CxcO, are the absorbance, 
molar absorptivity and concentration of the 
ion-associate (X) in the organic phase, respect- 
ively. In application of equation (5), the 
~o+,,A-+,j and I+- values obtained by 
using TDTMA or l%A as a counter-cation 
were used. The distribution ratios of HA- and 
A2-, D,,_ and D+, are given by the following 
equations: 

DHA- = [Q+HA-l,,,/[HA-l=~,,[Q+l 05) 

DAM- = KQ+hA'-l,,/[A2-I= Kx2[Q+12 (7) 

Slope-l Slope-2 

I 

Fig. 2. Plots of log DdYe us. log[Q+]. Dye, BCP; Q+, DTMA; 
0, I : 1 ion-associate; 0, 1: 2 ion-associate. The pH values 

are those in Table 2. 

The side-reaction coefficient for HA-, a,.,,-, is 
given by 

anA- = [HA-]‘/[HA-] 

= ([HA-] + [A2-])/[HA-I 

= 1 + [A’-]/[HA-] 

= 1 + K,/[H+] (8) 

where [HA-]’ is the total concentration of dye 
anion that is not bound in ion-associates with 

Q+9 and K2 is the apparent second dissociation 
constant of a diprotic acid dye (see Table 2). 
[HA-] can be calculated from the aHA- values in 
Table 2 and the following equation: 

[HA-] = [HA-]‘/$,A- (9) 

The side-reaction of quaternary ammonium 
ions shown in equation (10) does not occur. 

Q’ + C~-ZQ+C~-=(Q+C~-),, (10) 

This was confirmed by the calculation with the 
extraction constant’ for the quaternary am- 
monium ion with chloride ion. 

RESULTS AND DISCUSSION 

E#ect of shaking time 

The effect of the shaking time on the extrac- 
tion of the ion-associate was examined by vary- 
ing the time from 1 to 20 min (30 min for the 
1:2 ion-associate of BCG). The shaking times 
required to reach extraction equilibrium are 
summarized in Table 2. The wavelengths of 
maximum absorption and the molar absorptivi- 
ties of the ion-associates in the organic phase are 
also given in Table 2. 
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Table 3. Extraction constants for 1: 1 and 1: 2 ion-associates 

Cation Anion log KX t Cation Anion log Ez, t 

OTMA HBTB- 5.69 f 0.02 (3) TEA HBTB- 3.76 f 0.02 (4) 
OTMA HBCG- 5.64 f 0.08 (3) TEA HBCG- 3.69 f 0.02 (3) 
OTMA HBPB- 4.95 f 0.03 (3) TEA HBPB- 3.06 f 0.08 (4) 
OTMA HBCPB- 4.62 f 0.02 (3) TEA HBCPB- 2.62 f 0.04 (2) 
OTMA HBCP- 3.84 f 0.06 (3) TEA HBCP- 1.99 f 0.06 (2) 
OTMA BCGZ- 5.16 f 0.06 (3) TPA HBTB- 5.19*0.01(2) 
OTMA BPB2- 4.98 f 0.10 (3) TPA HBCG- 5.30 f 0.03 (2) 
OTMA BCPB*- 4.14 f 0.03 (2) TPA HBPB- 4.64 f 0.05 (4) 
OTMA BCP*- 3.45 f 0.18 (2) TPA HBCPB- 4.26 f 0.01 (3) 
DTMA HBCG- 6.78 f 0.02 (2) TPA f 0.05 (5) 
DTMA HBPB- 6.12 f 0.12 (3) TPA 

;;g- 3.42 
4.29 f 0.07 (2) 

DTMA HBCPB- 5.92 + 0.11 (2) TPA BPB*- 4.21 + 0.01 (2) 
DTMA HBCP- 5.14*0&l(5) TBA HBPB- 6.68 f 0.16 (3) 
DTMA BCG*- 7.83 f 0.20 (3) TBA HBCPB- 6.37 f 0.09 (2) 
DTMA BPB*- 7.69 f 0.09 (3) TBA f 0.09 (2) 
DTMA BCPB*- 7.14 f 0.02 (2) TBA 

;;g- 5.67 
8.66 * 0.10 (5) 

DTMA BCP*- 6.29 f 0.03 (3) TBA BPB*- 8.52 f 0.05 (4) 
DDTMA HBCP- 5.92 + 0.12 (3) TBA :z- 7.95 f 0.10 (3) 
DDTMA BCG*- l0.15~0.10(3) TBA 6.54 f 0.02 (3) 
DDTMA BPB2- 9.99 f 0.09 (3) TAA BC@- 12.81 + 0.45 (2) 
DDTMA BCPB*- 9.48 f 0.07 (3) TAA BPB*- 12.47 f 0.34 (2) 
DDTMA BCP*- 8.87 + 0.10 (4) TAA BCPB*- 12.07 f 0.42 (2) 

TAA BCI’- 10.60 + 0.17 (2) 

tMean value. The figures in parentheses are the numbers of measurements. 

Determination of the extraction constants 

The plots of log D,,- and log DA*- against 
log [Q’] for the extraction system with DTMA 
and BCP are shown in Fig. 2. As expected from 
equations (6) and (7), straight lines with a slope 
of + 1 for 1: 1 ion-associates and +2 for 1: 2 
ion-associates were obtained. This result sup- 
ports the extraction equilibria shown in 
equations (1) and (2). 

The five acidic dye anions in Fig. 1 and the 
seven quaternary ammonium cations in Table 1 
(other than TDTMA) were examined, and the 
extraction constants were calculated from 
equations (3) and (4): the results obtained are 
summarized in Table 3. 

10 12 14 16 

Number of carbon atoms 

Fig. 3. Relationship between log K,, and the number 
of carbon atoms in the alkyltrimethylammonium ions. 
Counter-anion: (1) HBTB-, (2) HBCG-, (3) HBPB-, 
(4) HBCPB-, (5) HBCP-. Q+: (a) OTMA, (b) DTMA, 

(c) DDTMA (see group I in Table 1). 

Relationship between the extraction constants 
and number of carbon atoms in the quaternary 
ammonium ion 

As shown in Figs. 3-6, for the same carbon 
number the extractability with long-chain 
alkyltrimethylammonium ions (group I) is 
larger than that with tetra-alkylammonium ions 
(group II). This indicates that the cations of 
group I, with their longer alkyl chains, make the 
ion-associates more hydrophobic and more sol- 
uble in chloroform. The plots of log K, us. 
number of carbon atoms in the quaternary 
ammonium ion are linear; the slopes are listed 
in Table 4. The contribution of a methylene 
group to the extraction constant (log &,) was 

Number of carbon atoms 

Fig. 4. Relationship between log Kel, and the number of 
carbon atoms in the tetra-alkylammonium ions. Counter- 
anion: (1) HBTB-, (2) HBCG-, (3) HBPB-, (4) HBCPB-, 
(5) HBCP-. Q+: (a) TEA, (b) TPA, (c) TBA (see group II 

in Table 1). 
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2 - 
I I I 

10 12 14 16 

Nutiber of carbon atoms 

Fig. 5. Relationship between log & and the number of 
carbon atoms in the alkyltrimethylammonium ions. Coun- 
ter-anion: (1) BCGZ-, (2) BPB*-, (3) BCPB2-, (4) BCP’-. 
Q+: (a) OTMA, (b) DTMA, (c) DDTMA (see group I in 

Table 1). 

characterized as the value of the slope for the The possibility of estimating an extraction 
1: 1 ion-associates, and as half the value of the 
slope for the 1: 2 ion-associates: the magnitude 

constant has been examined.‘*13 The intercepts 

is about 0.58 for group I ions and about 0.43 for 
on the ordinate, obtained by extrapolating the 
straight lines in Fig. 3 to zero carbon atoms in 

group II ions in the 1: 1 ion-associates, and the alkyltrimethylammonium cation, can be 
about 0.65 for group I and about 0.52 for group used to give a parameter (A) related to the 
II ions in the 1: 2 ion-associates. These values extractability of an anion. To obtain a par- 
are in close agreement with those previously 
reported.“” 

ameter, C, related to the extractability of a 
cation, the hypothetical cation, 

2t 
12 14 16 16 20 

Number of carbon atoms 

Fig. 6. Relationship between log k&z and the number of 
carbon atoms in the tetra-alkylammonium ions. Counter- 
anion: (1) BCG*-, (2) BPB2-, (3) BCPB2-, (4) BCP2-. Q+: 

(a) TPA, (b) TBA, (c) TAA (see group II in Table 1). 

Table 4. Slopes of the plots of log K, vs. carbon 
number of the quatemary ammonium ion 

Cation Anion Slope 

1: I ion -associates 
Group I HBCG- 0.57 

HBPB- 0.59 
HBCPB- 0.65 
HBCP- 0.52 

Mean 0.58 
Group II HBTB- 0.36 

HBCG- 0.40 
HBPB- 0.45 
HBCPB- 0.47 
HBCP- 0.46 

Mean 0.43 

I:2 ion -associates 
Group I BC@- 1.24 

BPB2- 1.26 
BCPB2- 1.34 
BCP2- 1.36 

Mean 1.30 
Group II BCG’- 1.06 

BPB2- 1.04 
BCPB2- 1.04 
BCP2- 1.02 

Mean 1.04 

Extractability of acidic dyes 

an alkyltrimethylammonium cation with no 
alkyl groups, was assigned the value C = 0. 
Therefore C values for any alkyltrimethyl- 
ammonium cation in 1: 1 ion-associates can be 
calculated from equation (11): 

C = 0.58n (11) 

where n is the number of carbon atoms in Q+ 
and 0.58 is the contribution of a methylene 
group to the extraction constant (A~“,). The 
value of log K& for 1: 1 ion-associates was 
considered to be the sum of two quantities, C 
and A: 

log &=C+A (12) 

Values of A for each univalent dye anion, 
calculated from log K,, in Table 3, and 
equations (11) and (12) are listed in Table 5. 
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Table 5. Values of A for dye anions 

Anion A* 

HBTB- -0.69 
HBCG- -0.75 f 0.01 (2) 
HBPB- - 1.43 * 0.01 (2) 
HBCPB- - 1.69 f 0.07 (2) 
HBCP- -2.57 f 0.19 (3) 
BCGZ- -9.19&0.14(3) 
BPB* - -9.35 f 0.15 (3) 
BCPB2 - -9.98 f 0.20 (3) 
BCP2- - 10.70 f 0.12 (3) 

*Mean value. The figures in paren- 
theses are the numbers of 
measurements. 

From the plots of log 4, vs. n in Fig. 4, we can 
say that the C values for tetra-alkylammonium 
cations in 1: 1 ion-associates are given by 
equation (13): 

C = 0.43n + a (13) 

where 0.43 is nCH2 and a is a constant for a 
cation, 0.99, which was determined from log k;, 
in Table 3, the A values in Table 5, and 
equations (12) and (13). From the finding that 
the slope of the plot of log KX OS. n for 1: 2 
ion-associates is about twice that for 1: 1 ion- 
associates for both the alkyltrimethylammo- 
nium and the tetra-alkylammonium cations in 
Table 4, the value of log K, for 1: 2 ion-associ- 
ates can be expressed as equation (14). 

log Kx=2C+A (14) 

The C and A values in equation (14) were 
estimated similarly to those for equation (12). 
The C values for alkyltrimethylammonium and 
tetra-alkylammonium cations in 1: 2 ion-associ- 
ates can be calculated from equations (15) and 
(16), respectively: 

C = 0.65n (15) 

C = 0.52n + 0.59 (16) 

where 0.65 in equation (15) and 0.52 in equation 
(16) are %H2; and 0.59 in equation (16) was 
determined from log 4, (except for BCP) in 
Table 3, A values in Table 5 and equation (14). 
The A values for each bivalent dye anion, 
calculated from log K, in Table 3 and equations 
(14) and (15), are listed in Table 5. 

From the A values obtained, it was found that 
the extractability of the acidic dyes was in 
the order BTB > BCG > BPB > BCPB > BCP 
in both the 1: 1 and 1:2 ion-associates. This 
order in the extractability of the dyes may be 
explained as due to two factors: the increase of 
the hydrophobic effect on introduction of alkyl 
groups, and the effective distribution of the 
electrons in dye molecules, caused by the intro- 
duction of an electron-attracting halogen group. 

1. 

2. 

3. 
4. 
5. 

6. 

7. 
8. 

9. 

10. 
11. 

12. 

13. 
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EXTRACTION OF PALLADIUM WITH 
TRI-ISOBUTYLPHOSPHINE SULPHIDE (CYANEX 471) 
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Summary-The extraction of Pd(II) by hi-isobutylphosphine sulphide, TIBPS (Cyanex 471x), in toluene 
from aqueous chloride solutions (containing small amounts of thiocyanate) has been investigated. The 
extraction is enhanced by the presence of thiocyanate, owing to formation of mixed-ligand 
Pd(II)-Cl--SCN--TIBPS complexes. Analysis of the metal distribution suggests the formation of 
PdCl(SCN) .TIBPS, PdCl(SCN).2TIBPS, Pd(SCN),.TIBPS and Pd(SCN),.2TIBPS in the organic phase. 
The equilibrium constants are log&,, = 9.56, log&,, = 12.70, log&, = 14.73 and log& = 17.17, 
respectively. The ultraviolet absorption spectra of the organic phase support the hypothesis of formation 
of mixed-ligand complexes. 

Solvent extraction has been widely used for the 
separation of palladium,’ especially with sul- 
phur-containing extractants, which are known 
to be highly selective for extraction of metals 
classified as “soft acids”. 

Cyanex 471x is a phosphine sulphide reagent, 
the active component of which is tri- 
isobutylphosphine sulphide (TIBPS). It has 
been reported as effective for extraction of 
Pd(II),Z-5 Ag(I)6 and Hg(I1)’ and the separation 
of Pd(II)-Pt(IV) mixtures. However, the slow 
rate of the extraction of Pd(II) is one of the 
major problems in the separation of the plati- 
num group metals.8 

Al-Bazi and Freiser’ reported a large increase in 
the rate of extraction of Pd(I1) by Kelex 100 [7- 
(1 -vinyl-3,3,5,5-tetramethylhexyl)-8-quinolinol] 
when sodium thiocyanate was present in the 
aqueous phase, and regarded this as due to the 
truns-effect in Pd(SCN),C12- produced in the 
aqueous phase. 

The aim of the present work was to investi- 
gate the effect of thiocyanate on the Pd(II)-Cl- 
TIBPS system and to explain the role of 
thiocyanate in enhancement of the extraction 
rate. 

*Author for correspondence. 

EXPERIMENTAL 

Reagents 

Tri-isobutylphosphine sulphide, TIBPS, was 
obtained from Cyanex 471x (kindly supplied by 
the American Cyanamid Co.) by recrystalliz- 
ation from an ethanol-water mixture,3 and used 
to prepare a stock 1 x 10e3M solution in tolu- 
ene (Merck p.a.) which had been successively 
washed with OSM sodium hydroxide, distilled 
water, OSM hydrochloric acid and doubly dis- 
tilled water before use. Sodium chloride (Merck 
p.a.) was purified as previously described.‘O 
Sodium thiocyanate solutions were standard- 
ized by titration with silver nitrate, iron(II1) 
ammonium sulphate being used as indicator. 

A stock solution of Pd(I1) (3 x 10e3M, 
pH = 1) was prepared by dissolving the required 
amount of the chloride (Spanish Society of 
Precious Metals) in 0.1 M hydrochloric acid, and 
was standardized gravimetrically with dimethyl- 
glyoxime.” 

In the aqueous phases the total concen- 
trations of Pd(I1) used were 3 x 10V5, 1.2 x lOA 
and 2.3 x 10-4M. The total thiocyanate concen- 
tration was varied between 2.5 x 10e5 and 
1 x 10e3M. The pH was kept constant at 2.5 to 
avoid hydrolysis of palladium. The total chlor- 
ide concentration was 1M. 

TAL 38,sc 
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The total TIBPS concentration was varied in 
the range from 2 x 10m4 to 1 x 10e3M. 

Apparatus 

A Bausch and Lomb Spectronic 2000 spectro- 
photometer was used. 

Procedure 

Aqueous solutions with a total chloride con- 
centration of l.OM and various concentrations 
of palladium and thiocyanate were prepared. 
Equal volumes (10 ml) of the organic and 
aqueous phases were mixed in stoppered glass 
tubes and shaken for 90 min on a rack rotating 
at 40 rpm and kept at 22 & 1”. Preliminary work 
had shown that shaking for 90 min was ade- 
quate for equilibrium to be reached (Fig. 1). 

The mixture was then centrifuged and the 
phases were separated. Excess of thiocyanate 
was added to the aqueous phase and the ab- 
sorbance at 310 nm was measured to determine 
the palladium. I2 For several sets of conditions 
the Pd(I1) mass balance was checked by strip- 
ping the palladium from the organic phase with 
O.lM sodium thiocyanate and measuring the 
absorbance of the resulting aqueous phase. 

RESULTS AND DISCUSSION 

The palladium distribution coefficient, D, is 
given by 

D = [PW)I,, /PW)I,, (1) 

where [Pd(II),, and [Pd(II)],, are the total pal- 
ladium concentrations in the organic and 
aqueous phase, respectively. 

Figure 2 gives the palladium distribution co- 
efficient as a function of the total TIPBS concen- 
tration for total Pd(I1) concentrations of 3.2, 

5 
q (SCN-Itot- .O E-4M 

* [SCN-]tot=S.O E-4M 

4 n [SCN-]tot-5.0 E-4M 

0 [SCN‘]tot-0.0 E-4M 

0 0 0 0 0 

Time min 

Fig. 1. Palladium concentration in the aqueous phase, 
plotted against time, for different SCN- concentrations. 

[pd(II)],,, = 3.0 x IO-‘M; [TIBPS],,, = 7.0 x 10-4A4. 
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Fig. 2. Experimental distribution data, log D us. 
log ~IBPS],,, at different SCN- levels. (pd(II)],,,: (a) 

3.0 x 10-5M; (b) 1.2 x 10-4M; (c) 2.3 x lo-“M. 

12.8 and 24.8 ppm and different thiocyanate 
concentrations and Fig. 3 shows the data in the 
form log D US. log [SCN-],O,. 

Taking into account that in our case 
([Cl-] = l.OM), in the absence of SCN- the 
Pd(I1) in the aqueous phase will be present as 
the PdCl:- complex, equation (1) can be ex- 
pressed as: 

D= 
PWIIo, 

[PdCl;- ] (1 + X,[SCN- ]‘/[Cl- 1’) (2) 
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2 o [TIBPB]tot-3.5 E-4M 
+ [TIBPS]tot-4.2 E-4M 
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o [TlBPS]tot-6.0 E-4M 
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l [TIBPS]tot=7.0 E-4M 

-la -5 -3 

Log [SCN’Jtot 

Fig. 3. Experimental distribution data, log D, plotted 
against log [SCN-I,,,. [Pd(II&, = 3.0 x 10-SM. Solid lines 

are the calculated curves based on the proposed model. 

where the Ki values are the equilibrium con- 
stants of the reactions 

PdCl:- + iSCN- s PdCl,_ ,SCN:- + iCl- (3) 

with i = 1, 2, 3 and 4. The values of Ki obtained 
from the literatureI were log K1 = 6.03, log 
K2 = 10.93, log K3 = 14.52 and log & = 17.55. 

Likewise, the general extraction reaction 
when SCN- is added could be expressed as: 

r PdCl:- + q SCN- + p TIBPS,, 

= PdCl,, - 4)(SCN& .P (TIBPS),, 

+ r(q + 2)Cl- (4) 

where q = O-2. The equilibrium constant can be 
termed Krgp. Since TIBPS is a neutral extrac- 
tan&’ it follows that its role in the extraction is 
solely solvation of the palladium complex ex- 
tracted, which itself must therefore be neutral. 

The solubility of TIBPS in aqueous solution 
was determined by equilibrating hydrochloric 
acid with a solution of TIBPS in toluene, and 
analysing the aqueous phase for TIBPS by ICP 
spectrometry and HPLC. The solubility of 
TIBPS in aqueous solution was found to be 
< 1.10 x lo-6M. 

To evaluate the composition of the extracted 
species as well as the corresponding formation 
constants, the experimental data were analysed 
numerically with the LETAGROP-DISTR 
program, I4 which is based on minimization of 
the error-square sum, U: 

u = c (log &I - log &p)* (5) 
N 

where D, are the experimental values of the 
distribution coefficient and D,, are the corre- 
sponding values calculated from the relevant 

mass-balance equations for a proposed model: 
N is the total number of experimental points. 

Our proposed models include the mixed- 
ligand complexes present in the aqueous phase 
[equation (311 and protonation of thiocyanate as 
a constant set in all calculations. The results of 
the LETAGROP-DISTR calculations for 
different models tested, based on equation (4), 
are summarized in Table 1. Polynuclear species 
of Pd(I1) were also tested but were always 
rejected. It is interesting that the results ob- 
tained for extraction of PdC12 solvated with 
TIBPS, model I, are far from agreement with 
the experimental data, and when mixed species 
are included in the model (e.g., VII), the PdCl, 
species is rejected. A binuclear species is also 
rejected in the calculations (models VI and IX). 

As seen from Table 1, model X, consisting 
of the species PdCl(SCN) - TIBPS, PdCl- 
(SCN) - 2TIBPS, Pd(SCN)* * TIBPS and Pd- 
(SCN), * 2TIBPS formed in the organic phase 
gives the best fit to the experimental data. Thus, 
the chemical reactions regarded as responsible 
for the extraction seem to be 

PdCl:- + SCN- + TIBPS,, 

z$ PdCl(SCN)*TIBPS,, + 3Cl- (6) 

log K,,, = 9.56 

PdCl:- + SCN- + ZTIBPS,, 

$ PdCl(SCN)*ZTIBPS,, + 3Cl- (7) 

log Kn2 = 12.70 

PdCl:- + 2SCN- + TIBPS,, 

z$ Pd(SCN)2.TIBPS,, + 4Cl- (8) 

log K,,, = 14.73 

PdCl:- + 2SCN- + ZTIBPS,,, 

= Pd(SCN)*. 2TIBPS,,, + 4Cl- (9) 

log K,,, = 17.17 

Figures 4 and 5 show the distributions of the 
species proposed in this model, as a function 
of the total TIBPS and thiocyanate concen- 
trations, respectively. As seen, the species con- 
taining Pd(SCN), predominate under most 
conditions, and although Pd(SCN),*TIBPS is 
predominant in the range of extractant concen- 
trations studied, Pd(SCN)* - ZTIBPS becomes 
more important as the concentration of TIBPS 
increases (as might be expected). 

In additional experiments the ultraviolet ab- 
sorption spectra of the organic phases obtained 
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Table 1. Results of numerical calculations for the species Pd, 
Cl,,_,,(SCN);pTIBPS [equation (4)] by the program LETAGROP- 

DISTR; n (number of experimental points) = 89 

Species 
Model ry q9 p logK/,, a(logD) V Remarks 

10.27; 10.51 0.76 0.45E2 I 1,092 
II 1,192 
III 191,l 
IV 1,191 

1,192 
V 1,191 

1,&l 
VI l,l,l 

1,291 
2,2,2 

VII 1,191 
1,291 
1,0,2 

VIII l,l,l 
1,192 
1,2,1 

IX 1,191 
1,192 
1,291 
2,2,2 

X l,l,l 
1,1,2 
1,291 
1,292 

14.21 $0.19 
10.83 f 0.20 
9.90; 10.55 
14.15; 14.38 
9.74 f 0.17 

14.79 + 0.09 
9.00; 9.68 

14.82 f 0.08 
- 

9.70 f 0.20 
14.80 f 0.09 

- 
9.51; 9.80 

12.76; 13.20 
14.79 f 0.10 

9.60; 9.90 
12.68; 13.21 

14.81 f 0.09 
- 

9.56; 9.86 
12.70; 13.17 

14.73 It 0.23 
17.17; 17.83 

0.42 0.16E2 
0.42 0.17E2 
0.42 0.15E2 

0.20 0.35El 

0.19 0.33El 

0.20 

0.17 

0.18 

0.16 

rejected 
0.34El 

rejected 
0.27El 

0.28El 

rejected 
0.20El 

The standard deviation o(logD) is defined as a(logD) = (V/(N - A$))“* 
where A$ is the number of constants to be adjusted. The error in the 
constants vs is given as + 3a (1ogK) but for a(K) z 0.2K, the “best” 
value of 1ogK and the maximum value [log(K + 3u(K)] are given. 

by extraction of aqueous Pd(I1) solutions (in the 
presence and absence of thiocyanate) with a 
toluene solution of TIBPS were recorded. For 
the extraction without thiocyanate present the 
shaking time was extended to a week to ensure 
that equilibrium was reached. The spectra are 
shown in Fig. 6(a). As seen, there is a blue-shift 
of the absorbance maximum when the extrac- 
tion is done with thiocyanate present in the 

1. Pd(SCN) .TIBPS 2 

1.0 

0.9 
4. PdCI, (SCN)2- 

0.6 

0.7 6. PdCI(SCN) .STIBPS 

0.6 7. PdClSCN .TIBPS 

0.5 

0.4 

0.3 

0.2 

0.1 

%O -3.6 -3.6 -3.4 -3.2 -3.0 -2.6 -2.6 -2.4 

Log [TIBPS] tot 
Fig. 4. Distribution diagram of metal species us. [TIBPS],,, . 

Ipd(II)],,, = 3.0 x IO-‘M; [SCN-],O, = 1.0 x lo-‘M. 

aqueous phase, whereas there is a red-shift in 
the spectrum of the initial aqueous phases when 
thiocyanate is added, Fig. 6(b). The blue-shift 
seems to be a consequence of the change in 
medium as well as the ligand-exchange (and is 
analogous to the spectral differences between 
palladium thiocyanate species in aqueous 
medium and in molten salts12) and the red-shift 

1. Pd(SCN)2.TIBPS 

2. PdCI(SCN) .PTIBPS 

3. 1 .o PdCI(SCN) .TIBPS 

F 

4. Pd(SCN)2.2TIBPS 

5. PdC12(SCN);- 

0.6 6. PdCI(SCN) g‘ 

7. Pd(SCN);- 

Log [SCN-]tot 

Fig. 5. Distribution diagram of palladium-containing 
species 0s. aqueous [SCN-I,,. [pd(II)],,, = 3.0 x 10WsM; 

[TIBPS],,, = 1 .O x lo-‘M. 
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(a) 
l- 

2 

g 
z 0 200 250 300 350 400 

X nm 

Fig. 6. (a) Ultraviolet spectra of organic species: 
[Pd(II)],, = 3.0 x 10-‘&f. 1, No SCN- present in the 
aqueous phase; 2, [SCN-I,,, = 5.0 x 10esM. (b) Ultraviolet 
spectra of aqueous complexes: [pd(II)],,, = 3.0 x 10esM. 1, 
No SCN- present: 2, [SCN-],O, = 5.0 x 10e5M; 3, 

[SCN-I,,, = 5.0 x 10-4M: 4, [SCN-I,,, = 1.0 x 10-3M. 

a consequence of ligand-exchange in aqueous 
medium.‘s*‘6 

A comparison of these results with those 
reported by Walker and BautistaZ and by Inoue 
and co-workers3” leads to conclusions different 
from theirs. Walker and Bautista? explain the 
extraction of Pd(I1) by TIBPS in xylene, in the 
absence of thiocyanate, as due to formation of 
Pd(TIBPS)2 species in the organic phase, and 
Inoue and co-workers consider that a binuclear 
2: 2 complex also contributes to the extraction 
into toluene. In both systems metal extraction is 
assumed to occur by a solvating mechanism. 
Neither Walker and Bautista nor Inoue and 
co-workers give values for the reaction con- 
stants. The main difference from our results is 
related to the formation of the binuclear species 
reported by Inoue and co-workers, and this may 
be due to the different ranges of Pd(I1) concen- 
tration used, which in our case were limited by 
the solubility of Pd(I1) in aqueous solutions 
containing thiocyanate. Furthermore, thio- 

cyanate provides a different chemical environ- 
ment, which may result in a different speciation. 

Species with 1: 2 metal : extractant stoichi- 
ometry are also found when triphenylphosphine 
in 1,Zdichloroethane is used as the extractant 
(in the absence of thiocyanate).” Our results 
also partially agree with those reported in the 
literature for the extraction of different metals 
with Cyanex 471x, e.g., Ag(1) is extracted from 
nitrate solutions as AgNO, * 2TIBPS,6 and 
Hg(I1) from chloride media as HgCl,.2TIBPS,’ 
and a recent study concerning Au(II1) extrac- 
tion from hydrochloric acid media with Cyanex 
47 lx showed that the species AuC13 *TIBPS and 
AuCl, * 2TIBPS are responsible for the gold 
extraction.” 

In our study the effect of thiocyanate on the 
extraction of Pd(I1) from chloride solutions has 
been shown to be related to the formation of 
mixed-ligand complexes PdCl, _ , SCN:- in the 
aqueous phase, which react more rapidly than 
the corresponding tetrachloro-complex PdCl:- . 
As a result an increase in the rate of Pd(I1) 
extraction is obtained (see Fig. 1). The trends 
observed at the different thiocyanate concen- 
trations may be related to the similar trend in 
the relative concentrations of the species 
PdCl,(SCN):- and PdCl(SCN):- under the cor- 
responding experimental conditions. 

Such behaviour has previously been explained 
as a catalytic process based on a trans-ligand 
effect.’ However, taking into account our find- 
ings that thiocyanate is present in the extracted 
metal species, the effect of the thiocyanate 
should now be considered as a particular case of 
synergism rather than catalysis, although a 
trans-effect of the thiocyanate in the mixed- 
ligand aqueous complexes may well be import- 
ant in formation of the metal species finally 
extracted. 
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Summary-A sensitive stripping voltammetric procedure for quantifying rhodium is described. The 
complex of rhodium with chloride ions is adsorbed on the hanging mercury drop electrode, and the 
reduction current of the accumulated complex is measured during a negative-going scan. Cyclic 
voltammetry is used to characterize the interfacial and redox behaviors. The effect of pH, chloride 
concentration, accumulation potential and other variables is discussed. The detection limit is 1 x lO_sM 
(- 1 ng/ml) with 5-min accumulation. A linear current-concentration relationship is observed up to 
7 x lo-‘M and the relative standard deviation (at the 2 x 10-‘&f level) is 3.0%. Possible interferences by 
co-existing metals are investigated. 

Because of the importance of rhodium, a sensi- 
tive method is required for its reliable measure- 
ment. In particular, the quantification of 
rhodium at trace levels is desired for geological 
surveys, catalytic applications and materials 
science. Spectroscopic procedures have been 
proposed for measuring low levels of rhodium, 
after solvent extraction,* liquid chromatog- 
raphy2 or preferential complexation3 Such 
schemes, however, are time-consuming and 
costly. 

The present paper describes a sensitive strip- 
ping voltammetric procedure for trace measure- 
ment of rhodium. The polarographic behavior 
of rhodium has been explored by different 
groups.67 These studies elucidated the redox 
mechanism of rhodium in the presence of vari- 
ous complexing agents. The quantification of 
rhodium by coulometry6 or catalytic polarogra- 
phy’ has also been reported. However, the util- 
ity of stripping analysis (the most sensitive 
electrochemical techniques) for rhodium has 
not been reported. The combination of the 
voltammetric activity of rhodium chloro- 
complexes with their surface-active properties 
results in an effective adsorptive stripping 
procedure, the characteristics of which are 
described in this paper. 

EXPERIMENTAL 

Apparatus 

A PAR Model 264 voltammetric analyzer was 
used with a PAR Model 303 static mercury drop 
electrode. 

Reagents 

All solutions were prepared with doubly dis- 
tilled water. A 1000 mg/l. rhodium stock sol- 
ution (atomic absorption standard; Aldrich) 
was diluted as required for standard additions. 
Potassium chloride solutions were prepared by 
dissolving the reagent in water and adjusting the 
pH with hydrochloric acid or sodium hydroxide 
solution. 

Procedure 

Potassium chloride solution (10 ml, pH 1.3) 
was pipetted into the polarographic cell and 
purged with nitrogen for 4 min. The pre- 
concentration potential (- 0.20 V) was applied 
to a fresh mercury drop while the solution 
was stirred. After the preconcentration, the 
stirring was stopped and 15 set later the 
background voltamperogram obtained by 
applying a negative-going scan terminating at 
-0.60 V. A known volume of rhodium stan- 
dard was then added and the adsorptive and 
stripping cycle was repeated with a new mercury 
drop. 

RESULTS AND DISCUSSION 

Repetitive cyclic voltamperograms for 50 
ng/ml rhodium in 2.5iU potassium chloride (pH 
1.3) were used to evaluate the interfacial and 
redox behavior (Fig. 1). In the absence of prior 
accumulation only a small peak from the re- 
duction of the rhodium chloro-complex was 
observed, at -0.52 V (Fig. 1, B). When the 
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experiment was repeated with a 120-set stirring 
period (at -0.20 V) a large peak was observed 
at -0.52 V in the first negative-going scan. 
Subsequent scans gave a much smaller peak (of 
approximately constant height), indicating de- 
sorption of the product from the surface (Fig. 1, 
A). According to the work of Van Loon and 
Page,6 the complex adsorbed under these exper- 

E 
2 

0 60 120 180 240 300 360 

imental conditions should be mainly RhCe-. f 

Figure 2 shows that for a 20 ng/ml rhodium 
0 

solution, the longer the preconcentration time, 
the more metal complex is adsorbed on the 

t 

200 nA b 

surface. and the larger is the peak current. For 
example, with 120-set preconcentration (Fig. 2, 
e) there is a fivefold enhancement of the peak 
current relative to that obtained without pre- 
concentration (Fig. 2, a). As a result, excellent I -0.w.s 
signal-to-background characteristics are ob- Potential (V) 

tained which permit measurements at nanomo- 
lar concentration levels. Also shown in Fig. 2 
(inset) are plots of peak current us. preconcen- 
tration time at two levels of rhodium [(A) 20 and 
(B) 40 ng/ml]. In both cases the current increases 
linearly with time. The slopes are 9.6 nA/sec (A) 
and 26.2 nA/sec (B) (correlation coefficients, 
0.999 and 0.996, respectively). 

Fig. 2. Differential pulse voltamperograms for 20 ng/ml 
rhodium after different preconcentration times: (a) 0, (b) 30, 
(c) 60, (d) 90, (e) 120 set, and 400 rpm stirring. Inset are 
current vs. pteconcentration time plots for (A) 20 ng/ml and 
(B) 40 ng/ml Rh. Conditions: 2.5M KC1 @H 1.3); accumu- 
lation at -0.20 V; scan-rate 10 mV/sec; pulse amplitude, 25 

mV. 

The stripping current depends strongly on the 
solution pH (Fig. 3A). Increasing the pH from 
3 to 7 results in a sharp decrease in peak 
height. This could be explained by the affinity 
of Rh3+ for hydroxide ions at high PH.~ A 
similar pH-current profile was obtained for 
polarographic work. A sharp increase in the 
peak width was observed as the pH was in- 
creased from 4 to 7 (Fig. 3B). The effect of 
convection mass transport was also evaluated. 

I 400 nA 

-0.2 -0.4 -0.6 

Potential (V) 0 4 8 
0 

Fig. 1. Repetitive cyclic voltamperograms for 50 ng/ml 
PH 

rhodium, in 2SM KC1 @H 1.3) solution, (A) with and (B) 
without 120-set preconcentration (at -0.20 V), with 406 _~ 

rpm stirring; scan-rate, 50 mV/sec. 

Fig. 3. Effect of pH on the adsorptive stripping current (A) 
and the peak half-width (B): 50 ng/ml Rh; preconcentration 

time, 60 set; other conditions as for Fig. 2. 
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Accumulation of rhodium chloro-complexes 
from a stirred solution gave rise to a peak 
current 2.2 times as large as that obtained with 
the quiescent solutions. 

The chloride ion concentration has a pro- 
nounced effect on the stripping current 
(Fig. 4A). The stripping peak for 50 ng/ml 
rhodium increases linearly with increasing pot- 
assium chloride concentration between 1 and 
2SM, and then decreases. As the chloride con- 
centration increases, the mole fraction of 
RhCli- increases, giving rise to a higher signal. 
According to the work of Shlenskaya et al.: this 
increase is almost linear between 1.5 and 2.5M 
potassium chloride, in agreement with the signal 
trend shown in Fig. 4A. At low chloride concen- 
tration aquo-chloro mixed-ligand complexes 
are formed.4g6 The dependence of the stripping 
current on the preconcentration potential over 
the range from + 0.10 to - 0.40 V was examined 
(Fig. 4B). The response increased sharply be- 
tween 0.00 and -0.20 V and then decreased at 
more negative potentials. The optimal con- 
ditions for rhodium measurements are there- 

3 i-- (4 

I i 

0 6 
KCI concentration (M) 

.- 
0 

/ e-0 

0 -0.2 -0.4 

Accumulation potential (V) 

Fig. 4. Dependence of the adsorptive stripping current on 
(A) the KC1 concentration and (B) the accumulation poten- 

tial: 50 ng/ml Rh; other conditions as for Fig. 2. 

‘r 

t 
60 nA 

Concentration 

\ 

-0.2 -0.4 -0.6 

Potential (V) 

Fig. 5. Stripping voltamperograms obtained for solutions of 
increasing rhodium concentration over the range l&30 
ng/ml (a-c). Preconcentration for 45 set; other conditions 
as for Fig. 2. Inset are calibration plots for different 

accumulation times: (A) 45 and (B) 90 sec. 

fore 2.5M potassium chloride as supporting 
electrolyte (pH 1.3) and a preconcentration 
potential of -0.20 V. 

Figure 5 shows stripping voltamperograms 
obtained for IO-30 ng/ml rhodium solutions 
after a 45-set preconcentration time. Cali- 
bration plots over a wider concentration range 
(10-60 ng/ml), obtained by using different pre- 
concentration times, are also shown in Fig. 5 
(inset). The response is linear over this range 
[slopes, (A) 24.7 and (B) 54.8 nA.ml.ng-‘, both 
with correlation coefficients of 0.9971. The de- 
tection limit was estimated to be 1OnM (1 ng/ml) 
with a 5-min accumulation (S/N = 3). The pre- 
cision was estimated from eight successive 
measurements of 50 ng/ml rhodium solution 
(90~set preconcentration); the mean peak cur- 
rent was 1426 nA (range 1360-1470 nA and 
relative standard deviation 3.0%). 

The following metal ions (20 ng/ml) were 
tested and found not to affect the 20 ng/ml 
rhodium peak: Ag(I), Ni(II), Zn(II), Co(II), 
Pd(II), Au(III), Ti(IV), Fe(II), Fe(III), Pb(I1) 
and Cu(I1). A decrease in the rhodium stripping 
peak was observed in the presence of Mn(I1) 
and Sn(I1). Hence, a separation step would be 
required in the presence of these metals. The 
effects of several anions were also examined. No 
interference was observed in the presence of 
2mM nitrate or bromide. An additional 
peak was observed in the presence of 2mM 
iodide, at ca. 140 mV negative to the peak of 
interest, but did not affect the determination of 
rhodium. 
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In conclusion, the method described provides 
a simple approach for the determination of trace 
levels of rhodium. The interfacial accumulation 
results in a substantial enhancement of the 
voltammetric response, permitting convenient 
quantification at the ng/ml level. Depending on 
the sample matrix, a separation step may be 
required to isolate rhodium from interfering 
metals. 
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Sunuuary-Synthetic methods for preparing four lipophilic tetra-arylborates considered suitable candi- 
dates for use in membrane electrodes are described. Qualitative precipitation tests were performed with 
several cations. The sodium salts of the four tetra-arylborates were found to have limited stability but 
the c&urn salts were relatively stable. 

The tetrakis-p-chlorophenylborate anion, first 
reported in 1965, ‘J has found use in the fabri- 
cation of membrane electrode&4 suitable for 
sensing certain large cations. It seems likely that 
the activity of tetrakis-p-chlorophenylborate as 
the active agent in membrane electrodes is due 
in large part to the lipophilic character of the 
p -chlorophenyl moiety. Private communi- 
cations with workers in the field of membrane 
electrodes have revealed an interest in, and a 
need for, additional tetra-arylborate ionophores 
suitable for the formulation of cation-sensing 
membranes. 

We have attempted to meet this need by the 
synthesis of a number of tetra-aryl borates 
which have an unbranched aliphatic chain in the 
position meta to the carbon atom bonded to the 
boron atom. The study required the preparation 
of several new compounds as well as the 
resynthesis of a few compounds previously 
prepared in this laboratory. Our choice of 
the m&z-position for the alkyl-substituent 
was predicated on our experience-and that 
of otherssg-with other tetra-arylborates that 
alkyl-substituents placed in the para-position 
relative to the carbon-boron bond yield com- 
pounds of lower stability than their meta- 
substituted analogs. 

The following salts were prepared and sup- 
plied to other laboratories for membrane elec- 
trode studies. 

1. Cesium tetrakis(m -methylphenyl)borate 
2. Cesium tetrakis(m-ethylphenyl)borate 
3. Cesium tetrakis(m-propylphenyl)borate 
4. Cesium tetrakis(m-butylphenyl)borate 

Synthesis of sodium tetrakis (m-alkylphenyl)bor- 
ares 

The in situ synthetic procedure of Vande- 
bergi was used, which proceeds according to 
the equation: 

4 RBr + 4 Mg + NaBF, 

= NaBR, + 2 MgFz + 2 MgBr, 

As in all Grignard syntheses, the apparatus 
and reagents must be completely free from 
water. To achieve this, the m-alkylphenyl halide 
was dried over anhydrous CaSO, overnight, 
anhydrous diethyl ether was dried over sodium 
metal overnight, magnesium turnings were dried 
at 120”, and sodium tetrafluoroborate was dried 
at 120” overnight. 

All apparatus was dried overnight at 120”. A 
500-ml three-necked round-bottomed flask was 
fitted with a magnetic stirring bar, a reflux 
condenser, a 60-ml dropping funnel, and a glass 
tube and stopcock for introduction of nitrogen. 
The dropping funnel was stoppered, a drying 
tube attached to the condenser and the cooling 
water turned on. Nitrogen was passed through 
the flask and the flame of a Bunsen burner swept 
over the flask until there was no visible conden- 
sation of moisture in the condenser. An ad- 
ditional dropping funnel can be added (with a 
suitable adapter) for the addition of diethyl 
ether. 

The following procedure is scaled for the 
use of 0.1 mole of alkylphenyl halide starting 
material. 

Weigh 2.8 g of sodium tetrafluoroborate into 
the reaction flask. To expose a fresh metal 
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surface, grind 2.5 g of magnesium turnings with 
a dry mortar and pestle. Add the magnesium to 
the flask, then just sufficient anhydrous diethyl 
ether to cover the solid reagents. Dissolve 0.1 
mole of the alkylphenyl halide in approximately 
20 ml of anhydrous diethyl ether and introduce 
it into the dropping funnel. Add about 5 ml of 
the alkylphenylhalide solution to the reaction 
flask, from the dropping funnel. Stir the 
solution while gently warming it with a heating 
mantle. The appearance of turbidity signifies the 
beginning of the reaction. The reaction mixture 
bubbles vigorously, and turns yellow, green or 
brown. When the reaction has started, add 
sufficient anhydrous diethyl ether to the flask to 
bring the volume to approximately 200 ml. Let 
the remaining alkylphenyl halide solution drip 
into the flask. The Grignard reaction usually 
takes from 5 to 45 min to start. Addition of the 
alkylphenyl halide solution requires approxi- 
mately an hour. The drop rate must be regulated 
throughout, to avoid an excessively vigorous 
reaction. If the reaction becomes too energetic, 
the flask should be immersed in an ice-water 
bath. After all the alkylphenylhalide has been 
added, stir for an additional 3 hr with sufficient 
heating to maintain a gentle reflux. During the 
reaction there will be a considerable loss of ether 
by evaporation. 

Work-up of the product 

The tetra-arylborates are easily decomposed 
by acids and by the free radicals produced by 
ether hydroperoxides. The use of basic solutions 
and peroxide-free ether in the work-up will 
minimize these problems. 

Prepare 200 ml of ice-water and make it 
slightly basic with dilute sodium hydroxide 
solution. Pour the reaction mixture into the 
ice-water, with stirring. Add 0.5 g of anhydrous 
sodium carbonate and stir. Wash the reaction 
flask with peroxide-free diethyl ether and add 
the washings to the aqueous mixture. Separate 
the ether layer, which contains the crude sodium 
salt of the tetrakis (m -alkylphenyl)borate. Satu- 
rate the aqueous layer with sodium chloride and 
extract it with three 30-ml portions of peroxide- 
free ether. 

Preparation of cesium tetrakis-alkylphenylbo- 
rates 

The reaction proceeds as follows: 

NaBAr, + CsCl = CsBAr, + NaCl 
Add the combined ether extracts of the 

sodium salts dropwise to about 600 ml of 1% 
cesium chloride solution containing 10e4M 
aluminum sulfate to promote coagulation of the 
precipitate. Heat the solution to about 40” and 
stir it vigorously during the addition. When the 
addition is complete, continue the stirring for 
1 hr. Then chill the precipitate and supernatant 
liquid in an ice-water bath for 1 hr, filter and 
wash the product twice with chilled demineral- 
ized water. 

Suspend the product in 100 ml of xylene and 
filter. Repeat this step, then air-dry the product. 
Dissolve it in 0.7-1.5 1. of redistilled acetone 
containing 5% v/v demineralized water. Warm 
the solution slightly (maximum 30”) and filter to 
remove foreign particles. Evaporate with a ro- 
tary evaporator in a 35-40” water-bath, to a 
volume of 100-200 ml. Chill the solution and 
filter. Dry the precipitate under vacuum for 12 
hr. 

RESULTS AND DISCUSSION 

Study of properties of the sodium salts 

Qualitative precipitation tests. One ml of O.lM 
aqueous cation solution was mixed with 10-15 
drops of the ether solution of the reagent 
(sodium salt). The cations tested were Li+, K+, 
Rb+, Cs+, Tl+, NH:, (CH,),NH+, (CH3)4N+, 
Ba2+, Sti+, Pb2+, Cd’+, Mn’+, Zn2+, Ni2+ and 
Ca*+. The reactions of interest are summarized 
in Table 1. 

Stability tests. A portion of the combined 
ether extracts from the work-up step was stored 
in a stoppered test-tube at 5-10”. A second 
portion was purged with nitrogen before similar 
storage in the refrigerator. A third portion in a 
stoppered test-tube was left at room tempera- 
ture. Each was tested at intervals by qualitative 
precipitation with rubidium. Failure to produce 
a precipitate indicated that an appreciable 
amount of decomposition had occurred during 
storage. 

The ether solution of the sodium salts was 
found to be stable for about two days. No 
significant differences in stability were observed 
between ether solutions kept under nitrogen and 
in air. Use of ether that had been redistilled in 
the presence of lithium aluminum hydride 
appeared to increase the stability of the reagent. 

Because the pure sodium salts were not stable 
in solid form, attempts to obtain them were 
unsuccessful. The cesium salts are considerably 
more stable, however, and could be easily pre- 
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Table 1. Precinitation oroIile 

Tetrakis(m-alkvlnhenvl)borate 

Cation Methyl Ethyl Propyl Butyl 

K+ 
Rb+ 
cs+ 
Tl+ 

s;:,, NH+ 
(SCH,), N+ 

Ba’: 
Pb*+ 

+ + + (I) - - 

+ + + (I) + + + (I) + + + (I) 
+ + + (I) + + + (I) + + + (I) 
+ + + (I) + + + (I) ++(I) 
+ + + (I) + + + (S) T (9 
+ + + (I) + (S) T (S) 
+ + + (I) + (S) T (S) 

- T (S) nd 
+ (S) + + + (I) 

T<S) + + (S) - 

+ + (I)+ 
+ + + mt 

+ c9 
T (9 

6-9 
nd 
nd 
nd 

+ + + heavy precipitate. 
+ + medium precipitate. 
+ slight precipitate. 
T trace precipitate. 
- no reaction. 
(I) precipitates immediately. 
(S) precipitates slowly. 
nd not tested for. 
*more concentrated ether solution gave + + + (I). 
tdilute ether solution precipitates Cs+ faster than Rb+. 

pared. Their infrared and NMR spectra were 
consistent with the structures expected for the 
compounds, and analysis for carbon, hydrogen 
and boron gave results in agreement with those 
expected (Table 2). The compounds were found 
to be soluble in dimethylsulfoxide (DMSO). 
Saturated solutions of the salts were prepared in 
acetone, acetonitrile, and water by warming for 
30 min, in a warm water-bath, in glassware 
washed and rinsed with demineralized water, 
DMSO, and acetone. The resulting solutions 
were allowed to equilibrate for two days at 
room temperature. Measured volumes were 
taken, the solvent was evaporated, and the 
residue was dried at 120” and cooled in a 
desiccator. The molar solubilities were deter- 
mined by dissolving the residue in a 90/10 v/v 
DMSO-water mixture and analysis for boron 
by DC-plasma emission spectrometry.” The re- 
sults are given in Table 3. 

The solubility of cesium tetraphenylborate in 
water was found to be more than an order of 
magnitude higher than the value previously 
reported. I2 An intriguing zig-zag pattern oc- 
curred in a plot of solubility vs. chain length of 

Table 2. Elemental analysis of the cesium tetrakis(m-alkyl- 
phenyl)borates 

Found, % Theory, % 

Alkyl C H B C H B 

None 63.5 4.48 2.44 63.76 4.46 2.39 
Methyl 66.0 5.59 2.18 66.17 5.55 2.13 
Ethyl 68.5 6.53 1.87 68.10 6.43 1.92 
Propyl 70.1 7.25 1.79 69.69 7.15 1.74 
Butyl 71.3 7.71 1.62 71.05 7.70 1.60 

the alkyl group. The solubilities were lower for 
the odd-numbered alkyl side-chain derivatives 
than for the even-numbered alkyl side-chain 
compounds. Within each group (odd or even 
number of carbon atoms) the compounds with 
longer alkyl chains were more soluble than 
those with shorter chains. 

Three of the tetra-arylborates synthesized are 
new compounds, the m-methyl analog, pre- 
pared for comparative purposes, having beeen 
previously described. Increasing the length of 
aliphatic chains is known to enhance the 
lipophilicity of ionophores. The degree of 
lipophilicity of the reagent that is incorporated 
into the PVC matrix, in addition to whatever 
effects it may have on the selectivity and solubil- 
ity, is of paramount importance in the prep- 
aration of ion-sensing membrane electrodes, 
because it controls the amount of reagent that 
leaches out of the membrane. 

The sodium salts of the m-ethyl, m-n-propyl, 
m -n-butyl, and m-methyl compounds were 
found to be of limited stability in aqueous 
solution. In peroxide-free diethyl ether solution 
the period of stability increased to 2-3 days. 

Table 3. Solubilities of cesium tetrakis(m- 
alkylphenyl)borates at room temperature 

Acetone, Acetonitrile, Water,* 
Alkyl 10-34 10-34 IO-M 

None 2.7 1.5 4 
Methyl 0.2 0.2 3 
Ethyl 2.4 0.9 5 
Propyl 1.3 0.6 2 
Butyl 2.2 1.2 4 
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These sodium salts, because of their solubility in 
ether, can be incorporated into PVC membrane 
electrodes, where they may have sticient stab- 
ility in the PVC matrix to warrant further study. 

Generally, the longer the alkyl chain, the 
greater the selectivity of the anion toward the 
larger cations. For example, tetrakis (m -n-butyl- 
phenyl)borate formed heavy precipitates only 
with cesium and rubidium. Cesium can be sep- 
arated from rubidium by precipitation with 
tetrakis(m-n-butylphenyl)borate if the concen- 
tration of the reagent solution is suitably 
adjusted (c$ Table 1). 
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Summary-The role of a nucleating agent (cholesterol) in the premicellar aggregation of sodium lauryl 
sulfate (SLS), cetyltrimethylammonium bromide, Triton X-405 and Brij 35 has been investigated. The IJZ, 
ratios of pyrene in the solutions indicate that SLS is strongly nucleated by cholesterol, but the other 
detergents appear to be so to a lesser extent. However, quenching studies show that premicellar Brij 35 
also forms nucleated aggregates that protect the probe from the quencher. Energy transfer data with 
Triton X-405 suggest that such aggregates have a more open structure than self-assembling ones and are 
more accessible to water. 

The formation of surfactant aggregates at con- 
centrations below the critical micelle concen- 
tration (cmc) has been reported.‘” It can be 
deduced from fluorescence measurements in- 
volving probes associated with these aggregates. 
Specific methods suitable for these investi- 
gations include the assessment of polarity from 
spectral features, fluorescence quenching and 
energy transfer. In the present study all three are 
used to evaluate the role of nucleation of deter- 
gent by a relatively hydrophobic species (choles- 
terol) in the premicellar aggregation process. 

Relative band intensities in the vibronic struc- 
ture of the fluorescence emission spectrum of 
pyrene have previously been used to assess the 
polarity of the environment of the fluorophore 
in premicellar and micellar media.&’ The ratio 
of the peak heights of the first and third 
emission bands (Z,/Z3) is a sensitive gauge of 
the nature of the immediate surroundings of the 
probe. The higher the ratio the greater is the 
polarity of the microenvironment and this in 
turn indicates the association of the probe with 
nonpolar entities in aqueous solution and hence 
the existence of such aggregates. 

The fluorescence of polyaromatic hydro- 
carbons is quenched by some anionic species1%‘14 
if the quenching species can come into direct 
physical contact with the fluorophore. The 
quenching mechanism may be collisional (dy- 
namic quenching) or involve ground-state com- 
plex formation (static quenching). Either may 
be prevented by isolation of the fluorophore 
from the quenching species and this may be 
achieved by association of the fluorophore with 
detergent aggregates. Protection arising from 
hydrophobic interactions between probe and 

detergent is especially effective against hydro- 
philic ionic quenchers such as bromide. This 
shielding effect leads to a notable increase in 
fluorescence intensity.” 

Rothenberger et al. have shown that micellar 
systems allow for efficient energy transfer if the 
donor and acceptor species are sufliciently close 
to each other.i6 The donor and acceptor may 
both be extraneous species that have penetrated 
the nonpolar micellar interior, or, as in this 
study, the donor may be the species forming the 
micelle. Kalyanasundaram and Thomas have 
studied the transfer of excitation energy from 
the phenyl groups of micellar Igepal C-630 to 
solubilized molecules of pyrene,” and efficient 
energy transfer has been shown to occur be- 
tween sodium phenylundecanoate micelles and 
naphthalene. ‘* Previous work in our laboratory 
has demonstrated micellar sensitization in the 
benzyldimethylhexadecylammonium chloride 
(BDCH)/naphthacene, Triton X-405 (TX- 
405)/pyrene and TX405/Brij 35 systems.‘*” 

EXPERIMENTAL 

Pyrene (98% pure) (Sigma) was recrystallized 
twice from absolute ethanol and sublimed onto 
a cold finger. TX-405 (70% aqueous solution), 
sodium lauryl sulfate (98% pure), Brij 35 and 
cholesterol (Sigma) were used without further 
purification. Potassium bromide (analytical 
grade, J. T. Baker) was used as supplied. The 
water used in all solutions was distilled and 
treated with a 0.22~pm Millipore filter system to 
give 18 Mn .cm resistivity. 

An aqueous stock solution of pyrene 
was prepared by adding a 4~1 aliquot of a 
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5.1-mg/ml ethanolic solution to a dry IOOO-ml 
standard flask. The solvent was then evaporated 
and about 800 ml of water was added. After 
sonication for 4 hr the flask was filled to the 
mark to make a 1.0 x lo-‘M pyrene solution. 
Stock solutions with the surfactants [SLS, Brij 
35, CTAB (cetyltrimethylammonium bromide) 
and TX-4051 were prepared from the pyrene 
solution in a similar manner, with surfactant 
concentrations ranging from 1.00 x lo-’ to 
O.OlM. Cholesterol solutions were all saturated 
(5.16 x 10m6M). Fluorescence spectra were 
recorded with a Perkin-Elmer MPF 66 spec- 
trofluorimeter equipped with a temperature- 
controlled sample compartment. This 
instrument gives corrected excitation and emis- 
sion spectra through the use of a built-in Rho- 
damine 101 quantum counter. Excitation and 
emission slit-widths were set for 5 and 2 nm 
bandpass, respectively, and all measurements 
were corrected for a blank. The fluorescence 
intensity values reported are the averages of 
triplicate measurements. Unless otherwise 
stated, readings were taken at 24”. 

RESULTS AND DISCUSSION 

Polarity efects 

When small amounts of cholesterol are added 
to SLS solutions containing pyrene, the conduc- 
tivity and surface tension values measured are 
not affected. These techniques lack the sensi- 
tivity necessary to record relatively subtle alter- 
ations in the solution environment. The Z,/Z, 
ratio of the pyrene emission spectrum can be 
effectively used to monitor the polarity of the 
immediate environment of the fluorophore.ig A 
direct relationship exists between the ratio and 
the polarity. In Fig. 1, for the solution free from 
cholesterol the critical micelle concentration 
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Fig. 1. Variation of 1,/I, ratio of pyrene emission with SLS 
concentration with (A) and without (+) cholesterol 

(5.16 x 10msM) present. 

1.20 
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Fig. 2. Variation of Z,/I, ratio of pyrene emission with 
CTAB concentration with (---) and without (-) 

cholesterol present. 

(cmc) is reached at about 10m3M SLS, the 
concentration at which the Z,/Z3 ratio begins to 
decrease sharply. In the presence of cholesterol, 
a lower ratio persists at SLS concentrations up 
to about 5 x 10m3M, indicating that the micro- 
environment of pyrene is considerably less polar 
in this case. This effect is not observed when 
cholesterol and pyrene are together in a solution 
without surfactant, suggesting that SLS associ- 
ates with dissolved cholesterol even at very low 
detergent concentrations, and that pyrene exists 
in a relatively nonpolar environment within 
these aggregates. 

A similar study with CTAB gave very differ- 
ent results. Figure 2 shows the variation of the 
II/Z3 ratio with CTAB concentration. Choles- 
terol had a negligible effect on the measured 
values. A similar lack of preaggregation was 
observed when Brij 35 was used as the detergent. 

Aggregates of SLS that have formed around 
a nucleus of cholesterol are notably more sensi- 
tive to temperature than those of pure SLS (Fig. 
3). In the presence of cholesterol the Z,/Z3 ratio 
of pyrene is consistently greater at the higher 
temperature, indicating that the cholesterol/SLS 
aggregate is thermally disturbed in the warmer 
solution. The values of the ratio at different 
temperatures are relatively close together at the 
extremities of the graph: at very low SLS con- 
centrations the extent of aggregation is small, 
and so temperature change has less effect; at 
high SLS concentrations micelles are formed 
which have less thermal lability than the 
premicellar aggregates. The temperature effects 
are minimal in the absence of cholesterol. 

Bromide quenching 

Micehar aggregates afford protection from 
fluorescence quenching by species such as 
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Fig. 3. Variation of I$, ratio of pyrene emission with SLS 
concentration at different temperatures: (---) 22.2”; (-) 
58.0”. (A) Without cholesterol; (B) with 5.16 x 10e5M 

cholesterol present. 
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bromide ions, by providing the probe with a 
hydrophobic environment that is inaccessible 
to the hydrophilic quencher. The assessment of 
fluorescence quenching can expose surfactant 
aggregation behavior that may not be evident 
from the ZJZ, ratio measurements. 

The successive addition of 291 increments of 
O.OlM potassium bromide to lo-‘M pyrene 
solution with and without 5.16 x 1 O- ‘M choles- 
terol present gives a steady decrease in the ratio 
of quenched to unquenched intensity (Z,/ZJ, as 
shown in Fig. 4, A. The effect of cholesterol is 
small when no detergent is present and in the 
presence of CTAB and SLS. However, for Brij 
35 a consistently higher Z, /Z, ratio is observed in 
the presence of cholesterol, Fig. 4, ED. 

The data indicate various degrees of protec- 
tion of the fluorophore by premicellar deter- 
gents in the presence of cholesterol. Though 
cholesterol enhances protection in all cases, the 
effect is minor with the cationic surfactant 
CTAB present. This may be partially due to the 
attraction of a “halo” of bromide by this deter- 
gent, as reported before from this laboratory.3 
However, the observation that the Z,/Z3 ratio 
is not affected by CTAB suggests that the 
detergent does not form extensive premicellar 

r (C) 
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I I I I I 
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KBr added (11) 

Fig. 4. Variation of the ratio of quenched to unquenched fluorescence intensity (I./I,) in detergent 
solutions with added (O.OlM) KBr with ( -) and without (---) cholesterol present. (A) No detergent; 

(B) 1 x 10-sM CTAB; (C) 1 x lo-‘M SLS; (D) 5 x 10a6it4 Brij 35. 
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aggregates with dissolved cholesterol as nucleus. 
In the case of SLS it can be concluded from both 
the Z,/Z, ratio data and the quenching measure- 
ments that such nucleation takes place to a 
significant extent. Brij 35 presents an interesting 
case since the Z,/Z3 ratio measurements suggest 
no nucleated premicellar aggregation, but the 
quenching measurements indicate strong pro- 
tection. This apparent dichotomy may be as- 
cribed to the nature of the Brij molecule. It 
consists of two relatively long linked chains: 
one is a hydrocarbon (the “dry” portion), and 
the other a polyoxyethylene ether (the “wet” 
portion). It has been reported that the latter 
is distended with water even in Brij micelles.” 
A loose premicellar association between Brij 35 
and dissolved cholesterol can provide a protec- 
tive environment for pyrene with regard to 
bromide, especially for dynamic (collisional) 
quenching. If the probe is close to the polar 
portion of the detergent moiety, its Z,/Z, ratio 
may not be significantly lowered. 

Energy transfer 

Energy transfer from TX-405 to pyrene has 
been shown to occur in micellar solutions of the 
detergent.19 The phenyl group of TX-405 is 
excited at 292 nm, and the characteristic pyrene 
emission at 373 nm is monitored. Most of the 
observed emission is due to energy transfer, and 
only a small fraction is caused by direct exci- 
tation (and this can be effectively eliminated by 
spectral subtraction of the emission from pyrene 
excited at 292 nm). 

The Z,/Z3 ratio can again be used to monitor 
the polarity of the microenvironments of the 
sensitized fluorophore. In this case emission is 
observed only from pyrene molecules that are 
located sufliciently close to the aromatic center 
of TX-405 to allow for energy transfer. 
Fluorescence was observed from sensitized 
pyrene in premicellar solutions of both TX-405 
alone and TX-405 with cholesterol. Figure 5 
shows that the II/Z3 ratio in the latter case was 
higher up to a detergent concentration of about 
2.9 x 10e4M, at which the ratios became the 
same as those corresponding to the cmc. 

To interpret these results it should first be 
noted that excitation energy transfer takes place 
in premicellar TX-405, as reported in an earlier 
communication from this laboratory.’ The 
presence of cholesterol appears to create a more 
polar environment for pyrene associated with 
these aggregates. It may be postulated that this 
is due to the size of the nucleated aggregates and 

0.95 1 I I I I I 
1.5 2.2 2.9 3.6 4.3 5.0 

TX-405 cone x 10 4(M) 

Fig. 5. Variation of I,/Z, ratio of sensitized pyrene with 
TX-405 concentration, with (-) and without (---) 

cholesterol present. 

their accessibility to water compared to the 
self-assembling ones. In order to make sensitiz- 
ation feasible, the pyrene must be located in a 
similar position relative to the detergent phenyl 
group, in both types of aggregates. This rules 
out greater proximity of the polyoxyethylene 
ether portion of the TX-405 agglomerate as the 
cause of the higher Z,/Z, ratio. Detergent aggre- 
gation around a cholesterol molecule as nucleus 
may, however, form a larger, more open struc- 
ture, with a greater amount of associated water. 
Thus the pyrene experiences a more polar 
environment, as reflected in an increase in the 
Z,/Z3 ratio. When the cmc is reached, the 
aggregate contracts while forming the micelle, 
squeezing out the water and reducing the 
polarity around the pyrene probe. The II/Z3 
ratios in the two types of aggregate therefore 
become the same at the cmc, as shown by the 
convergence of the plots in Fig. 5. 

CONCLUSIONS 

While it may be expected that detergents 
attach themselves to hydrophobic species in 
aqueous solution in the process of solubilizing 
them, the fluorescence data presented here indi- 
cate that this type of nucleated premicellization 
occurs to varying degrees. In some case it 
provides a hydrophobic environment for the 
probe at very low detergent concentrations. 
However, the nucleated aggregates have a rela- 
tively open structure, probably with detergent 
chains somewhat separated around a central 
cholesterol core, with water penetrating between 
them. The formation of premicellar aggregates 
appears to be generally promoted by the pres- 
ence of a nucleating species. 
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Summary-Unicellular green algae have been utilized to preconcentrate N?+ and Co*+ ions from 
sea-water and riverine water samples. Studies have shown that rinsing the algae with 0.12M hydrochloric 
acid improves the adsorption of nickel and cobalt, and the optimum range of pH of extraction is wide. 
The maximum extraction efficiencies were 84 and 73% for Ni and Co, respectively, at ng/ml levels. The 
sea-water matrix and relatively small amounts of many impurities reduce the adsorption efficiency for both 
nickel and cobalt. The preconcentration is achieved by mixing 6 mg of algae with 50-100 ml of sample, 
and subsequently isolating the algae by centrifugation. The pellet of algae is then resuspended in 1 ml 
of 0.08M nitric acid, and analyzed as a slurry by graphite-furnace atomic-absorption spectrometry. The 
values found for nickel and cobalt in riverine (SLRS-1) and sea-water (CASS-1) standard reference 
materials are within the limits of certification. 

Graphite-furnace atomic-absorption spectro- 
metry (GFAAS) is in routine use for the 
determination of ultratrace amounts of nickel 
and cobalt. However, considerable difficulty can 
be encountered in the direct determination of 
nickel and cobalt in complex samples owing 
to matrix interferences, and because the 
concentrations are at or below the limits of 
detection. Chelation and solvent extraction or 
immobilized-ligand separation combined with 
GFAAS have been used to determine nickel and 
cobalt in such samples, but poor selectivity and 
time-consuming procedures are inherent in 
many of these approaches. 

Biological organisms have the potential abil- 
ity to adsorb selectively specific elements with- 
out preconcentrating the matrix.‘” Unicellular 
green algae have been used successfully to separ- 
ate and preconcentrate copper from a sea-water 
sample,6 but no reports consider the preconcen- 
tration of nickel and cobalt by algae. Mahan et 
al.’ have studied the ability of three unicellular 
algae strains to adsorb thirteen elements, includ- 
ing nickel and cobalt. The possibility of pre- 
concentrating nickel and cobalt from dilute 

*On leave from the Department of Chemistry, South China 
Normal University, Guangzhou, People’s Republic of 
China. 

tAuthor for correspondence. 

solutions was indicated. However, the concen- 
trations in this study were in the pg/ml range 
and no attempt was made to preconcentrate the 
metals from complex samples.’ In the present 
work, the conditions for preconcentration of 
nickel and cobalt by the algae have been studied 
and the method has been applied to the analysis 
of riverine and sea-water samples. The results 
show that when the algae are not washed with 
0.12M hydrochloric acid, the recovery is criti- 
cally dependent on the pH of the solutions, 
especially for cobalt extraction. However, if the 
algae are washed initially in 0.12M hydrochloric 
acid, adsorption of nickel and cobalt by the 
algae is nearly constant between pH 6 and pH 
9, with extraction efficiencies for Ni and Co of 
84 and 73%, respectively. When the concen- 
tration of the metal ion is between 1 and 
16 ng/ml, the uptake efficiency on the algae is 
independent of the concentration of metal. The 
sea-water matrix and relatively small amounts 
of many impurities reduce the adsorption 
efficiency. Therefore, for complex samples it was 
necessary either to prepare a calibration curve 
after determining the extraction efficiencies from 
matrix-matched standards, or to use standard- 
addition methods with the unknown samples. 

Although there have been several studies of 
metal uptake by algae, little is known regard- 
ing the binding mechanism. Christ et al.’ have 
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considered the functional groups that may be 
available for ion-exchange or metal binding. 
These included amine and carboxyl groups 
from both amino-acids and polysaccharides, 
although no experimental verification was 
made. Majidi and co-workers* have presented 
direct evidence of binding of Cd’+ by using 
‘13Cd NMR as a probe, and concluded that 
the site for cadmium binding was probably a 
carboxyl group. Mahan and co-workers1*g have 
shown through Langmuir plots that multiple 
binding sites probably exist. Similar non- 
Langmuirian adsorption isotherms can be in- 
ferred from similar studies by other researchers. 

In short, there have been few studies that 
elucidate the binding mechanism or the chemi- 
cal nature of the exterior cell wall. Certainly, a 
polysaccharide structure is known to exist, but 
there are also several protein groups. Of course, 
it is not known which of these might be present 
on the surface under the conditions in which the 
algae are grown. 

EXPERIMENTAL 

Preparation of algae 

The algae used in this study were a form of 
unicellular green Chlorella. Preparation and cul- 
tivation of the algae have been described pre- 
viously.6 Before use, 6 mg of algae were added 
to 10 ml of 0.12M hydrochloric acid (Mallinck- 
rodt, analytical reagent grade), then the mixture 
was agitated, centrifuged, and the supernatant 
decanted and discarded. The pellet of algae was 
then washed with 5 ml of demineralized water 
and centrifuged again. After discard of the rinse 
solution, the algae were ready for use. 

Apparatus 

All experiments utilized an AA-875 spectro- 
photometer equipped with a GTA-95 graphite- 
furnace atomizer (Varian Techtron). The oper- 
ational conditions and temperature programs 
for the determination of nickel and cobalt are 
listed in Table 1. The analytical wavelengths 
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used for nickel and cobalt were 232.0 and 240.7 
nm, respectively. The spectral bandpass of the 
monochromator was 0.2 nm. All studies were 
performed with deuterium-lamp background 
correction and wall atomization, with a IO-p1 
aliquot of the slurry suspension or supematant. 
All data were recorded as peak areas. The algae 
did not represent a complex matrix, even though 
the original solution composition might have 
contained a high concentration of dissolved 
salts. As a result, simple wall atomization was 
adequate for matrix-free analysis and no 
platform was employed. 

Procedure 

The sample was prepared by adding 6 mg of 
algae to 10 ml of a solution containing nickel or 
cobalt. The pH of each solution was adjusted to 
between 6 and 8 by dropw-ise addition of hydro- 
chloric acid or sodium hydroxide solution. The 
mixture was agitated for 20 min and cen- 
trifuged. The supematant was decanted and the 
pellet of algae was resuspended in 2 ml of 0.08M 
nitric acid. This slurry was then transferred 
to an autosampler sampling vial for analysis. 
Three replicates were run for each experiment, 
and a distilled water blank was run through 
the extraction and analysis for all experiments. 
When a significant blank value was detected, it 
was subtracted from the corresponding sample 
signal. Typical blank values are shown later in 
the paper. 

After the algae had been washed with hydro- 
chloric acid, the procedure required about 
40 min for the preconcentration of six samples. 
All reported extraction efficiencies are based on 
concentrations derived from calibration graphs 
prepared for simple aqueous cobalt and nickel 
standards in 0.08M nitric acid. 

RESULTS AND DISCUSSION 

Dependence of a&sorption on pH 

Nickel and cobalt were present as trace 
minerals in the growth medium and might be 

Table 1. Furnace operating conditions 

Temperature, Ramp time, Hold time, Argon flow, 
Step No. “C set see I./min Read 

: 90 75 40 5 3 3 

3 130 10 40 3 
4 1400 10 40 3 
5 1400 5 0 
6 ;z 1.1 3 0 * 

7 3 3 
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Fig. 1. The effect of pH on adsorption of cobalt by algae. Before use, the algae were either washed in 
0.12M hydrochloric acid (curves a, b) or not washed (c, d). Both CO(NO,)~ (b, d) and CoCl, (a, c) were 
tested in the analytical solution. The cobalt concentration was 5 ng/ml for all starting solutions, and all 

final suspensions were 0.08M in nitric acid. 

contained within the intercellular material or 
adsorbed on the cell wall. In an attempt to 
minimize the blank, the algae were washed in 
dilute acid (0.1244 hydrochloric acid). In pre- 
vious studies with copper, a difference in the 
metal uptake efficiency had been found to occur 
as a result of an acid wash.” Figures 1 and 2 
show similar effects for nickel and cobalt and 
also display the uptake efficiencies as a function 
of solution pH. 

The mechanism of removal of metal by the 
acid wash could be as simple as a displacement 
process at ion-exchange sites on the surface, 
or as complicated as a partial denaturation 
of complex proteins that bind with these 
metals. 

80 

In the two figures, curves a and b denote the 
algae that were washed with 0.12M hydro- 
chloric acid; curves c and d represent the algae 
that were not washed. Both NiCl, and CoCl, 
(curves a and c) and Ni(N03)* and Co(NO,), 
(curves b and d) were tested in the analytical 
solutions. The pH was adjusted by dropwise 
addition of sodium hydroxide or acid. When acid 
was added, either hydrochloric or nitric acid 
was used, depending on the anion of the analyte 
salt being studied. Nickel and cobalt concen- 
trations were 10 and 5 ng/ml, respectively, for 
these test solutions. The final biomass pellet was 
suspended in 2.0 k 0.1 ml of 0.08M nitric acid. 

Figures 1 and 2 clearly demonstrate the im- 
portance of the preliminary wash with hydro- 

I I 

2 4 6 8 . ’ . ’ 10 

PH 

Fig. 2. The effect of pH on adsorption of nickel by algae. Before use, algae were either washed in 0.12M 
hydrochloric acid (curves a, b) or not washed (c, d). Both Ni(NO,), (b. d) and CoCl, (a, c) were tested 
in the analytical solution. The nickel concentration was 10 ng/ml for all starting solutions, and all final 

suspensions were 0.08M in nitric acid. 
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Table 2. The effect of various salts common to a sea-water matrix on adsorption of 
nickel by algae* 

Relative 
Matrix and Concentration Concentration change in 

concentration, added, found, Recovery, recoveryt, 
wiml wlml wlml % % 

No matrix 10.0 8.40 f 0.39 84.0 f 3.9 NaCl 30 16.0 9.50 f 0.46 59.4 f 2.9 -2:; 
10 10.0 6.37 f 0.05 63.7 f 0.5 -24:2 
5 10.0 7.43 f 0.42 74.3 f 4.2 -11.6 
1 10.0 8.12 f 0.45 81.2 f 4.5 -3.3 
0.5 10.0 8.44*0.13 84.4 f 1.3 f0.5 

KC1 1 16.6 10.3 f 0.4 64.4 f 2.5 -23.3 
0.5 16.0 11.6 f 1.5 72.5 f 9.4 -13.7 

Ca(NW2 2 16.0 10.2 f 0.2 63.8 f 1.3 -24.0 
0.5 16.0 11.8 f 1.2 73.8 f 7.5 -12.1 

MgCl, 6 16.0 12.6 f 0.2 78.8 & 1.3 -6.2 
1 16.0 12.7 f 0.3 79.4 f 1.9 -5.5 

NaCI$ 10 16.0 11.9kO.8 74.4 f 5.0 -11.4 
KC1 0.5 
Ca(NO,), 0.5 
MgCl, 1 
NaCl$ 30 16.0 11.9 f 0.2 74.4 f 1.3 -11.4 

KC1 : Ca(NO,), 
MgCl, 6 

*Approximate sea-water concentrations of NaCl, KCl, Ca(NO,), and MgCI, are 
26.7, 0.72, 1.64 and 5.34 mg/ml. 

TRelative to the recovery in the absence of added matrix. 
SComposite matrix. 

chloric acid. When the algae were not washed 
with acid, the efficiency of adsorption showed a 
stronger dependence on pH. Figure 1 shows that 
adsorption of cobalt by the unwashed algae 
increases gradually up to pH 7, then decreases 
gradually. However, nickel adsorption by the 
unwashed algae increases continuously with pH 
(Fig. 2, curves c and d). After the acid wash, the 
efficiency of adsorption is relatively constant 
between pH 6 and 9. 

The data also show that the acid wash es- 
pecially improves the efficiency of adsorption 
when the chlorides of the analytes are present. 
The maximum extraction efficiencies are 84.0% 
for NiCl,, 66.4% for Ni(N03)*, 73.0% for 
CoCl,, and 64.8% for CO(NO~)~, in contrast to 
65.6% 60.8% and 46.5%, 41.6%, respectively, 
for samples without acid washing. These results 
are similar to those reported previously for Cu.” 

Eflect of sea-water matrix 

The data in Tables 2 and 3 show that adsorp- 
tion of nickel and cobalt, in contrast to that of 
lead and copper,6.‘o is more sensitive to the 
presence of concomitants in the solution. How- 
ever, the adsorption appears to be less affected 
by the common alkali-metal and alkaline-earth 
metal salts than indicated by previous reports 
for zinc and cadmium.‘*” Zinc adsorption was 
shown to be negligible in the presence of 0.2M 

sodium chloride or magnesium nitrate in the 
solution,” and cadmium adsorption was dra- 
matically decreased by the sea-water matrix so 
that the attempted preconcentration of cad- 
mium from sea-water was not successful.2 Table 
2 shows that even with a 2 x lo”-fold ratio of 
sodium chloride present, a 59% recovery of 
nickel was still obtained. A 4 x IO”-fold ratio of 
the same salt yielded a 56% recovery for cobalt, 
which is 23% less than that obtained in the 
absence of a matrix. Though it is thought that 
this might be due to competitive binding of 
matrix cations at the algae sites, the data do not 
preclude possible influence by complexation 
with the matrix anion, e.g., Cl- or NO;. It is 
also interesting that the interference from mixed 
matrices was not significantly more than that 
observed when a single matrix salt was used, 
which confirms that the interference is not a 
simple cumulative effect. 

The interference by the sea-water matrix on 
nickel adsorption was generally less than that 
for cobalt. For example, when the concentration 
of potassium chloride was 1 and 0.5 mg/ml, the 
relative decrease in the nickel adsorption was 2 
and 14% whereas the corresponding decrease 
for cobalt was 30 and 21%. Concentrations of 
sodium chloride less than 1 mg/ml gave no 
effect on nickel adsorption by the algae, but the 
effect on cobalt adsorption was obvious. 
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Table 3. The effect of various salts common to a sea-water matrix on adsorption of 
cobalt by algae 

Relative 
Matrix and Concentration Concentration change in 

concentration, added, found, Recovery, recovery*, 
mglml nglml nglml % % 

No matrix 5.0 3.65 f 0.14 73.0 f 0.2 0.0 
NaCl 30 8.0 4.49 f 0.29 56.1 f 3.6 -23.2 

10 5.0 2.89 f 0.35 57.8 f 7.0 -20.8 
5 5.0 2.82 f 0.20 56.4 f 4.0 -22.7 
1 5.0 3.30 f 0.17 66.0 f 3.4 -9.6 
0.5 5.0 3.32 f 0.16 66.4 f 3.2 -9.0 

KC1 1 8.0 4.09 f 0.09 51.1 f 1.1 - 30.0 
0.5 8.0 4.63 f 0.54 57.9 f 6.7 -20.7 

Ca(NWr 2 8.0 4.16 f 0.42 52.0 f 5.3 -28.8 
0.5 8.0 3.59 f 0.40 44.9 f 5.0 -38.5 

MgCl, 6 8.0 4.84 f 0.48 60.5 f 6.0 -17.1 
1 8.0 4.06 f 0.44 50.8 f 5.5 - 30.4 

NaClt 10 8.0 4.30 f 0.86 53.8 f 10.8 -26.3 
KC1 0.5 
Ca(NO,), 0.5 
MgCl, 1 
NaClt 30 8.0 4.95 f 0.07 61.8 f 0.09 -15.3 
KC1 1 
Ca(NOA 2 
MgCl, 

*Relative to the recovery in the absence of added matrix. 

507 

tComposite matrix. 

The eflect of combinations of agents 

The effects of two organic ligands and one 
ionic surfactant on nickel and cobalt adsorption 
were considered. The adsorption was inhibited 
entirely by the presence of either 0.2% sodium 
citrate or 0.1% ethylenediaminetetra-acetic acid 
(EDTA). Dodecyl sodium sulfate (0.01%) 
decreased the nickel and cobalt adsorption by 
38 and 30%, respectively, relative to that 
observed for simple aqueous solutions; this be- 
havior is unlike the results obtained previously 
for copper, where little effect was observed.6 The 
stability of the analyte complex may play an 
important role in some instances, since the 
EDTA complexes are very stable: Ni-EDTA 
(K,= 4.16 x lO’*),C*EDTA(&= 2.04 x 1016). 
The citrates are less stable, with typical Kr values 
of ca. 105. 

The effects of impurities 

Several elements which may be capable of 
displacing nickel or cobalt (by competitive bind- 
ing at the algae adsorption sites) were also 
considered. They are Pb*+, Cu’+, Cd*+, Mn2+ 
and V3+. The results shown in Tables 4 and 5 
indicate that the effects on the adsorption are 
variable and complicated. For example, adsorp- 
tion of Pb*+ by algae was shown previously to 
be stronger than adsorption of V3+,’ but the 
impact of Pb*+ on Ni*+ and Co*+ adsorption is 
less than that of V3+. From previous studies, the 

strength of Cu*+ and Mn*+ adsorption by the 
algae should be between that for Pb*+ and V3+, 
but the effect of 1000 ng/ml Cu*+ and Mn*+ on 
nickel and cobalt adsorption is larger than that 
of the other elements tested. 

Explanation of the observed effects of these 
sets of elements at different concentrations is 
complicated. The situation for each element 
appears to be different. For example, the effect 
of 100 ng/ml manganese appears to be negli- 
gible, but a lower concentration of Mn 
(10 ng/ml) measurably reduces both nickel and 
cobalt adsorption. The reason for differences in 
the effects of 10-1000 ng/ml cadmium on cobalt 
adsorption is not obvious. The situation is even 
more complicated, because of the presence of 
other trace elements in the sample solution. 
With the exception of Pb*+ as a concomitant, 
the general effect of added metal salts was 
similar for both nickel and cobalt. 

Concentration by uptake of nickel and cobalt 

A series of nickel and cobalt solutions 
(1-16 ng/ml) was prepared, and a lo-ml aliquot 
of each was used to prepare 1 ml of precon- 
centrated slurry. The concentrations of nickel 
and cobalt in these concentrates were then 
determined from a working curve prepared 
from aqueous standards. In these experiments 
the extraction efficiencies for nickel and cobalt 
were 84 + 5% and 73 + 5%, respectively. There 
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Table 4. The effect of added solution impurities on adsorption of nickel by algae 

Impurities and 
concentration, 

wlml 

Relative 
Concentration Concentration change in 

added, found, Recovery, recovery, 
nglml wlml % % 

None 
Pb2+ (as PbCl,) 

1000 
250 
100 

10 

Cd2+ [as Cd(NO,),] 
1000 
250 
100 

10 

Cu2+ (as CuCl,) 
1000 
250 
100 
10 

Mn2+ (as MnCl,) 
1000 
250 
100 
10 

10.0 

16.0 
16.0 
16.0 
16.0 

8.40 f 0.39 

11.1 *0.2 
10.3 f 0.9 
12.3 f 1.1 
12.4 f 0.8 

84.0 f 3.9 

69.4 f 1.3 
64.4 f 5.6 
76.9 f 6.9 
17.5 f 5.0 

62.2 f 1.8 
51.4k4.9 
59.0 f 9.0 
56.5 f 4.0 

7.8 f 1.8 
75.0 rf: 2.5 
66.3 + 3.8 
46.3 f 1.9 

5.8 f 0.04 
26.0 f 4.5 
81.9 & 0.6 
60.9 f 5.1 

51.0 + 5.0 
49.2 f 1.3 
58.2 f 2.8 
75.0 f 4.4 

0.0 

- 17.4 
-23.3 
-8.9 
-8.1 

-25.9 
-39.5 
-29.8 
-32.7 

-90.7 
- 10.7 
-21.1 
-44.9 

-93.1 
-69.0 
-2.56 
-27.5 

-39.3 
-41.4 
-30.7 
- 10.7 

16.0 9.96 f 0.28 
16.0 8.82 f 0.78 
16.0 9.44 f 1.44 
16.0 9.04 f 0.64 

16.0 1.24 f 0.28 
16.0 12.0 f 0.4 
16.0 10.6 f 0.6 
16.0 7.4 f 0.3 

16.0 0.92 f 0.04 
16.0 4.16 f 0.72 
16.0 13.1 f 0.1 
16.0 9.74 * 0.82 

V’+ [as V(NO,),] 
1000 
250 
100 
10 

16.0 8.16 f 0.80 
16.0 7.88 f 0.12 
16.0 9.32 f 0.44 
16.0 12.0 f 0.7 

Table 5. The effect of added solution impurities on adsorption of cobalt by algae 

Relative 
change in 
recovery, 

% 

0.0 

Impurities and Concentration 
concentration, added, 

wlml wlml 

None 5.0 

Pb2+ (as PbCl,) 
1000 8.0 
250 8.0 
100 8.0 
10 8.0 

Cd2+ [as Cd(NO,),] 
1000 8.0 
250 8.0 
100 8.0 
10 8.0 

Cu2+ (as CuCl,) 
1000 8.0 
250 8.0 
100 8.0 

10 8.0 

Mn2+ (as MnCl,) 
1000 8.0 
250 8.0 
100 8.0 

10 8.0 

V3+ [as V(NO,),] 
1000 8.0 
250 8.0 
100 8.0 
10 8.0 

Concentration 
found, 
wlml 

3.65 f 0.14 

Recovery, 
% 

73.0 + 0.3 

4.38 f 0.16 54.8 f 2.0 -22.2 
3.80 f 0.24 47.5 + 3.0 - 34.9 
4.32 f 0.08 54.0 f 1.0 -26.0 
5.00 f 0.28 62.5 f 3.5 - 14.4 

4.02 f 0.10 50.2 f 1.2 -31.2 
3.48 f 0.08 43.5 -40.1 
3.82 f 0.30 47.8 f 3.8 -34.5 
3.70 f 1.0 46.2 f 1.2 -36.7 

0.64 f 0.05 8.0 f 0.6 - 89.0 
5.02 f 0.12 62.8 f 1.5 - 14.0 
4.51 f 0.27 56.4 f 3.4 -22.7 
3.68 f 0.08 46.0 f I.0 -37.0 

1.12 f 0.32 14.0 f 4.0 -80.8 
2.28 * 0.36 28.5 f 4.5 -61.0 

5.68 71.0 + 7.0 -2.8 
4.28 f 0.64 53.5 f 8.0 -26.7 

3.70 f 0.06 46.2 f 0.8 -36.7 
3.48 f 0.12 43.5 f 1.5 -40.4 
3.88 f 0.08 48.5 f 1.0 -33.6 
4.82 f 0.18 60.2 f 2.2 - 17.5 



Preconcentration of nickel and cobalt on algae 

Table 6. The effect of samnle volume on adsorption of nickel and cobalt by algae 
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Initial sample Final slurry 
volume, volume, Concentration Recovery, Average, 

Element ml ml factor % % 

Ni 10 2 5 84.0 
50 1 50 18.7 82.8 

100 1 100 85.6 
co 10 2 5 73.0 

50 1 50 70.4 72.3 
lit0 I 100 73.4 

does not appear to be any consistent trend with 
changing concentration; the variations probably 
reflect uncertainty in the method. The results 
show that adsorption of nickel and cobalt on the 
algae does not depend on their initial solution 
concentrations. 

Preconcentration factor and sampling volume 

One of the potential advantages of extracting 
nickel and cobalt from sample solutions is the 
improvement of analytical sensitivity as well as 
reduction of interference by the original sample 
matrix. Although the magnitude of the precon- 
centration is independent of the nickel and 
cobalt concentrations in the original sample, it 
remains to be determined whether some vari- 
ation in extraction efficiency is caused by the 
preconcentration factor, i.e., the ratio of initial 
to final volume. 

To evaluate the effect of sample volume on 
extraction efficiency, 6 mg of algae were added 
to 20, 50 and 100 ml of solution containing a 
total of 160 ng of nickel and 80 ng of cobalt. The 
solutions were preconcentrated to a final vol- 
ume of either 1.0 or 2.0 ml. The extraction 
efficiency results given in Table 7 represent a 
range of preconcentration factors from 5 to 100. 
The results show that with different sample 
volumes and different preconcentration factors, 
the recoveries of nickel and cobalt remain nearly 
constant, with no obvious dependence on the 
initial sample volume. 

Riverine and sea -water analysis 

To study the capability of these algae for 

Table 7. Concentration of nickel and cobalt in the riverine 
and sea-water reference samples 

Element Values found, Certified values, 
Sample determined nglml a&l 

CASS- 1 Ni 0.21, 0.27+ 0.290 f 0.031 
co 0.026, 0.030. 0.023 f 0.004 

SLRS- I Ni 0.94, 1.02t 1.07 f 0.06 
co 0.038, 0.042t 0.043 f 0.010 

*Calibration graph method. 
tstandard-addition method necessary. 

preconcentrating nickel and cobalt in environ- 
mental samples, two standard reference sol- 
utions were preconcentrated and analyzed: 
near-shore sea-water (CASS-1) and riverine 
water (SLRS-1) (National Research Council of 
Canada). The algae were acid-washed in batches 
by the procedure described previously. Before 
preconcentration, the samples were neutralized 
by dropwise addition of sodium hydroxide sol- 
ution to raise the pH to 7 f 1. The sample 
volumes were 100 ml for CASS-1 and 50 ml for 
SLRS-1, so the preconcentration factors were 
100 and 50, respectively, with a final solution 
volume of 1.0 ml. A blank solution was carried 
through the same procedure and the signal 
obtained was subtracted from the correspond- 
ing sample signal. Typical metal concentrations 
in the algae suspensions and a lOO-ml blank 
solution were 3.7 f 0.2 ng/ml nickel and 
3.3 f 0.5 ng/ml cobalt. The source of the metal 
is not the algae but most likely impurities in the 
sodium hydroxide. 

The calibration graph method was used to 
analyze the sea-water sample. The method of 
standard additions was used for analysis of 
SLRS-1 to compensate for sample-dependent 
variations in extraction efficiency rather than to 
correct for interferences in the GFAA analysis. 
The concentrations in the riverine water were 
obtained from the value found by the standard 
addition method, by dividing it by the precon- 
centration factor. Table 7 shows the results 
obtained for the SLRS-1 riverine water, and 
these were in good agreement with the certified 
values. The concentrations found for nickel and 
cobalt in SLRS-1 were both low if a simple 
calibration curve prepared from aqueous stan- 
dards was used, and a previously determined 
extraction efficiency was assumed. 

In sea-water the main matrix components are 
sodium, potassium, magnesium and calcium 
chlorides. The uptake efficiency (75 and 62% for 
nickel and cobalt) in the presence of the syn- 
thetic sea-water matrix was used, in conjunction 
with a calibration graph prepared with aqueous 
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standards. This approach is simpler, faster and 
conserves sample. The concentration read from 
the calibration graph was divided by the precon- 
centration factor and the extraction efficiency to 
yield the results listed in Table 7, which are 
within the limits of the certified values. The 
standard-addition method was also tried for the 
sea-water sample, but only one sample was used 
owing to a shortage of the reference material. 
The results were 0.26 ng/ml for nickel and 
0.022 mg/ml for cobalt. 

CONCLUSION 

This study has demonstrated that unicellular 
green Chlorella algae can be used to separate 
and preconcentrate nickel and cobalt from sea- 
water and rive&e water samples. The extrac- 
tion efficiencies for nickel and cobalt from 
aqueous solutions are 84 and 73%, respectively, 
and appear relatively insensitive to solution pH 
in the range 6-9 (if the algae have been 
washed with 0.12M hydrochloric acid) and to 
the ratio of solution volume to mass of algae, at 
least in the range 0.8-16 ml per mg. However, 

the extraction efficiency appears sensitive to 
the presence of high concentrations of the alkali 
and alkaline-earth metal salts, and to low con- 
centrations of many accompanying impurities. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 
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Summary-Three highly sensitive methods for the determination of cyanide have been developed, based 
on the fact that the complexation of silver ions with three cationic porphyrins, 5,10,15,20-tetralcis-(l- 
methyl-2-pyridinio)porphine p(2-MPy)P], 5,10,15,20-tetrakis( I-methyl-3-pyridinio)porphine p(3-MPy)P] 
and 5,10,15,20-tetralcis( I-methyWpyridinio)porphine fT(4-MPy)P], in alkaline media is inhibited by 
cyanide and the decrease in absorbance of the silver(II) complex is proportional to the cyanide 
concentration. Sensitivities of the procedures developed are 0.133, 0.126 and 0.234 ng/cm*, respectively 
for an absorbance of 0.001. Cadmium(II), copper( mercury(II), &$I), iodide and sulfide interfere 
with the cyanide determination. One of the proposed methods was applied to the determination of cyanide 
in waste-water samples, with satisfactory results. 

It has been reported’ that three cationic por- 
phyrins, 5,10,15,20-tetrakis(l-methyl-2-pyridinio)- 
porphine [T(2-MPy)P], 5,10,15,20-tetrakis- 
(I-methyl-3-pyridinio)porphine [T(3-MPy)P] 
and 5,10,15,20-tetrakis(l-methyl-4-pyridinio)- 
porphine [T(CMPy)P], react rapidly with sil- 
ver(1) at pH 9.6-12.0 to form yellow complexes 
which are oxidized by dissolved oxygen to the 
corresponding stable red silver(I1) complexes 
within several minutes at room temperature. 
These complexation reactions are applicable to 
the spectrophotometric determination of trace 
amounts of silver. It was also reported that 
the reactions are strongly inhibited by cyanide, 
the decrease in absorbance of the silver(I1) 
complexes being directly related to the cyanide 
concentration, which suggests the possibility of 
the indirect spectrophotometric determination 
of micro-amounts of cyanide. 

In the present work, the fundamental con- 
ditions for the determination of cyanide in this 
way have been investigated and three highly 
sensitive methods for cyanide determination 
have been developed. 

Reagents 

EXPERIMENTAL 

All reagents used were of analytical-reagent 
grade unless stated otherwise. All solutions were 
prepared with distilled, demineralized water. 

*Author for correspondence. 

T(2-MPy)P, T(3-MPy)P and T(4-MPy)P 
solutions, 1.6 x 10-W. Prepared by dissolving 
the required weight of porphyrin tosylate in 
water. The tosylates were synthesized and puri- 
fied by a method described in the literature.2.3 

Standard cyanide solution, 0.5 mgjml. Potass- 
ium cyanide (0.125 g) was dissolved in 100 ml of 
water and the solution was stored in a poly- 
ethylene bottle. This solution was unstable, and 
was therefore prepared every second day and 
standardized titrimetrically with silver nitrate.4 
Working solutions were prepared just before 
use, by diluting this solution with water. 

Standard silver(I) solution, 1.0 x IOm2M. Pre- 
pared by dissolving 170 mg of silver nitrate 
(dried at 110’) in 50 ml of O.lM nitric acid and 
diluting to 100 ml with water. Working sol- 
utions were prepared by dilution of this solution 
with water and addition of enough aqueous 
ammonia solution to give an ammonia concen- 
tration of 0.5M. The solutions thus obtained 
were stable for more than one month, when 
stored in amber bottles. 

Lead(II) solution, 5 x 10m4M. Prepared by 
dissolving 0.17 g of lead nitrate in 1 litre of 
water and adding sufficient nitric acid to give a 
pH of about 2. 

Procedures 

Procedure A, with T(3-MPy)P. To a known 
volume of sample containing up to 3.2 pg 
(0.12 pmole) of cyanide ion, in a 25-ml standard 
flask, add 1 ml of 1.9 x 10T4M silver(I) solution 
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with ammonia concentration adjusted to OSM, 
a sufficient amount of O.lM sodium hydroxide 
or O.lM nitric acid to adjust the pH to about 12, 
and 2 ml of 1.6 x 10T4it4 T(3-MPy)P solution. 
After allowing to stand for about 10 min, add 
1 ml of 5 x 10m4M lead(I1) and 3 ml of 2M 
sodium nitrate, and dilute to the mark with 
water. Measure the difference in absorbance 
(AA) at 427 nm (IO-mm path-length cells) 
between the resultant colored solution and a 
reagent blank solution similarly prepared. 

Procedure B, with T(2-MPy)P. Prepare the 
colored solution as in procedure A, but adjust- 
ing the pH to about 10.6 and using 2 ml of 
1.6 x 10m4M T(ZMPy)P solution instead of 
T(3-MPy)P solution. Measure AA at 423.5 nm. 

Procedure C, with T(4-MPy)P. Take an ali- 
quot containing up to 5.8 pg (2.2 x lo-’ mole), 
of cyanide ion and prepare the colored solution 
as in procedure A, but adjust the pH to about 
11.4 and use 2 ml of 1.6 x 10e4M T(4-MPy)P 
solution instead of T(3-MPy)P solution. 
Measure AA at 431 nm. 

RESULTS AND DISCUSSION 

Absorption spectra 

The complexation of silver ions with por- 
phyrins in alkaline media is suppressed by 
cyanide, the decrease in absorbance of silver(I1) 
-porphyrin complexes being proportional to the 
cyanide concentration. As has been reported,* 
whichever porphyrin is used, the Soret band 
of the silver(II)-porphyrin complex consider- 
ably overlaps that of the porphyrin itself in 
alkaline media, whereas the Soret band of the 
lead(II)-porphyrin complex is well separated 
from that of the porphyrin and its silver(I1) 
complex. Hence, the absorbance of the silver(I1) 
complex should be measured after any free 
porphyrin has been converted into its lead(I1) 
complex. 

Figure 1 shows the spectral change in 
the Soret region of the T(3-MPy)P-silver(II)- 
cyanide-lead(I1) system when the cyanide con- 
centration is increased. The absorbance of the 
silver(II)-T(3-MPy)P complex at 427 nm de- 
creases and that of the lead(II)-T(3-MPy)P 
complex at 471 nm increases. The reason is 
that with increasing cyanide concentration, 
the amount of the silver(II)-T(3-MPy)P com- 
plex formed decreases, so that the amount of 
T(3-MPy)P available to form the complex with 
lead(I1) increases. It can also be seen that the 
difference between the absorbances of a solution 
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Fig. 1. Spectral change of the T(3-MPy)Pklver(II)- 
cyanide-lead(I1) system with increasing cyanide concen- 
tration. T(3-MPy)P, 6.4 x 10w6J4; Ag(I), 3.0 x 10m6M; 
Pb(II), 9.3 x IOe6M; NaNO,, 0.24M; pH, 12.0; reference, 
water. CN-/Ag(IbA, 0.00, B, 0.56; C, 1.12; D, 1.68; E, 

2.41; F, 3.35; G, 4.50; H, 6.50. 

containing cyanide and of those containing no 
cyanide (and hence the sensitivity is higher) is 
larger at 427 nm than at 471 mn. Similar spectral 
changes were observed when T(ZMPy)P and 
T(CMPy)P were used instead of T(3-MPy)P. 

The effect of pH on the cyanide determination 
is shown in Fig. 2. The optimum pH and 
wavelength for absorbance measurements in 
each procedure are shown in Table 1. 

Effect of ammonia concentration 

Usually, to avoid interference by various 
ions in the determination of cyanide, hydrogen 
cyanide is distilled from acidified sample sol- 
ution and trapped in a sodium hydroxide sol- 
ution, which is then analysed.4 If silver ions are 
added to this alkaline solution, they are hy- 
drolysed, so it is better to add the silver as its 

iGO % 
4 PH 

Fig. 2. Effect of pH on the cyanide determination. Wave- 
length @)-A, 427; B, 423.5; C, 431. A, B and C corre- 

spond to procedures A, B and C, respectively. 



Cationic porphyrin8 for cyanide determination 

Table 1. Optimum pH values, wavelengths for absorbance measurements, calibration equations and 
apparent molar absorptivities (c) 

Porphyrin Optimum Wavelength, 
Procedure to be used pH nm Calibration equation I.nwleLn-’ 

A T(3-MPy)P 12.0 427 CN-(n&ml) = 126 AA 2.04 x IO5 
T(2-MPy)P 10.6 423.5 CN-(ng/ml) = 133 AA 1.95 x 10’ 
T(4-MPy)P 11.4 431 CN -(n&ml) = 234 AA 1.11 x 10’ 
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ammine complex, which undergoes ligand sub- 
stitution by cyanide. Figure 3 shows the effect 
of the ammonia concentration on this ligand 
substitution in the cyanide determination 
with T(3-MPy)P. At ammonia concentrations 
<O.O2M in the final solution AA decreases, 
presumably because hydrolysis of the silver ions 
increases, and at concentrations >O.O2M the 
ammonia binds the surplus silver ions more 
strongly and interferes with the porphyrin reac- 
tion. At a final ammonia concentration of about 
0.02M the influence of both effects is minimal. 

E#ect of other variables 

The effects of the concentrations of silver(I), 
porphyrin and lead(I1) were examined. The 
results revealed that a constant and maximum 
AA value is obtained in all three procedures 
provided that more than an equimolar ratio of 
silver(I) to cyanide, more than IS-fold molar 
excess of the porphyrin relative to silver(I), and 
more than 1.5fold molar excess of lead(I1) 
relative to the porphyrin are added. 

Under the recommended conditions, the for- 
mation of the silver(I) ammine and porphyrin 
complexes was instantaneous and that of the 
lead(H)-porphyrin complexes rapid, but for- 
mation of the stable silver(II)-porphyrin com- 
plexes took about 10 min at room temperature. 

Adsorption of the porphyrins and their sil- 
ver(I1) complexes on the inner surface of the 

NH, concentration in the final 
solution, M 

Fig. 3. Effect of the ammonia concentration in procedure 
A. CN-, 44.4 ng/ml; T(3-MPy)P, 5.1 x 10e6M; Ag(I), 
3.0 x 10T6M; Pb(II), 9.3 x 10m6M; NaNOa, 0.24M; pH, 

12.0; wavelength, 427 nm. 

glassware could be suppressed almost com- 
pletely by the presence of at least 0.2M sodium 
nitrate in the final solution. 

Composition of the silver(I)-cyanide complex 

A computer calculation of the distribution of 
species in the cyanide-silver(I)-ammonia sys- 
tem showed that the 1:2 complex Ag(CN), 
should be formed irrespective of the molar ratio 
of silver to cyanide present, and the surplus 
silver will be present as the Ag(NH,)$ complex 
under the conditions for the determination of 
cyanide. A plot of the absorbances at 427 and 
471 nm, as a function of the concentration ratio 
of cyanide to silver (Fig. 4) confirmed this point. 

Calibration graph and precision 

Calibration graphs for the cyanide determi- 
nation were prepared for all three procedures 
and gave straight lines which conformed to 
Beer’s law. The regression equations and the 
apparent molar absorptivities calculated from 
them are summarized in Table 1. Of the 
methods developed, procedure A has the 
highest sensitivity, but procedure B is almost as 
sensitive. 

Seven standard solutions containing 44.4 
ng/ml cyanide were analysed by procedure A. 
The results had a relative standard deviation 
of 1.6%. 

0 1 2 3 4 5 6 7 

ICN- l/CAg+l 

Fig. 4. Confirmation of the composition of the silver(I)- 
cyanide complex by the mole-ratio method. Experimental 
conditions as for Fig. 1. Wavelength (nm)-• 427; 0 471. 
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Table 2. Tolerance limits for vari- 
ous ions in the determination of 
38.4ng/ml CN- by procedure A 

with T(3-MPy)P 

Ion Tolerance limits 

Table 3. Determination of cyanide in waste- 
water samules 

Cyanide added, Cyanide found, 
Sample aglmZ nglmZ 

0.0 0.0 
A 44.4 44.8 

88.8 88.3 

0.0 0.2 
B 44.4 44.1 

88.8 88.4 

CI- 
Br- 
I- 
SCN- 
S2- 
NO, 
Se- 
Mg(II) 
Ca(I1) 
Fe(III) 
Cu(II) 
Zn(I1) 

600 re/ml 
0.6 rg/ml 

Strong interference 
4.5 rg/ml 

Strong interference 
31000 pg/ml* 
48000 pg/ml* 

800 ng/ml 
280 ng/ml 
170 ng/ml 

Strong interference 
Strong interference 

CW) Strong interference 
Hg(II) Strong interference 

*Maximum tested. 

Interferences 

Interferences were studied by preparing sol- 
utions containing a fixed amount of cyanide and 
various amounts of other ions and applying the 
procedures developed. An error of + 3% in the 

Application to real samples 

Cyanide in waste-water samples was deter- 
mined by procedure A, after isolating it from 
co-existing ions by distillation.4 The results are 
given in Table 3. 

Comparison with other methoak 

The proposed methods for the determination 
of cyanide are rapid and simple. The sensi- 
tivities of the methods are higher than those of 
any current spectrophotometric methods for 
cyanide.4-7 

absorbance reading was considered tolerable. 
Table 2 shows the influence of other ions on 
procedure A. Similar results were obtained with 1. 
the other two porphyrins. Cadmium(II), cop- 2. 
per(II), mercury(II), zinc(II), iodide and sul- 
phide interfered seriously with the cyanide 

3 
’ 

determination because of reaction with the por- 
phyrin or silver(I). The tolerance limits for 4. 
bromide and thiocyanate are also not high. 
However, as already mentioned, cyanide is ‘. 
usually determined after it has been separated 6 
from interfering ions by distillation, so these 7: 
interferences should not arise. 
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Summary<r,O, and chromite ore can be dissolved in HISO,-LilSO,-Ce(SO,), (20/10/l v/w/w), 
H,SO,-LizSO,-MnO, (20/10/l v/w/w) and H,SO,-Li,SO,-KIO, (20/10/2 v/w/w) mixtures. The turbid 
solution produced can be clarified by treatment with H202 or solvent extraction and the chromium 
determined spectrophotometrically at 614 nm. 

The chief ore of chromium is chromite, which is 
one of the most refractory minerals with respect 
to chemical dissolution. The chromite can be 
fused with alkali metal borate but dissolution of 
the cooled melt in mineral acid is slow (and 
impossible if boron trioxide is used as the fusion 
flux).’ Previous studies’ have shown that a sul- 
phuric acid-lithium sulphate mixture can easily 
dissolve refractory oxides such as hafnium ox- 
ide, titanium dioxide and zirconium oxide but 
not the more refractory chromium(II1) oxide. 
However, if a strong oxidizing reagent such as 
ceric sulphate, manganese dioxide, potassium 
permanganate or potassium periodate is added 
to the sulphuric acid-lithium sulphate mixture, 
chromium(II1) oxide can be dissolved. This 
paper demonstrates the dissolution of chro- 
mium(II1) oxide and chromite in this way and 
that the chromium in the resultant solution is 
present as chromium(II1) and chromium(V1). 
The chromium(VI) can then be reduced to 
chromium(II1) with hydrogen peroxide in sul- 
phuric acid medium and the chromium(II1) 
determined spectrophotometrically. 

EXPERIMENTAL 

Reagents 

Chromium(II1) oxide, ceric sulphate tetrahy- 
drate, 30% hydrogen peroxide, manganese 
dioxide, sulphuric acid, lithium sulphate mono- 
hydrate, potassium periodate, potassium per- 
manganate and potassium dichromate were 
Wako Pure Chemical Co. analytical grade. All 

other reagents were also of analytical grade. 
Demineralized distilled water was used through- 
out. A chromium stock solution was prepared 
by dissolving 0.9527 g of potassium dichromate 
in 150 ml of 6.OM sulphuric acid in a beaker, 
transferring the solution into a 200-ml standard 
flask, and rinsing the beaker and diluting to the 
mark with 6.OM sulphuric acid. 

Chromite sample 

Chromite ore was obtained from Steelport, 
Transvaal, Republic of South Africa, and 
ground with a mortar and pestle. 

Dissolution procedures 

Dissolution of chromium(III) oxide and 
chromite with H2S04-Li2S04-Ce(S0,)2 mix- 
ture. Accurately weigh approximately 100 mg 
of Cr,O, or 50 mg of very finely powdered 
chromite and transfer it into a dry loo-ml 
Kjeldahl flask. Weigh out roughly 10 g of 
LizS04*H10 and 1 g of Ce(SO,),.4H,O, and 
add them to the flask. Add 20 ml of concen- 
trated sulphuric acid to the flask in such a way 
that any solid caught in the neck is washed 
down. Place a small short-stemmed funnel in the 
neck of the flask and heat the flask with a 
Bunsen burner in a well-ventilated fume-hood, 
with the flask at 45” from the vertical. Start with 
a strong flame, rapidly increasing the tempera- 
ture until the acid begins to fume. Rotate and 
shake the flask, and continue the heating until 
a clear brown solution is obtained. Let the flask 
stand for about 5 min, then cautiously add 
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about 50 ml of water little by little, and then 
30% hydrogen peroxide until reduction of the 
ceric sulphate is complete. Cool, filter through 
a glass microfibre filter (e.g., Whatman GF/A, 
7.0 cm diameter) into a lOO-ml standard flask 
and dilute to the mark with water. 

For 100 mg of chromite double the quantity 
of lithium sulphate and ceric sulphate should be 
used, with 20 ml of concentrated sulphuric acid. 
This mixture can easily dissolve 100 mg of 
chromite. 

Dissolution with H2S04-Li2S04-Mn02 mix- 
ture. The procedure is the same as that described 
above, but with 1 g of manganese dioxide 
instead of the ceric sulphate, and with 20 ml 
of concentrated sulphuric acid and 10 g of 
Li,S0.,*H20 for 100 mg of sample. The fuming 
is continued for only 3-4 min. 

Dissolution with H2S04-LizSO,-KIO, mix- 
ture. For 100-200 mg of Cr,O, or chromite (in 
a loo-ml Kjeldahl flask) use 20 ml of concen- 
trated sulphuric acid, 10 g of Liz SO,. H,O and 
2 g of potassium periodate, and gently heat for 
5 min with a Bunsen burner. Increase the tem- 
perature until the acid fumes, rotate and shake 
the flask, and continue the heating for 10-15 
min. After cooling, add 50 ml of water, transfer 
the solution to a 200-ml separatory funnel, add 
50 ml of carbon tetrachloride and shake the 
funnel for 1 min to extract the iodine produced. 
Discard the organic phase. Filter the aqueous 
phase into a loo-ml standard flask and dilute to 
the mark with water. 

Decomposition of chromite by fusion with 
NaOH and Na202. 3 Accurately weigh 100-250 
mg of finely powdered chromite into a nickel 
crucible, add 3 g of sodium hydroxide and 3 g 
of sodium peroxide, fuse the mixture for 20 min, 
cool, dissolve the product in 3.6M sulphuric 
acid, transfer the solution into a loo-ml stan- 
dard flask and dilute to the mark with 3.6M 
sulphuric acid. 

Spectrophotometric determination of chromium 

Take l-10 ml portions (accurately measured) 
of chromium standard solution or the sample 
solution and evaporate them to dryness in 
beakers on a hot-plate and dissolve the residues 
with 15 ml of 11.5M sulphuric acid. Then add 
1 ml of 30% hydrogen peroxide to each, cover 
the beakers, and heat them on a hot-plate. 
Repeat the addition of peroxide three times. If 
potassium periodate was used, continue ad- 
dition of hydrogen peroxide until all the perio- 
date has been decomposed, and evaporate the 

solution to about 15 ml. When the colour has 
changed from the blue of the sample solutions 
or the orange of the standard solutions to deep 
green, cool, and transfer the solutions into 
25-ml standard flasks. Add 6.0 ml of concen- 
trated sulphuric acid to each and dilute to the 
mark with water. Measure the absorbance at 
614 nm against a reagent blank prepared under 
the same conditions. 

RESULTS AND DISCUSSION 

Dissolution of chromium(III) oxide and chromite 

Chromite is one of the most refractory min- 
erals with respect to chemical dissolution. How- 
ever, if a strong oxidizing reagent such as 
potassium permanganate is used in conjunction 
with concentrated sulphuric acid or its mixture 
with lithium sulphate, chromite and chro- 
mium(II1) oxide can easily be decomposed, but 
such mixtures can be explosive when heated. 

The effect of other powerful oxidizing re- 
agents, such as ceric sulphate, manganese diox- 
ide, potassium periodate, nitric acid, potassium 
bromate and potassium peroxodisulphate, in 
sulphuric acid and sulphuric acid-lithium sul- 
phate media, on the dissolution time of chro- 
mium(II1) oxide has therefore been examined 
(Table 1). 

Chromium(II1) oxide (100 mg) can be dis- 
solved in a few minutes by heating with 20 ml 
of concentrated sulphuric acid and 1 g of ceric 
sulphate in a Kjeldahl flask, but the cerium(II1) 
products (the oxide or oxysulphate) cannot be 
completely dissolved on addition of water. 

However, if lithium sulphate (10 g) is also 
present, the decomposition is complete in 1 min 
or less, and the cerium(II1) is in a form that is 
readily soluble in water. The colour of the 
solution is changed from brown to clear blue by 
the addition of 1 ml of 30% hydrogen peroxide. 

Chromium(II1) oxide (100 mg) can be com- 
pletely dissolved by heating for a few minutes 
with H*SO,-KIO, (20 ml, 2 g) or HzSO.,- 
L&SO,-KIO, (20 ml, 10 g, 2 g) mixture in a 
Kjeldahl flask. For chromite, only the 
H2 SO,-Li, S04-KI04 mixture is efficient, but 
heating for 15-20 min is required. Iodine is 
generated in this method, and if it is not com- 
pletely volatilized during the heating, must be 
removed by extraction with carbon tetrachlo- 
ride, to prevent its interference in the chromium- 
(III) determination. Silica and silicates are not 
decomposed and must be filtered off (glass 
microfibre filter). MnOf6 or manganese ore4 can 
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Table 1. Dissolution time of Cr,O, (0.1 g) in various media 

517 

Dissolution media* Reagent ratio? Dissolution time3 min Vessel 

H,SQ-WSW, 20/l (v/w) not clarify 
H$O,-L@O,-Ce(SO,), 20/10/l (v/w/w) 51 

H,SO,-KIO, 20/2 (v/w) <5 
H,SO,-L&SO,-KIO, 20/10/2 (v/w/w) <3 

H,SO,-MnO, 20/l (v/w) >5 
H,SO,-Li,SO.,-MnO, 20/ 1 o/ 1 (v/w/w) bl 
H, SO,-H, 0-MnO, 2512510.2 (v/v/w) >5 
H,SO,-H,GMnO, 2512510.2 (v/v/w) >I5 

H, SO.,-KMnO, 2012 (v/w) explosion 
H,SO,-Li,SO,-KMnO, 20/10/2 (v/w/w) explosion 
H, SO,-H,O-KMnO, 20/10/2 (v/w/w) explosion 

H,SO,-L&SO,-HNO, 20/10/5 (v/w/v) N.C.D. 
H,SO,-L&SO,-HNO, 10/20/5 (v/w/v) N.C.D. 

H, SO,-H, PO,-HNO, 20/10/5 (v/v/v) N.C.D. 
H,SO,-H,PO-HNO, 10/20/5 (v/v/v) N.C.D. 
H,SO,-H,PO,-HNO, 10/20/5 (v/v/v) >30 

*Li,So, as monohydrate, Ce(SO,), as tetrahydrate. 
tv in ml, w in g. 
$N.C.D. = not completely dissolved unless more HNO, was added. 
$Method of Mandal et aL4. 

Kjeldahl flask 
Kjeldahl flask 

Kjeldahl flask 
Kjeldahl flask 

Kjeldahl tlask 
Kjeldahl flask 
Kjeldahl tlask 
Beaked 

Kjeldahl flask 
Kjeldahl flask 
Kjeldahl flask 

Kjeldahl flask 
Kjeldahl flask 

Kjeldahl flask 
Kjeldahl flask 
Beaker 

quantitatively oxidize chromium(II1) in the decomposition and the diluted solution is 
presence of sulphuric acid, but the reaction is readily clarified with 1 ml of 30% hydrogen 
slow (Table 1). The H,SO,-H,O-Mn02 system peroxide. There is no risk of explosion. Chro- 
also gives only slow reaction. In contrast, the mium(III) oxide is virtually insoluble in the 
Hz SO,-Li, SO,-MnO, mixture gives very rapid Hz SO,-Li, S04--HN03 system. The H,SO,- 

0.50 

77-l 

I 

II I 
i 
i 

0 
- 300 400 500 600 700 600 

Wavelength (nm) 

Fig. 1. Absorption spectra of chromium solutions: 1, K,Cr,O, dissolved in 11.5M H,SO, and treated with 
H,O, (Cr 406 pg/ml); 2, Cr,O, dissolved with H,SO,-LizSO,-MnO, (20/10/2. v/w/w), followed by 
dilution to 11.5M H,SO, and treatment with H,O* (Cr 358 rg/ml); 3, Cr,O, dissolved with H,SO,- 
Li,SO,-Ce(SO,), (20/10/l, v/w/w), followed by dilution to 11.5M H2S0, and treatment with H,O1 (Cr 

275 rgln.0 
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Table 2. Determination of chromium in Cr,O, (contains 68.4% Cr) and chromite ore 

Sample Cr found 
Dissolution and weight, Dissolution 
decomposition systems Sample & nrg % time, min 

H,SO,-LI,SO,-Ce(SO,), 
(20/ 10/l, v/w/w) WA 

H,SO,-MnO, 
(20/ 1, v/w) 

H,SO,-L&SO,-MnO, 
(W 10/ 1, ww9 

H, SO,-Li, SO,-KIO, 
(20/10/2, v/w/w) 

NaOH-Na, 0, 
(313, w/w) 

Chromite 

Chromite 

Chromite 

119.9 

48.5 

50.1 

53.1 

H,SO,-Li,SO,Ce(SO,), 
(20/20/2, v/w/w) CrA 164.4 

Chromite 95.2 

Chromite 110.6 

Chromite 112.9 

CrA 103.5 

CrA 121.6 

Chromite 100.6 

Chromite 102.8 

Chromite 122.6 

CrA 101.3 
CrA 251.5 
Chromite 102.4 
Chromite 108.5 
Chromite 146.9 
Chromite 149.6 

Chromite 203.0 

Chromite 207.1 

Chromite 100.2 

Chromite 164.9 

Chromite 245.4 

83.0 69.2 
81.0 67.6 
13.7 28.2 
13.9 28.7 
14.5 28.9 
13.6 27.1 
15.5 28.9 
14.9 27.7 

112.4 68.4 
26.9 28.3 
27.0 28.4 
30.4 21.5 
31.0 28.0 
30.8 27.3 
33.2 29.4 

64.0 61.8 
62.4 60.3 

84.2 69.2 
83.0 68.3 
29.6 29.4 
28.0 27.8 
29.3 28.5 
28.2 27.4 
35.9 29.4 
35.1 28.6 

69.0 68.2 
168.5 67.0 
30.0 29.3 
32.2 29.1 
41.0 27.9 
42.2 28.2 
41.2* 27.5 
60.3 29.1 
58.0* 28.6 
58.4 28.2 
56.0* 27.0 

27.6 21.5 
28.0 21.9 
27.6 21.5 
28.1’ 28.0 
47.0 28.5 
50.0 30.3 
45.2. 27.4 
69.5 28.3 
70.0 28.5 
72.0 29.3 

5 
12 

12 

14 

5 

5 
5 

15-20 
15-20 
15-20 

15-20 

15-20 

*Spectrophotometric determination after removal of iron. 

H3 PO,-HNOr system, though successful when In the dissolution with the HzS04-Li2S04- 
used in a beaker, proved unsuitable when used Ce(SO,), system, the iron(I1) in the chromite ore 
in a Kjeldahl flask, unless more nitric acid was reduces some of the cerium(IV) and it is necess- 
added from time to time. Chromium(II1) oxide ary either to use a smaller sample (50 mg) or 
cannot be dissolved in H2S04-LizSO, mixture double the amounts of lithium sulphate and 
with the aid of other oxidizing agents such as ceric sulphate if a lOO-mg sample is used. The 
potassium bromate or potassium peroxodi- Hz SO,-Liz SO,-Ce(SO,), system can be heated 
sulphate. rapidly to a high temperature and chromite can 
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be decomposed in a few minutes, but other 
metal oxides such as iron oxide dissolve more 
slowly (10-15 min). 

After heating for 10-l 5 min, the colour of the 
H2 S04-Liz SO,-Ce(SO,), system is changed 
from the initial turbid yellow to a clear yellow- 
ish brown, and to a clear brown if heated with 
chromite. After dilution with water the chro- 
mium(V1) in the solution is readily reduced by 
addition of 1 ml of 30% hydrogen peroxide. In 
this mixed system the ratio of lithium sulphate 
to ceric sulphate is of importance because the 
lithium sulphate appears to prevent the for- 
mation of insoluble cerium oxide or oxysul- 
phate. Any silica or silicate present in the 
chromite ore cannot be dissolved by this method 
and has to be filtered off, with a glass microfibre 
filter. 

Heating with the H$O,-LizSO,--MnO, (20 
ml, 10 g, 1 g) system decomposes 100 mg of 
chromite in about 5 min. The turbid solution is 
black or deep violet, and is readily changed to 
sky blue by the addition of a few drops of 30% 
hydrogen peroxide. Any silica or silicate is left 
undissolved and must be removed (glass micro- 
fibre filter). 

Spectrophotometric determination of chromium 

The chromate and diphenylcarbazide 
methods’s8 are widely used for spectrophoto- 
metric determination of chromium. The atomic- 
absorption photometric determination of trace 
and moderate amounts of chromium in ores, 
rocks and other materials was studied by 
Donaldson.8” However, these methods are un- 
suitable for determination of chromium in 
chromite ores because they are highly sensitive 
and the samples must be extensively diluted. To 
overcome this drawback the possibility of using 
the less sensitive absorbance measurement of 
chromium(II1) in a high concentration of sul- 
phuric acid was examined. In 11 SM sulphuric 
acid, Cr(II1) exhibits absorption peaks at 432 
and 614 nm (Fig. 1). Iron(II1) interferes with the 
measurement at 432 nm, so the 614 nm peak is 
used for chromite analysis. The calibration 
graph obeys Beer’s law from 10 to 500 pg/ml 
Cr(II1). In reduction of chromium(V1) by treat- 
ment with hydrogen peroxide the sulphuric acid 

concentration must be kept in the range 
10.5-12.5M because there is a slight red-shift 
of the chromium absorption spectrum with in- 
crease in sulphuric acid concentration. 

Determination of chromium in chromium(M) 
oxide and chromite 

Table 2 gives the results obtained for analysis 
of Cr20, and chromite ore under the rec- 
ommended conditions. The dissolution of Cr,O, 
with the H,SO,-Li2S0,-Ce(S0,),, H*SO,,- 
Liz SO,-MnO, and H2 S04-Liz SO,,-KI04 sys- 
tems is complete and the procedure can be 
recommended for determination of chromium. 
Decomposition with HZSO,-MnO, mixture 
gave low results. 

For chromite, analysis after fusion of the 
sample with NaOH-Na,O,, gave 28.3% chro- 
mium (standard deviation 0.9O/,), which is com- 
parable to the results obtained (grand average 
28.4%, standard deviation 0.8%) by using the 
dissolution method with Hz SO,-Li, SO4 mix- 
ture containing one of the oxidizing agents 
Ce(SO,),, MnO, or KIO, (see Table 2). 

This is a very easy and rapid dissolution 
method for chromium oxide and chromite ore 
under atmospheric conditions, and a very 
simple method for determination of chromium. 
It seems particularly useful for rapid evaluation 
of the quality of chromium ores. 
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Summary-The official Japanese method for determination of chloride in hot-spring waters requires any 
H,S present to be oxidized with hydrogen peroxide in ammoniacal medium. When this was done, and 
the solution was titrated with silver nitrate at pH 9.7, the indicator colour changed from yellow to 
brownish grey, owing to reduction of silver ions to the metal by hydrogen peroxide. The effect can be 
eliminated by adjusting the pH to 7.0-7.5 before the titration. 

Almost all hot-spring waters contain dissolved 
HIS, and this interferes with the determination 
of chloride by various analytical methods, in- 
cluding the Mohr titration. This interference is 
due to the formation of Ag,S, which causes a 
positive error for chloride. The official Japanese 
Analytical Methoak of Mineral Spring Water,’ 
therefore specifies oxidation of the sulphide by 
treatment with hydrogen peroxide in ammonia- 
cal medium. 

However, it is known that in the presence of 
ammonium salts a positive error arises from 
formation of Ag(NH,): unless the pH is suf- 
ficiently 10w.“~ Moreover, hydrogen peroxide 
reduces Ag,O to silver in alkaline medium. 
Therefore, to develop an accurate method for 
titration of chloride in hot-spring water contain- 
ing soluble HIS, it was felt necessary to study 
the interaction between pH, Ag+, and H,Oz to 
elucidate potential interference in the titration. 

The goals of the present work were to eluci- 
date the interference mechanisms in titration of 
chloride with silver nitrate and find a satisfac- 
tory modification of the pretreatment in which 
soluble H2S is removed by oxidation with 
hydrogen peroxide. 

EXPERIMENTAL 

Reagents 

A 0.36M stock chloride solution was pre- 
pared by dissolving 2.1038 g of sodium chloride 
in 100 ml of distilled water, and working sol- 
utions (approximately 320 pg/ml chloride) were 
prepared from it by dilution. Hydrogen per- 
oxide solution were prepared as required, by 
addition of a 30% stock solution. H,S-water 

was prepared by saturating distilled water with 
H2S, and the solution was standardized.6 

Determination of Cl- by the Mohr method 

Potassium chromate indicator (0.25M) was 
added to 20 ml of chloride solution, which was 
then titrated with O.lM silver nitrate (with 
stirring by magnetic stirrer). A blank solution 
was similarly titrated and a correction applied 
for the value obtained. 

Relationship between the concentration of H,O, 
and the oxidation of H,S 

Kunimi hot-spring water (20 ml) with and 
without H2S-water (20 ml) was mixed with 
hydrogen peroxide in a flask to give a range of 
peroxide concentrations from 0.42mM to 1.8M. 
After 10 min the residual HIS was determined 
as follows.6 

Acetic acid was added to the sample solution, 
containing 3-4 mg of sulphide, until the pH was 
lowered to about 2, then 5-10 ml of 50 mg/ml 
cadmium acetate solution were added. The flask 
was sealed and shaken, then the precipitate was 
filtered off, washed with 1% v/v acetic acid and 
dissolved in 3M hydrochloric acid. The solution 
was accurately diluted to 50 ml and a 5-20 ml 
portion was heated at 6O-gO” for 10 min, then 
cooled. The pH was adjusted to 10 by addition 
of 3M ammonia solution, Cu-PAN indicator 
was added, and the cadmium present (which 
corresponded to the sulphide in the original 
solution) was titrated with O.OlM EDTA. 

ModiJied method for the oxidation of sulphide 

The pH of a sample solution (50 ml) contain- 
ing O-150 ppm HzS was adjusted to 10-l 1 by 
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the addition of 1M sodium hydroxide. This 
solution was oxidized by the addition of 30% 
v/v hydrogen peroxide (1 ml), and then boiled 
for 10 min. After cooling, the pH of the solution 
was lowered to 7.0-7.5 by the addition of sul- 
phuric acid (with monitoring by pH-meter). 
Leakage of chloride from the reference electrode 
was found to correspond to less than 1 ppm in 
the test solution, in 5 min. 

RESULTS AND DISCUSSION 

The Japan official method for removing sol- 
uble H,S consists of oxidation with hydrogen 
peroxide in ammoniacal medium.’ When, in the 
present work, the method was applied to two 
kinds of hot-spring water containing 83-151 
ppm H,S, before their titration with silver 
nitrate to determine chloride, detection of the 
end-point was difficult, and accurate determi- 
nation of the chloride impossible. The colour 
changes at the end-point were as follows. The 
yellow of the chromate solution changed to a 
turbid brownish green immediately after each 
addition of titrant and also just before the 
end-point. In addition, many bubbles occurred 
at the same time that the colour changed. If 
these solutions were filtered after the production 
of bubbles ceased, a greyish black precipitate 
was collected and a clear yellow solution ob- 
tained. The absorption spectrum of this solution 
was the same as that of potassium chromate. 
Since Ag,S is black, the colour change was 
thought to be due to precipitation of Ag,S 
formed from Ag+ and residual H2S. Hence, 
the relationship between the concentration of 
H,Oz used and the oxidation of sulphide was 
investigated, with the result shown in Fig. 1. 
No sulphide could be detected in either Kunimi 

S*-ppm 

100 

.L 0 
0.5 1 5 10 50 100 

~~0~ mM 

Fig. 1. Influence of the concentration of H,O, on the 
oxidation of S*-: plots of residual S*- us. peroxide concen- 
tration used. 0, Kunimi Hot Spring water; 0, H2S-water. 

hot-spring water or H,S-water when the per- 
oxide concentration used was > 18mM, which 
was lower than the concentration specified in 
the standard method. This suggested that all the 
sulphide had been oxidized and that the precipi- 
tate was not Ag,S. In fact, qualitative analysis 
showed that the precipitate was metallic silver. 
Since it was found that precipitation of silver 
did not occur if the solution was adjusted to a 
neutral pH after oxidation with peroxide, the 
relationship between [Ag+], [H202] and pH was 
further studied. It was found that the excess of 
peroxide did not influence titrations done at 
pH 7.0-7.4. 

The effect of HzOz over the pH-range 
6.9-l 1.3 [adjusted with sodium hydroxide in- 
stead of ammonia, to avoid formation of 
Ag(NH,): ] was investigated. In the presence of 
peroxide at pH > 10.0, chloride could not be 
determined by the Mohr method, since gas was 
evolved when silver nitrate was added, and the 
colour of the solution changed to greyish black 
because a precipitate of metallic silver was 
formed. 

It is known that hydrogen peroxide reacts 
with AgzO but not with Ag+, and acts as a 
reductant: 

According to calculations based on the rel- 
evant constants, a precipitate of Ag,O should 
not form at pH < 11 .O under the conditions of 
the Mohr method. However, Ag was formed 
even at pH 10.0, which is lower than the upper 
pH limit (10.5) recommended for use of the 
Mohr method. This is presumably due to the 
non-equilibrium conditions existing at the point 
of entry of the titrant into the chloride solution, 
where the resulting local concentration of Ag+ 
could be high enough to produce a small 
amount of Ag,O, which would react with the 
peroxide and perhaps induce the well-known 
Haber-Weisz chain reaction for decomposition 
of peroxide. 

It follows that if peroxide is present, it is 
essential to keep the pH sufficiently low to 
prevent localized formation of Ag,O. The re- 
quirement for oxidation of sulphide with per- 
oxide at relatively high pH and titration at lower 
pH can be met by first adjusting the pH to 10-l 1 
with sodium hydroxide for the oxidation reac- 
tion, and then lowering the pH to 7-7.5 by 
addition of sulphuric acid. The Mohr titration 
can then be applied. 



Sample 

Influence of H202 and pH on the Mohr titration 

Table 1. Determination of chloride after removal of H,S 

S-, Cl- found,* Total Cl- Recovery of 
&ml figiml found,* pgjml added Cl-, % 
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Kunimi Hot Spring 
(Ishizuka Ryokan) 

Narugo Hot Spring 
(Yusa-Ya) 

H,S-water 

127 291 f2 491 f 17 98 

93 171 f 1 376 f 07 100 

102 0 161 f 11 101 

*Mean + standard deviation (5 replicates). 
tAdded chloride: 205 pg/ml. 
$Added chloride: 160 pg/ml. 

Application of the Mohr method 

The following experiment was planned to 
confirm the effectiveness of the modified method 
of oxidation of H2S. The samples used were 
HIS-water and two kinds of hot-spring water, 
each containing chloride. A known amount of 
sodium chloride solution was added to the 
hot-spring water, and the results for these 
solutions were compared with those for hot- 
spring water to which no chloride had been 
added. The experiment was repeated five times 
with the same samples, and the results are 
shown in Table 1. The determination of the 
added Cl- was acceptably accurate (98-101% 
recovery). The modified method was evidently 
suitable for the determination of chloride 
in hot-spring water containing substantial 
amounts of H,S. 
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Summary-A rapid, simple and reliable routine method for the determination of total sulphur in zinc 
concentrates, roasted products and leached residues from zinc smelters is described. The method involves 
the fusion of the sample with sodium peroxide and sodium carbonate or routine acid decomposition and 
dissolution to give soluble compounds. The absorbance of the barium sulpham suspension produced by 
the addition of barium chloride powder to a dilute hydrochloric acid solution of the sample, containing 
cetyltrimethylammonium bromide solution as a dispersing agent, is measured at 42Onm. The results 
obtained for some zinc concentrates and other products are compared with those obtained by the 
conventional gravimetric barium sulphate method. Results for a reference zinc concentrate and other 
samples with various matrices and the results obtained with standard additions to the samples are good. 

Sulphur is present mostly as sulphide in zinc 
concentrates and during roasting is converted 
into sulphur dioxide, which is used to manufac- 
ture sulphuric acid in most “roast-leach- 
electro-win” hydrometallurgical plants. The 
roasted product and leached residues contain 
unreacted sulphides and sulphates in amounts 
which depend on the roasting conditions, and 
this severely affects the leaching efficiency, 
precious-metal recovery, sulphate balance 
and recovery efficiency of the plant operations, 
so their analytical control is essential at all 
levels. 

The total sulphur content in zinc plant 
samples varies from 2 to 32%. Our laboratory 
uses a uniform method for the determination of 
sulphur by the usual nitric acid decomposition 
in the presence of potassium bromate and a 
solution of bromine in carbon tetrachloride to 
form soluble sulphate, followed by the conven- 
tional gravimetric method.*” Titrimetric, poten- 
tiometric and polarographic methods have been 
reported in the literature for the determination 
of sulphate in certain samples, but these 
methods are not suitable for zinc concentrates 
and other residues, owing to the complexity of 
the samples. 

For simpler and more rapid determination of 
total sulphur, modification of the decompo- 
sition technique for converting all the sulphur 

compounds into soluble sulphates is needed and 
the gravimetric barium sulphate method must 
be replaced. The universal technique proposed 
by Bhargava et aL4 for rapid dissolution of 
materials encountered in the steel industry 
has not hitherto been tried for these types of 
zinc plant samples, though it seems well suited 
for the purpose. For determination of low levels 
of sulphate the use of nephelometry5~6 or tur- 
bidimetry’ has been found advantageous. Hence 
it seemed to us that combination of the alkaline 
fusion technique with turbidimetric determi- 
nation would provide a rapid and useful method 
for use in production control. 

In the proposed method, the sample is fusqd 
with sodium peroxide and sodium carbonate in 
a nickel crucible, and the cooled fusion cake is 
leached with water and dissolved completely in 
hydrochloric acid, the sulphur species in the 
sample all being in soluble sulphate form. Pow- 
dered barium chloride is added to the solution, 
the barium sulphate suspension produced being 
stabilized by cetyltrimethylammonium bromide. 
The absorbance is measured at 420 nm. 

This method is simple, rapid and reliable, and 
the results are comparable with those of the 
standard gravimetric method. The decompo- 
sition brings the major and minor constituents 
into solution, providing in a single operation a 
sample solution suitable for complete analysis. 
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EXPERIMENTAL 

Reagents 

All reagents used were of analytical grade. 
Standard sulphate solution (2 mgjml.). Dis- 

solve 2.958 g of anhydrous sodium sulphate in 
sulphate-free demineralized water and dilute the 
solution exactly to 1000 ml. 

Cetyltrimethylammonium bromide (CTAB) 
solution. Dissolve 2.00 g of CTAB in 100 ml of 
6M hydrochloric acid. Dilute 2 ml of this stock 
solution to 1000 ml with demineralized water. 

Bromine solution in carbon tetrachloride. Mix 
20 ml of bromine and 30 ml of carbon tetra- 
chloride in an amber glass-stoppered bottle. 

Barium chloride powder. Grind the reagent 
and sieve it, collecting the fraction ( < 300 ,um 
particle size) passing through a BSS 52-mesh 
sieve. 

Apparatus 

A JASCO double-beam UVIDEC 430 spec- 
trophotometer, a magnetic stirrer with built-in 
speed regulator, and Teflon-coated stirrer bars 
(10 mm diameter, 25 mm length) were used. 

Sample preparation 

Acid decomposition. To 1.000 g of powdered 
(loo-mesh) sample in a dry 400-ml beaker add 
3-4 g of potassium bromate. Cover the beaker 
with a dry watch-glass, and swirl it to mix 
the sample with the potassium bromate. Add 
8-10 ml of the carbon tetrachloride solution of 
bromine and let stand for 15 min. Add 10 ml of 
concentrated nitric acid and stand the beaker on 
an asbestos pad on a hot-plate, for slow reaction 
and evaporation. Remove the cover and evapor- 
ate the solution to dryness. Cool, add 10-15 ml 
of concentrated hydrochloric acid, evaporate to 

dryness and slightly bake the residue. Repeat 
this acid treatment twice to decompose the 
sample completely. To the baked sample add 
2-3 g of sodium chloride and disperse it over 
the sample. Add 50 ml of 6M hydrochloric 
acid and heat to dissolve the soluble salts. 
Filter (Whatman 12.5-cm No. 1 filter paper) and 
wash the residue with 6M hydrochloric acid, 
collecting the filtrate and washings in a 250-ml 
standard flask. Make up to the mark with 6M 
hydrochloric acid. 

Alkaline fusion. Cover 1.000 g of powdered 
sample in a 50-ml zirconium or nickel crucible 
with 8 g of sodium peroxide and 2 g of sodium 
carbonate. Fuse the mixture over a MCker 
burner or in a muffle furnace at 700” until the 
melt is cherry red and clear. Cool. Extract with 
the minimum (10 ml) of water. After the 
effervescence has ceased, empty the crucible into 
a beaker, add 10 ml of concentrated hydro- 
chloric acid to the crucible and empty it into the 
beaker. Rinse the crucible with the minimum 
amount of water, collecting the washings in the 
beaker. Boil the solution for 5 min, then let it 
cool. If any residue is found, filter (Whatman 
12.5~cm No. 1 filter paper) and wash the residue 
with 6M hydrochloric acid. Transfer the sol- 
ution into a 250-ml standard flask and dilute to 
volume with 6M hydrochloric acid. 

Turbidimetric determination 

Pipette a volume of sample solution contain- 
ing up to 2.5 mg of sulphate into a IOO-ml 
standard flask, and dilute to volume with CTAB 
solution. Transfer the solution to a 150-ml 
beaker, add a stirrer bar and place the beaker on 
the magnetic stirrer. Stir the solution at constant 
speed (500-700 rpm). Add 0.25 g of barium 
chloride powder and continue stirring for 1 min. 

Table 1. Results obtained for total sulphur in various process samples by the standard gravimetric method and the proposed 
method (dissolution by both acid and alkali decomposition techniques) 

% s % s % s % s 
(gravimetric). (turbidimetric)t (gravimetric)$ (turbidimetric)j 

Sample Mean Min Max Mean Min Max Mean Min Max Mean Min Max 

Zinc Concentrat& 30.2 29.9 30.4 30.0 29.2 30.1 30.2 30.0 30.5 30.2 29.8 30.3 
(Canmet CZN-1) 

Zinc concentrate I 29.6 29.5 29.8 
Zinc concentrate II 28.0 27.8 28.0 
Zinc concentrate III 29.3 29.2 29.4 
Calcine 3.61 3.59 3.62 
Leached residue 10.09 10.08 10.10 
Jarosite 6.13 6.03 6.20 

*Averages of 5 replicate analyses. The general 
tAcid decomposition technique. 
SAlkaline decomposition technique. 
#Certified value of CZN-1: 30.20 k 0.2%. 

29.3 29.2 
27.6 27.5 
29.2 29.1 

3.61 3.57 
10.08 10.06 
6.13 6.05 

composition of 

29.6 29.7 29.6 29.9 29.5 29.2 29.7 
27.8 28.0 27.6 28.4 27.8 27.4 28.6 
29.3 29.3 29.2 29.6 29.3 29.1 29.3 

3.62 3.61 3.58 3.68 3.61 3.58 3.62 
10.10 10.12 10.09 10.28 10.10 10.05 10.12 
6.18 6.12 6.00 6.28 6.14 6.02 6.25 

the samples is given in Table 3. 
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Table 2. Results for recovery of original plus added sulphate by the proposed method 

Acid decomposition Alkaline decomposition 

Sample Added, mg Found, mg Recovery, % Added, mg Found, mg Recovery, % 

Zinc concentrate 
0% 

0.900 - - 0.905 
(CANMET CZN-1) 1.380 98.6 0.500 1.389 98.9 

1.000 1.870 98.4 1.000 1.882 98.8 
Zinc concentrate I - 0.880 - - 0.886 - 

0.500 1.346 91.5 0.500 1.361 98.2 
1.000 1.824 97.0 1.000 1.849 98.0 

Zinc concentrate II - 0.828 - - 0.835 - 
0.500 1.279 97.0 0.500 1.308 98.0 
1.090 1.770 97.4 1.000 1.789 91.5 

Zinc concentrate III - 0.875 - - 0.878 - 
0.500 1.334 97.0 0.500 1.353 98.2 
1.000 1.800 96.0 1.000 1.844 98.2 

Calcine - 1.083 - - 1.083 - 
0.500 1.580 99.8 0.500 1.583 100.0 
1.000 2.080 99.8 1.000 2.075 99.6 

Leached residue - 1.210 - - 1.210 - 
0.500 1.710 100.0 0.500 1.710 100.0 
1.000 2.205 99.8 1.000 2.190 99.1 

Jarosite - 0.920 - - 0.921 - 
0.509 1.406 99.0 0.500 1.418 99.8 
1.000 1.907 99.3 1.000 1.919 99.9 

Immediately transfer some of the suspension 
into a IO-mm path-length cell and measure the 
absorbance at 420 nm against a blank similarly 
prepared. Prepare a calibration graph, with 
standards prepared in the same way, covering 
the range up to 3.0 mg of sulphate per 100 ml. 

more effective and much faster than the acid 
decomposition. Although silica is also brought 
into solution in the alkaline fusion decompo- 
sition, there is no effect on the sulphur values 
obtained. 

RESULTS AND DISCUSSION 

The method was validated by analysing vari- 
ous samples generated at the zinc smelter, as 
well as a certified zinc concentrate reference 
sample (Tables 1 and 2). Various amounts of 
sulphate were added at the measurement 
stage to determine the efficiency of dispersion 
under the experimental conditions for different 
matrices and the results obtained are reported as 
% recovery in Table 2. 

Since the sample solution is also used for 
determination of various major and minor con- 
stituents, expecially lead and silver, to save time 
in these determinations a 6M hydrochloric acid 
concentration is used. 

The reagent blanks must be run through the 
entire procedure, including the decomposition 
step, because the minor constituents are 
determined by atomic-absorption spectropho- 
tometry, and contamination from the crucible 
used for the fusion must be allowed for. With 
zirconium crucibles no difficulty has been 
encountered. 

The results obtained for total sulphur in The proposed method is very simple, rapid 
solutions prepared by the two decomposition and accurate for zinc plant samples of various 
methods and analysed by both methods (gravi- types and is a useful alternative to the standard 
metric and turbidimetric) were in good agree- gravimetric method, which is long and tedious. 
ment. Both methods of determination were Barium sulphate suspensions prepared in 
applied to each sample solution. The alkaline CTAB solution were found to have maximum 
fusion decomposition method was found to be absorbance at 420 nm. The calibration graph 

Table 3. Comnosition of the samples 

Sample Zn,% Fe,% Pb,% Cu.% Cd.% Aa.% Mn.% MR.% 

Zinc concentrate I (Zawar) 48.5 10.2 3.05 0.13 0.186 0.021 0.043 0.50 
Zinc concentrate II (Dariba) 51.0 

s’.: 
0.92 0.114 0.365 0.025 0.100 0.12 

Zinc concentrate III (Feed) 50.7 2.73 0.126 0.268 0.023 0.243 0.37 
Calcine (roasted product) 58.38 10:70 3.46 0.144 0.348 0.028 0.44 0.54 
Feed to flotation (leached residue) 17.93 19.8 5.38 0.154 0.183 0.035 1.49 0.75 
Jorosite (final leached residue) 5.20 15.40 4.61 0.098 0.106 0.0287 0.31 0.38 
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was linear up to 2.5 mg of sulphate in 100 ml of 
solution. 

Copper, cadmium, zinc, iron and chloride 
cause practically no interference. 

The barium chloride should be thoroughly 
ground to pass a 52-mesh sieve, to provide 
uniform particle size, and this has been found 
effective for producing the barium sulphate 
dispersion in CTAB solution. The amount 
added is based on the practical requirement of 
reaction with all the sulphate present, without 
leaving undissolved reagent dispersed in the 
solution; 0.25 g in 100 ml of solution was found 
satisfactory. Equal amounts of the barium 
chloride powder, with uniform particle size, 
must be used for all samples, standards 
and blanks, since turbidimetric methods require 
production of reproducible particle size 
distributions. 

Dilute CTAB solution is used as the stabilizer 
to keep the barium sulphate in suspension. 
Too high a CTAB concentration causes 
frothing, however. Another conditioning agent, 
glycerol in hydrochloric acid,* was also tried 
as the stabilizer but did not give satisfactory 
results. Toennies and Bakay used an ethanol- 
dipropylene glycol mixture as stabilizer6 but its 
efficacy was not tested in the present work. 

The absorbance measurement should be 
made immediately after a constant time has 
elapsed after addition of the barium chloride. 
Generally 1 or 2 min is sufficient to attain a 
uniform suspension of barium sulphate in the 
CTAB solution. 
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Summary-This paper describes the development of a fiber-optic cyclodextrin-based (FCD) sensor. 
The device uses laser excitation and fluorescence detection with /?-cyclodextrin as the reagent phase, 
immobilized at the tip of an optical fiber. The sensitivity of the FCD sensor is 14 times as great as that 
of a bare optical fiber when measurements are made with the fiber immersed in a buffer after a IO-min 
incubation period. The selectivity of the sensor is illustrated with pyrene as the model compound and 
5,6benxoquinoline as the interfemnt. An interference study with a contaminated environmental ground 
water sample is used to illustrate the usefulness of the FCD device. 

An important class of fiber-optic chemical sen- 
sors relies on the interaction of the analyte with 
a reagent phase immobilized at the sensing end 
of the optical fiber to produce a spectroscopic 
signal. Antibodies and enzymes are often used 
as the reagent phases in fiber-optic sensors 
because of their high specificity toward the 
analyte of interest.‘” Cyclodextrins (CDs) have 
lower specificity than antibodies and enzymes 
but because of their ability to form complexes 
with various molecules have been utilized in 
chromatographic separation of organic and 
inorganic compounds.6 

Cyclodextrins are sugar molecules having the 
structure of a hollow truncated cone with a 
hydrophobic cavity. Their complexation ability 
has been attributed to four factors.’ (1) Van der 
Waals interaction, (2) hydrogen-bonding, (3) 
displacement of high-energy water molecules 
from the cavity, and (4) release of the strain 
energy of the CD on inclusion of the guest 
molecule. The hydrophobicity of the guest 
molecule also plays a key role in the stability of 
the complex. The stoichiometry of the com- 
plexes is not necessarily 1:l; instances of 
2 : 1 and 1: 2 complexes are known.‘,* Complexa- 
tion with cyclodextrins also enhances the 
fluorescence9 and phosphorescence of certain 
analytes’“-‘4 and for this purpose CDs have 
been used on immobilized quartz plates in a 
fiber-optic probe.ls 

This work involves the development of a 
CD-based fiber-optic chemical sensor with /3- 

*Author for correspondence. 

CD immobilized at the distal face of an optical 
fiber, that combines the selectivity of the CD 
with enhancement of the fluorescence of the 
complexed molecule. The polynuclear aromatic 
hydrocarbon (PAH) pyrene is used as the model 
compound. The complexation ratio for pyrene 
has been shown to be 1: 1 for concentrations 
below 10-6M,s,‘6 which is the case for all pyrene 
solutions used in this work. The performance of 
the FCD sensor (analytical curve and response 
time) is described, and its selectivity has been 
investigated by using 5,6-benzoquinoline as an 
interferent, together with a ground water spiked 
with pyrene, and containing other PAHs as 
contamination. 

EXPERIMENTAL 

Materials 

/I-Cyclodextrin, glycidoxypropyltrimethoxy- 
silane (GOPS), sodium hydride, pyrene and 
5,6-benzoquinoline were obtained from Aldrich 
(Milwaukee, WI). Toluene, ZV,N-dimethylform- 
amide (DMF), methanol and ethanol were ob- 
tained from EM Science (Cherry Hill, NJ). 
Phosphate-buffered saline (PBS) was obtained 
from Sigma (St. Louis, MO). The optical fiber 
was a multimode fused-silica 600~pm diameter 
fiber purchased from General Fiber Optics 
(Cedar Grove, NJ). Fluorescence spectra were 
obtained with a Perkin-Elmer model MPF-43A 
spectrophotofluorimeter. 

Procedures 

/?-CD was immobilized on the optical fiber by 
a method described previously.‘j In this study, a 
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Fig. 1. Schematic diagram of the fiber-optic cyclodextrin (FCD) based sensor. 

l-cm length of cladding was stripped from the 
fiber end and the fiber was heated overnight at 
100”. The stripped tips (of several fibers) were 
then modified by immersing them in a 10% v/v 
GOPS solution in toluene, which was then 
refluxed for 3 hr. 

The distal ends were washed with toluene 
and then methanol, and the fibers were 
heated overnight at 100”. Under an atmosphere 
of nitrogen, 500 mg of /I-CD (heated over- 
night at 60”) was dissolved in 30 ml of 
DMF, sodium hydride (125 mg) was added, 
and the mixture was allowed to react for 
15 min. The excess of sodium hydride was 
filtered off (still under a nitrogen atmosphere) 
and the solution refluxed for 2 hr with the 
fiber tips immersed in it. The fiber tips were 
then washed with DMF, methanol, toluene, 

water and methanol in succession and heated 
overnight at 60”. They were then ready for 
use. 

Apparatus 

The optical configuration of the FCD sensor 
is straightforward and is shown schematically 
in Fig. 1. A brief description of the intrumental 
system is as follows. The 325~nm line of an 
He-Cd laser (Omnichrome, Chino, CA) was 
focused onto the untreated end of the optical 
fiber after passing through a beam-splitter con- 
sisting of a mirror with a 2-mm pinhole through 
its center. The fluorescence emitted by the 
sensor/analyte system was transmitted back 
through the fiber, reflected by the mirror and 
focused onto a collection fiber after passing 
through a 380-420 nm bandpass filter. The 
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a Bare fiber 
b FCD,t-0 
c FCD,t-10 

I 
0 100 200 300 

Pyrene concentration, lOme M 

Fig. 2. Response curves for: a, bare fiber; b, FCD at t = 0 
and c. FCD at t = 10 min. 

collection fiber was connected to a photomulti- 
plier (Hamamatsu, model R760), the current 
from which was processed by a Keithley model 
485 autoranging picoammeter. 

Measurements 

All measurements were performed as follows. 
The samples were pyrene solutions for cali- 
bration and a pyrene/5,6-benzoquinoline mix- 
ture for the interference study. The sensor end 
of the fiber was immersed in the sample solution 
for a IO-min incubation period, then trans- 
ferred into a fresh PBS solution. Measurements 
were taken when the fiber was first placed 
in the sample solution (t = 0), after 10 min 
(i.e.; immediately prior to removal (t = lo), and 
immediately it was placed in the PBS solution 
(t = post-incubation). The fiber could be reused 
after rinsing with a 60: 40 v/v methanol/water 
mixture until the baseline signal was restored 
(generally in less than 1 min). In the interference 
study, the solutions were stirred. 

260 
[Pyrene] - 1.4 x 10s7hf 

2101 
0 2 4 6 a 10 12 

Time (min) 

Fig. 3. Temporal response of the FCD sensor. 

00 - 

n FCD,r -lo/PBS 

l Bare fiber, 
60 - poet-incubation 

Pyrene concentration, lo-‘M 

Fig. 4. Response curves for bare fiber, post-incubation, and 
FCD, post-incubation. 

RESULTS AND DISCUSSION 

Direct measurements in sample solutions 

The performance of the /I-CD derivatized 
fibers was evaluated by establishing response 
graphs for a pyrene concentration range of 
8.5 x lo-‘-2.7 x lo-‘M Four response plots 
were obtained to characterize the /I-CD fibers. 
The first was for the response of an underiva- 
tized optical fiber, i.e., a blank (Fig. 2, curve a). 
The second and third lines (b and c in Fig. 2) 
were for the response of the /?-CD fibers at 
incubation times t = 0 and t = 10 min. The 
linearity of these three response plots was excel- 
lent over the concentration range investigated, 
with correlation coefficients of (a) 0.9986, (b) 
0.9986 and (c) 0.9980. However, the /?-CD fibers 
are much more sensitive than the underivatized 
fiber, owing to the fluorescence enhancement 
obtained when pyrene molecules are complexed 
by /?-CD. The measurement at t = 0 produces 
an enhancement factor of 2.7 and that at 
t = 10 min improves the factor to 3.1. Further 
improvement by measurement after incubation 
for more than 10 min would be minimal, as the 
response of the FCD levels off after about 
10 min (Fig. 3). 

The fourth response plot was for the post- 
incubation measurements and is shown in 
Fig. 4. This would be the actual working cali- 
bration plot since only the pyrene molecules 
complexed by the /?-CD would be measured, 
which was not the case for the measurements at 
t = 0 and t = 10 min (Fig. 2), because the 
optical fiber, when in the analyte solution, 
“saw” beyond the B-CD layer and therefore 
non-complexed pyrene molecules in the solution 
as well as any interferents were also measured. 
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1.9 x IO-*M pyrene. The LOD may be extended 
to lower concentrations by increasing the 
amount of B-CD immobilized on the optical 
fiber, therefore allowing a longer incubation 
period without saturation of the B-CD. 

5,6-Benzoquinoline Pyrene 

t -0 Post-incubation 
in solution in PBS 

Fig. 5. Interference. study. Detection of pyrenc in the 

The sensitivity of the FCD post-incubation 
measurements is 14 times that of the bare fiber 
post-incubation measurements. This enhance- 
ment occurs because more pyrene molecules are 
complexed by the FCD than are adsorbed by 
the bare optical fiber. The enhancement is also 
larger than that achieved by the solution 
measurements (at t = 0 and t = 10 min) as only 
complexed pyrene molecules (and no free 
pyrene molecules in solution) are being 
measured. 

presence of 5,6-benzoquinoline. 

Reproducibility 

When the fiber is removed from the sample The reproducibility was investigated by re- 
solution and placed in the PBS solution, how- petitive measurements of 6.8 x lo-*M pyrene 
ever, only molecules (of analyte or interferent) solutions. For a total of 10 measurements (t = 0 
bound by the B-CD are measured. Figure 4 also signal), an average signal of 46.2 f 3.4 PA was 
shows the result of leaving (for 10 min) a bare obtajned, producing a relative standard devi- 
fiber in pyrene solutions of the same concen- ation (RSD) of 7.3%. This RSD value may 
trations as those used with the /I-CD fibers, include variations due to incomplete rinsing 
and measuring the post-incubation signal. This (with 60 : 40 methanol/water mixture) between 
indicates that some of the signal from the FCD measurements, as well as to fluctuations in the 
may be due to non-specific adsorption. With the pyrene concentration in the field of view of the 
limit of detection (LOD) defined as the concen- optical fiber. When signal variations from fiber 
tration of pyrene which yields an S/N ratio to fiber are also taken into account the RSD is 
of 4 (noise = 0.8 nA), the LOD for the FCD is estimated to be 15%. 

Pyrene 

360 360 400 420 

Ground water blank Spiked ground water 

I I I 

360 400 420 

Wavelength (nm) 

360 400 420 

Fig. 6. Fluorescence emission spectra of pyrene, a ground water blank, and the ground water sample 
spiked with pyrene. 
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Interference studies 

An interference study was performed with 
pyrene as the model compound and S,dbenzo- 
quinoline as the interferent. Owing to the hydro- 
phobic nature of the internal cavity of the 
B-CD, 5,6-benzoquinoline, which contains a 
nitrogen atom (see Fig. 5), is not expected to 
form stable complexes with /?-CD, as homo- 
cyclic pyrene does. The concentration of the 5,6- 
benzoquinoline was 1.3 x lo-‘M and the pyrene 
concentration was 3.4 x lo-*M. Figure 5 shows 
the signals for the individual pyrene and 5,6- 
benzoquinoline solutions and for a mixture 
of the two compounds, at t = 0 and post- 
incubation (following a 1 0-min incubation 
period). When they are determined individually, 
at t = 0, the pyrene and 5,6-benzoquinoline 
samples yield similar fluorescence signals, which 
are approximately additive for a mixture. How- 
ever, when the FCD is used in post-incubation 
mode, the 5,6_benzoquinoline signal is practi- 
cally zero whereas the signal for pyrene and the 
mixture are 8.5 and 8.7 nA respectively. The 
result illustrates the selectivity of the FCD 
sensor in the presence of non-complexing or 
weakly complexing interferents. The selectivity 
in this case is based on the reduced ability of 
5,6-benzoquinoline to form stable complexes 
inside the B-CD cavity. Pyrene, which forms 
stable complexes in the hydrophobic cavity, can 
be measured by the FCD sensor in the presence 
of a 4-fold molar ratio of 5,6benzoquinoline. 

The selectivity of the FCD was also analyzed 
by using a ground water sample spiked with 
pyrene. This ground water sample was known 
from synchronous luminescence measurements 

Ground water blank 

.$ 60 

: 
.z 40 
aJ 
.E 
fii 20 
6 
a 

Spiked ground water 

0 

t -0 Post-lncubatlon 
in solution in PBS 

Fig. 7. Interference study. Detection of pyrene in contami- 
nated ground water. 

to have PAH contamination.” The extent of 
contamination was not further examined either 
qualitatively or quantitatively. Figure 6 shows 
the fluorescence emission spectra of pyrene 
(1.4 x lo-‘M), a ground water blank, and a 
ground water sample spiked with pyrene, exci- 
tation at 325 mu. The results of analysis with the 
FCD are shown in Fig. 7. For measurement at 
t = 0, the ground water blank signal is higher 
than the pyrene signal, and that for the spiked 
ground water signal is approximately the sum of 
the signals from the individual samples. For the 
post-incubation measurements, the ground 
water blank signal is almost negligible and the 
pyrene and spiked ground water sample yield 
practically identical signals. This indicates that 
there are no other interferents present in the 
ground water sample which can be complexed 
by fl-CO. This also illustrates the ability of the 
FCD to measure pyrene selectively in a complex 
mixture. 

CONCLUSION 

The analytical properties of a simple fiber- 
optic chemical sensor utilizing the selectivity of 
immobilized /?-CD have been described. Besides 
being used to detect analytes in an unknown 
mixture, the FCD may also be utilized to study 
the complexation of cyclodextrins with select 
fluorophors. Other uses might include further 
studies of the fluorescence enhancement effect, 
along with determination of formation con- 
stants and other bonding characteristics. 
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Summary-Novel 1,3,5-triaxine derivatives were spray-coated onto surface acoustic wave (SAW) devices 
and exposed to vapors of dimethyl methylphosphonate (DMMP), chloroethyl ethyl sulfide (CEES) and 

‘-water. Changes in chemiresistor and SAW responses were monitored and recorded by computer-controlled 
data-acquisition techniques. All the derivatives tested showed little or no chemiresistor or SAW responses 
to water vapor. The largest reversible chemiresistor response to DMMP vapor was observed with the 
dicarboxylic acid derivative. The largest SAW response to DMMP was with the dithione, and the 
dichloro-octylthio derivative showed the largest response. to CEES. 

The need to design instruments to detect air- 
borne contaminants has increased rapidly in 
recent years. The need to detect contaminants in 
parts per million (ppm) concentrations for gas 
leaks, chemical warfare (CW) agents and illicit 
drug manufacture makes the use of CC/MS 
(which has been used for the detection of atmos- 
pheric pollutants) and other large monitoring 
devices impractical. 

Microelectronics and computer design have 
been used in the fabrication of selective and 
sensitive vapor detectors which are small in 
size and are applicable to military, industrial 
and environmental use. These devices include 
chemiresistor,‘** surface acoustic wave (SAW)‘5 
and bulk-wave piezoelectric quartz crystal sen- 
sors.6 The chemiresistor and SAW devices are 
both manufactured from piezoelectric quartz 
with an interdigitated electrode array (usually 
gold) lithographically deposited on the surface 
of the quartz crystal.’ It is this similarity 
between the two devices that allows resistance 
(chemiresistor) and frequency (SAW) measure- 
ments to be made simultaneously.’ The principles 
of operation of SAW devices3** as well as those 
of chemiresistors’ have already been described 
in detail. Details of the system used in our 
laboratory and its modes of operation have been 
published in two reviews by our group9*i0 and 
will not be discussed here. The work described 
in this report is part of a project involving rapid 

*Author for correspondence. 

preliminary screening of heterocyclic derivatives 
and the behavior of various classes of com- 
pounds in an attempt to utilize these micro- 
sensors to their full potential. Heterocyclic 
systems tested so far include benzimidazole,” 
pyridine and pyrylium,” thiadiazole,13 nico- 
tinamide,14 acridinium betaine,” and phos- 
phor& derivatives. It is hoped that acquisition 
of such data will provide valuable insight 
into the vapor/coating interactions and afford a 
better understanding of the effects of various 
functional groups on the device responses. In 
this paper, we report the responses of a variety 
of trisubstituted-1,3,5triazines to DMMP (a 
nerve-agent simulant), CEES (a sulfur mustard- 
gas simulant) and water (an interferent). 

EXPERIMENTAL 

Simultaneous chemiresistor and SAW 
measurements were performed while exposing 
the device to water, CEES and DMMP vapors 
in turn. The results were usually reproducible 
to within 5%. The dual 52-MHz surface 
acoustic wave apparatus used (Microsensor 
Systems, Inc.), has been described in detail 
previously.9,“.‘5 

The resonant frequency was monitored with 
a digital frequency counter, Phillips Model PM 
6674 universal frequency counter (550 MHz). 
The conductivity measurements were made by 
the application of a I-V bias to either of the 
two remaining electrodes, and measurement of 
the current with a precision current-to-voltage 
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converter consisting of an operational amplifier 
and a switch-selectable feedback resistor. 

SAW and chemiresistor data-acquisition was 
controlled by an Apple II computer with an 
IEEE-488 interface, connected to the frequency 
counter and an electrometer (Keithley 617 
Programmable Electrometer). 

The coatings were dissolved in a volatile 
organic solvent, typically spectroscopic grade 
chloroform, and the device was spray-coated 
with an air brush, with dry nitrogen as the 
propellent. The coating thickness was moni- 
tored with the frequency counter until a fre- 
quency shift of cu. 50 kHz was obtained. The 
frequency shifts caused by the coating were 
recorded as an indication of coating thickness. 
Test vapors were generated by passing a regu- 
lated flow of nitrogen through the neat liquid 
at O”, in a vapor bubbler equipped with a gas 
dispersion tube. The flow-rate over the device 
was controlled with a flowmeter and was found 
to be 7.5 ml/min by use of a bubble meter. The 
absolute concentrations of the test vapors were 
calculated by methods described previously.‘5 
Thus at O”, the vapor pressures of DMMP, 
CEES and water afforded concentrations of 5.2, 
30.7 and 4.8 g/m3 respectively. 

Initially the system was purged with nitrogen 
for 5 min to establish a baseline curve. The 
device was then exposed to the vapor for 40 min, 
followed by a nitrogen purge for 50-60 min. If 
a response was irreversible, the SAW device was 
cleaned and recoated before exposure to the 
next test vapor. 

The SAW devices used were rinsed with 
acetone between runs, followed by ultrasonic 
cleaning for 15 min in spectroscopic grade 
2-propanol. 

Melting points were determined on a 
Thomas-Hoover capillary melting point appar- 
atus, and were uncorrected. ‘H NMR spectra 
were recorded on a Varian Model EM 360L 
spectrometer with tetramethylsilane (TMS) as 
the internal standard. 13C NMR spectra were 
recorded at 25 MHz on a JEOL Model JNM- 
FX 100, with solvent peaks (CDCl,, 677.0 or 
(CD&SO 6 39.5) as internal references. 

Synthesis of coating materials 

2,4-Dichloro-6-octylthio- 1,3,5-triazine (5), 
b.p. 140-145”/5 mmHg, literature value” 
146-148”/0.4 mmHg, and 2,4-dichloro-6-do- 
decylthio-1,3,5-triazine (8), literature value” 
m.p. 23-26” (see Tables 1 and 2) were prepared 
by known literature procedures. 

Preparation of 2,4-dioctylamino-boctylthio- 
1,3,5triazine (2). A solution of 2,4-dichloro-6- 
octylthio-1,3,5-triazine (15.0 g, 50 mmole) in 
acetone (50 ml) and water (20 ml) was cooled 
to O-5”. Octylamine (13.1 g, 110 mmole) was 
added dropwise while the temperature was 
maintained at O-5”. Cooling was continued as 
aqueous sodium hydroxide solution (2M, 50 ml) 
was slowly added. The mixture was then stirred 
for 24 hr at ambient temperature and the pre- 
cipitate was filtered off, washed with water and 
dried. Crystallization from dilute methanol 
resulted in colorless plates (22.5 g, 93%), m.p. 
56” (see Tables 1 and 2). 

Preparation of 2-octylthio-1,3,5triazine- 
4(3H),6(5H)-dithione (3). A solution of 2,4- 
dichloro-6-octylthio-1,3,5-triazine (8.0 g, 27 
mmole) and thiourea (4.0 g, 54 mmole) in 
acetone (100 ml) was heated under reflux for 
1 hr. The reaction mixture was then cooled to 0” 
and aqueous sodium carbonate solution (0.5M, 
200 ml) was added slowly, with the temperature 
kept below 5”. The mixture was then stirred at 
room temperature overnight, the precipitate 
filtered off and the filtrate neutralized with 5% 
v/v hydrochloric acid. The product was filtered 
off, washed with water and dried (see Tables 1 
and 2). 

Preparation of 2,4-di(carboxymethylthio)-6- 
octylthio- (6) and 2,4-di(carboxymethylthio)-6 
dodecylthio- (9) 2,3,5triazines. A solution of (5) 
or (8) (50 mmole) in acetone (100 ml) was cooled 
to O-5”. Mercaptoacetic acid (9.3 g, 100 mmole) 
and then collidine (13.5 g, 110 mmole) were 
added dropwise while the temperature was 
maintained at O-5”. The mixture was stirred 
for 24 hr at ambient temperature, poured into 
water (100 ml) and extracted with diethyl ether 
(3 x 75 ml). The ethereal solution was dried 
over anhydrous sodium sulfate and evaporated 
under reduced pressure to yield the products, 
as white solids (see Tables 1 and 2). 

General procedure for the synthesis of tris(di- 
alkylaminoethylthioethoxy)- 1,3,5triazines (7a-c) 

The appropriate dialkylaminoethanethiol 
hydrochloride (140 mmole) was added to a 
solution of cyanuric chloride (4) (8.7 g, 47 
mmole) in acetone (100 ml). The mixture was 
cooled to O-5” and aqueous sodium hydroxide 
solution (2M, 140 ml) was added slowly so that 
the temperature remained at O-5”. After the 
addition was complete, the reaction mixture was 
stirred for 24 hr at ambient temperature, poured 
into water (75 ml), and extracted with diethyl 
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ether (3 x 50 ml). The combined ether extracts 
were washed with water (25 ml) and dried over 
anhydrous sodium sulfate. Removal of the 
ether under reduced pressure gave the triazine 
derivatives (7a-c) as sticky oils which were then 
converted into the picrates and characterized. 
Each picrate was then dissolved in dichloro- 
methane and washed with aqueous sodium 
hydroxide solution to afford the pure product 
(see Tables 1 and 2). 

RESULTS AND DISCUSSION 

Derivatives of the 1,3,5triazines, 
cyanuric acid (l), were discovered 

such as 
as early 

as 1776,18 although the parent compound 
1,3,5-triazine was identified only much more 
recently by Grundmann and Kreutzberger.19 

The most important precursor for the syn- 
thesis of 1,3,5-triazine derivatives is cyanuric 
chloride (4) the substituents in which can be 
displaced readily by nucleophiles to afford 
trisubstituted- 1,3,5_triazines. Thus symmetrical 
tri(alkylthio)- and tri(arylthio)-triazines have 

been prepared by the reaction of sodium 
mercaptides with (4).20 

We have now found that treatment of (4) 
with various dialkylaminoethanthiols at 0” in 
the presence of sodium hydroxide gives the 
trithioethers (7) in yields of 83-90%. The com- 
pounds were characterized by elemental analysis 
and their characteristic NMR spectra. In all 
three cases, the single aromatic carbon signal 
appeared between 178.7 and 179.4ppm. The 
aliphatic N-C, carbon atom in NCH&H$ 
showed an upfield shift of about 6.7 ppm as the 
dialkylamino substituent was changed from 
methyl to ethyl to isopropyl. The N-C, carbon 
atom of the isopropyl substituent (7~) gave a 
shift 3 ppm downfield from the signal for the 
dimethyl (7a) and diethyl (7b) derivatives. 

Previous workers found that the use of a 
weaker base such as collidine” or pyridine2’ and 
equimolar amounts of cyanuric chloride and a 
thiol or an alcohol, led to the displacement of a 
single chlorine atom to give monosubstituted 
adducts, which with other nucleophiles, formed 
unsymmetrical trisubstituted triazines. 
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Table 1. Preparation of 2,4,6-trisubstituted-1,3,5-triazines 

Found (Theory), % 
Compound Yield, M.P., Crystal Recryst. Molecular 

No. % “C form solvent formula C H N 

2 93 56 

3 63 155 

5 93 Oil 
6 89 163 

7a 83 Oil* 

7b 87 Oilt 

7c 

8 
9 

90 Oils 

92 Oil 
79 152-153 

Plates dil. MeOH 

Microcrystals Hz0 

- - 
Needles dil. MeOH 

- - 

- - C,,H,N,S, Pit 

- - C,,H,N& . Pit 

- - 
Needles C,H, /MeOH 

65.5 
(65.21) 
45.7 

(45.67) 

42; 
(42.55) 
38.0 

(38.20) 

(Z3) 
49.0 

(49.19) 

49.2 
(49.43) 

11.0 
(10.80) 

(64& 
- 

(Zl) 

(44;:) 

(El) 

$0) 

14.1 
(14.11) 
14.5 

(14.53) 
- 

(El) 
19.6 

(19.80) 
17.8 

(17.47) 
15.9 

(15.70) 

*M.P. of picrate 205”. tM.P. of picrate 76”. 3M.P. of picrate 162”. 

As expected, reaction of cyanuric chloride 
with equimolar amounts of octanethiol or dode- 
cylthiol in the presence of collidine afforded the 
monosubstituted thioethers (5) and (8) respect- 
ively. The remaining two chlorine atoms in (5) 
were readily displaced by octylamine in the 
presence of sodium hydroxide to give 4,6-di- 
(octylamino)-2-octylthiotriazine (2). Reaction 
of (5) and (8) with mercaptoacetic acid, with 
collidine as the base, formed (6) and (9) in yields 
of 89 and 79% respectively. With two equiva- 
lents of thiourea, (5) gave the dithione derivative 

(3). 
Compounds 2,3 and 5-9 were then tested as 

microsensor coatings by exposure to DMMP, 
CEES and water vapors (Table 3). The fre- 
quency shifts were calculated by subtracting 
the lowest frequency recorded during vapor 
exposure from the initial (baseline) frequency. 
Resistance changes were the ratios of the initial 

resistance to the lowest resistance recorded over 
the same period (thus, a value close to unity 
denotes no change). The low signal to noise 
ratio in the SAW device enables small frequency 
changes to be detected quite readily. Typically, 
for an SAW delay line operating in the fre- 
quency range of 30-300 MHz, mass changes of 
the order of 10m9 g can be detected. However, 
for chemiresistor devices, a lOO-fold change is 
required for a compound to be considered a 
good coating. 

A large reversible resistance change (351- 
fold) on exposure to DMMP was observed with 
2,4-dicarboxymethylthio-6-octylthio-1,3,5-triazine 
(6) as the coating. The dodecylthio analog (9) 
showed a comparable change (283-fold). This 
large resistance change is not surprising since 
the presence of two carboxylic acid groups 
would be expected to result in some interaction 
with an ester group. What is surprising though 

Table 2. ‘H and “C NMR data for 2,4,6-trisubstituted-s-triazines 

Compound 
No. ‘H ‘3C 

2 5.26(2H, bs), 3.3(68, m), 164.5, 164.1, 41.2, 40.6, 31.8, 30.5, 
1.33(36H, bs), 0.9(9H, t, J = 7Hz) 29.7, 29.2, 26.9, 22.6 and 14.0. 

3 9.50(28, bs), 3.25(28, t, J = 7Hz), 177.3, 164.6, 31.3, 30.0, 28.5, 
l.l5(12H, m), 0.75(38, t, J = 7Hz) 28.3, 28.0, 27.1 and 14.0. 

5 3.20(2H, t, J=lHz), 1.3(12H, bs), 186.3, 169.7, 31.5, 30.9, 28.8, 28.7, 
0.90(3H, t, J = 7Hz) 28.4, 28.2, 22.4 and 13.8. 

6 6.7(2H, bs), 3.90(48, s), 3.15(2H, t, J = 7Hz), 179.0, 178.6, 169.8, 33.5, 31.2, 
1.30(12H, bs), 0.92(38, t, J = Hz) 29.6, 28.6, 28.0, 22.1 and 13.9 

7a 3.29(6H, t, J = 7Hz), 2.60(68, t, J = 7Hz), 179.2, 58.0, 45.1 and 27.9. 
2.30(188, s) 

7b 3.3-2.3(248, m), l.O5(18H, t, J = 7Hz) 178.8, 51.2, 46.4, 27.5 and 11.5. 
7c 2.95(188, m), l.O5(36H, t, J = 7Hz) 179.4, 48.6, 44.5, 31.3 and 20.7. 
8 3.2(2H, m), 1.75(28, m), 186.5, 169.9, 31.8, 31.1, 29.5, 

1.25(188, bs), 0.85(3H, t, J = 7Hz) 29.3, 29.0, 28.9, 28.7, 28.6, 28.3, 22.6 and 14.0. 
9 8.3(28. bsj. 3.95(48. s). 3.15(2H. t. J = Hz). 179.2. 178.4, 169.4. 33.1. 31.3, 29.7 

1.2{20fi, kj, 0.8$3ti, ;; J = ?Hzj ” 29.1,28.9, i8.6, 2s.1, 2i.l and 13.8 
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Table 3. Response of 2.4,~trisubstituted-1,3,5-triazines to test vapors 

Coating Resistance change factor Frequency shift, kHz 
Compound mass,* 

No. kHz DMMP CEES H,O DMMP CEES H,O 

: 56 55 126.9 1.0 3.9 1.0 1.1 52.6 2.5 :.: 
5 52 31.0 34.0 :.: 

8:5 

2;:: 18:l 
;: 
0:3 

6 4-I 351.0 11.9 2.1 7a 48 1.0 2.6 9.6 ::; 

7h 54 15.0 

z 

7c 53 20.8 22:3 

k!l 

1:s z 
4:1 

1:: 
4:9 

z 
8 50 5.2 37.4 1.0 0:3 
9 55 283.0 2.4 8.0 17.4 1.3 0.7 

*Frequency change equivalent to the mass. 

is the fact that both these coatings showed a 
comparatively low response to water vapor 
(Fig. 1). Furthermore, both displayed good 
frequency responses to DMMP (27.2 and 17.4 
kHz, respectively) indicating that there was a 
mass loading (absorption) effect. A large resist- 
ance change with a low frequency change would 
have implied a surface effect. 

The largest resistance change (37.4-fold) for 
CEES vapor was observed with 2,4-dichloro- 
6-dodecylthio-1,3,5-triazine (8). The octylthio 
compound (5) also gave a high response 
(34.0-fold) to CEES and a similar response 
(37-fold) to DMMP vapor. Compound 8, how- 
ever, did not show a comparable response to the 
DMMP vapor. The highest responses to water 
vapor were from the dicarboxylic acids (6) and 
(9), but these were still low, so these derivatives 
would make good chemiresistor coatings for the 
detection of DMMP vapors. 

The greatest SAW frequency response was 
with the dithione (3), which displayed a fre- 
quency shift of 52.6 kHz for DMMP and 

102 
0 20 40 60 80 100 

Time (mid 

Fig. 1. Chemiresistor response of: a, compound 6 and; 
b, compound 9 us. time, for exposure to DMMP and water 

vapor. 

_- 

r 40- 

fSO- 
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.E 

I: 
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CEES 

-104 . . . , . . , . . . , . . . , . . . , I 
0 20 40 60 SO 100 

Time (mid 

Fig. 2. Frequency response of 2-octylthio-1,3,5-triaxine- 
4(3H),6(5H)-dithione (3) us. time, for exposure to vapor. 

had good discrimination, shown by its small 
response to CEES and water vapors (Fig. 2). 
Furthermore, it was 90% reversible. Conse- 
quently, this makes it a very good coating for an 
SAW device in the detection of DMMP in the 
presence of CEES and water vapors. A sharp 
change in frequency when the vapor is turned on 
and off is shown in Fig. 3. After purging of the 

-5 . . . . . . . . . . . . . . . . . . ..I 

0 20 40 60 80 100 

Time (mid 

Fig. 3. Frequency response of 2-octylthio-1,3,5-triazine- 
.4(3H),6(5H)dithione (3) OS. time for periodic vapor ex- 
posure to DMMP (on/off time interval 5/2 min until t = 48 

min, then IO/4 mitt until I = 90 mitt). 
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system with nitrogen for 5 min the vapor was 
repeatedly turned on for 5 min and then off for 
2 min over a period of 40 min. The on/off times 
were then changed to 10 and 4 min respectively 
for a further 60 min. Analysis of the results 
shows that for both absorption and desorption 
the change in frequency is a quadratic function 
of time (with correlation factors of 0.992 and 
0.997 respectively). The dicarboxylic acids (6) 
and (9) also showed good selectivity, displaying 
a large response only to DMMP vapor. For 
CEES vapor, the largest response was with the 
dichloro-octylthio compound (5) with low re- 
sponses towards DMMP and water, thus dis- 
playing potential as a coating for the detection 
of CEES vapors. However, the dodecyl deriva- 
tive (8) showed poor responses to all three 
vapors. 

Previous work in our group13 has shown 
that within series of dimethyl-, diethyl- and 
di-isopropyl-amino derivatives, the frequency 
response to CEES decreases, indicating that 
steric hindrance around the amino group is an 
important factor for interaction with CEES 
vapor. Interestingly, in the present case, the 
tris(N,N-di-isopropylamino) analog (7~) showed 
the greatest response of the three. This further 
highlights the fact that there is still a lack 
of understanding of the precise interactions 
between coatings and vapors. 

In all cases when a high response to DMMP 
or CEES vapor occurred, there was a low 
response to water vapor, indicating a low inter- 
ference by humidity. The moderate to good 
solubility of these triazine derivatives in chloro- 
form caused no difficulties in the spraying of 
these coatings. The relatively low volatility (as 
indicated by a baseline drift of ca. 1 kHz/hr, 
which is normal in a laboratory environment 
without temperature control), indicated a negli- 
gible tendency of the coating to vaporize when 
exposed to air, and hence the possibility of a 
reasonable lifetime, since the responses were 
reversible. 

The coating thicknesses were much the same 
for all the triazines tested. Although a thicker 
coating would display a larger response, owing 
to the greater number of sorption sites, there 
are other factors such as shear modulus and 
film mass-density that come into play. The 

vapor diffusion rate and device response times 
are closely related,’ and very close packing (high 
mass-density) of the coating would hinder easy 
diffusion of the analyte and the corresponding 
response time would be greater. It is for this 
reason that we have chosen not to study the 
relation between coating thickness and response 
times. 
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Summary-Formaldehyde in air was detected and assayed with a piezoelectric quartz crystal coated with 
a 7,lO-dioxa-3,4-diaza-l,5,12,l6-hexadecatetrol/chromotropic acid solution. Water vapor and several gaseous 
interferents were removed by passing the sampling stream through a column of anhydrous magnesium 
perchlorate. The response curves were linear in the concentration ranges 0.4-4.5 and 0.4-3.6 ppm v/v 
CHrO with and without the scrubber column, respectively. A single coating was used for 12 days (500 
assays) without significant loss in sensitivity. With a single-point daily recalibration, the useful lifetime 
of the coating is about 2 months. 

Formaldehyde is a major air contaminant in 
residential and industrial occupational environ- 
ments.im3 Its effects on the health of humans’*4 
and animals’_’ have generated great interest in 
developing techniques to control and monitor 
this compound. 

OSHA and NIOSH have set the acceptable 
levels of formaldehyde exposures in the industrial 
atmosphere at 3 and 1 ppm v/v respectively,8sg 
while AGCIH has recommended a voluntary 
standard of 0.1 ppm v/v in residential areas.” 

Several methods have been developed for the 
determination of formaldehyde in air,2~“-20 but 
many are laborious or time-consuming. 

Guilbaultz’ has developed an enzyme-coated 
piezoelectric crystal formaldehyde detector by 
immobilization of formaldehyde dehydrogenase 
together with both co-factors (reduced gluta- 
thione and nicotinamide adenine dinucleotide) 
on both sides of silver-plated metal electrodes, 
but this sensor has a lifetime of only 3 days. 

In this paper, a new piezoelectric sensor for the 
detection and determination of formaldehyde in 
air is described, which can be portable, simple, 
of low cost and with fast response. 

The theory and general application of the 
piezoelectric crystal sensors have been well 
reviewed22-24 and sensors for several atmospheric 
pollutants have been reported. The principle of 

*On leave from Universidade Federal de Slo Carlos, 
Departamento de Quimica, P.O. Box 676, 13560 SHo 
Carlos, S.P. Brazil. 

tAuthor for correspondence. 

the sensor is that the frequency of vibration of 
an oscillating crystal is decreased by the selective 
adsorption of a target gaseous pollutant on the 
crystal surface. The linear relationship between 
the mass added onto the crystal surface and the 
change in its frequency can be derived from the 
Sauerbrey2”26 equation 

AF = -2.3 x 106FAMIA 

where AF is the frequency change (Hz), F is the 
basic frequency of the quartz crystal (MHz), AM 
is the mass of the deposited material (g), and A 
is the surface area of the quartz crystal (cm2). 

Several compounds were evaluated as coating 
substrates for the detection of formaldehyde. 
Among these, a 2: 1 v/v mixture of saturated 
solutions of 7,10-dioxa-3,4-diaza-1,5,12,16hexa- 
decatetrol and chromotropic acid in chloroform 
showed good sensitivity, response time, recovery 
time and stability. The effect of many potential 
interferents, flow-rate, temperature and amount 
of coating on the response of this sensor was 
also examined. 

EXPERIMENTAL 

Figure 1 shows a schematic diagram of the 
experimental manifold used, which is a modi- 
fication of that used in previous work.27 The 
lo-MHz piezoelectric crystals were AT-cut 
quartz crystals with gold-plated electrodes that 
were mounted in an HC6/U holder (Bliley, Erie, 
PA). The instrumentation utilized was a PZ 101 
gas phase detector (Universal Sensors, New 
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Fig. 1. Schematic representation of the experimental manifold: 1, control valve; 2, pressure gauge; 3, silica 
gel column; 4, flowmeter; 5, precision calibration system; 6, permeation tube; 7, humidity source; 
8, four-way valve; 9, hygrometer; 10, Mg(ClO,), column; 11, test ceil; 12, temperature control; 13, power 

supply; 14, oscillator; IS, frequency counter; 16, digital-to-analog converter; 17, recorder. 

Orleans, LA), which is equipped with oscillator 
circuitry, frequency counter and dual-crystal 
chamber and can be interfaced to a recorder or 
a computer. The response was determined by 
monitoring the difference in frequency changes 
between reference (uncoated) and sensor (coated) 
crystals and was read from either the counter or 
recorder. Temperature monitoring was done 
with a thermistor (Thermometrics, Edison, NJ) 
connected to a multimeter (Honeywell Digitest, 
Model 33R). 

Air (Air Products and Chemicals, Inc., 
Allentown, PA) was passed through a water 
bubbler in the humidity study and the relative 
humidity was monitored with a digital hygro- 
meter (model H18064, Cole-Panner Ind. Co., 
Chicago, IL). The various concentrations of 
formaldehyde were prepared by the permeation 
method. A certified formaldehyde permeation 
tube 5.0 cm long (type HE, VICI Metronics, 
Santa Clara, CA) with a permeation rate of 250 
ng . mm-‘. cm-‘, generating 10 ppm v/v form- 
aldehyde at a flow-rate of 100 ml/min, and a 
calibration system (model 570, Kin-Tek Labora- 
tories, Texas City, TX) were used. Different 
formaldehyde concentrations were generated by 
dilution with nitrogen. 

The 7, IO-dioxa3,Cdiaza- 1,5,12,16-hexadeca- 
tetrol was synthesized as described by Jordan.28 
All other reagents used were of analytical grade. 

Preparation of coating 

The best coating material was prepared by 
mixing saturated solutions of 7,10-dioxa-3,4- 
d&a- 1,5,12,1 Bhexadecatetrol and chromotropic 
acid (in chloroform), in 2: 1 v/v ratio. 

The crystals were coated onto both gold 
electrodes of the piezoelectric crystal by addition 
of known volumes of the mixed solution with a 
microsyringe and spreading the solution with a 
glass rod. The coated crystal was placed in an 
oven at 85” for 2 hr to evaporate the chloroform, 
leaving a thin film of coating on the surface. The 
amount of coating applied to the crystal was 
calculated from the Sauerbrey equation and by 
monitoring the frequency change due to the 
coating. 

RESULTS AND DISCUSSION 

Choice of coating material 

Table 1 contains a list of some of the sub- 
stances tested as coatings for adsorption of 
formaldehyde. The results indicate that 7,10- 
dioxa-3,4-diaza-1,5,12,16-hexadecatetroljzhromo- 
tropic acid (2: 1 v/v) mixture gives the most 
sensitive and reproducible coating. The use of a 
mixture improved the sensor response and per- 
formance. None of the other mixtures tested 
gave a synergic effect, and this coating was 
therefore used for all subsequent work. 
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Table 1. Initial evaluation of possible coatings for detection 
of formaldehyde at 10 ppm v/v levels with 10 MHz crystals* 

Coating AF,t Hz 

7,10-Dioxa-3,4-diaxa-1,5,12,16-hexadecatetrol/ 
chromotropic acid 
(2: 1 v/v) 
7,10-Dioxa-3,4-diaza-1,5,12,16-hexadecatetrol 

7,10-Dioxa-3,4-diaxa-1,5,12,16-hexadecatetrol/ 
Girard T reagent 
(2: 1 v/v) 

7,10-Dioxa-3,4-diaxa-1,5,12,16-hexadecatetrol/ 
N-benxylethanolamine 

Diphenylamine 

N,N-bis(2-hydroxyethyl)ethylenediamine 

Armeen 25 

Silicone gum rubber SE-30 

SGP-386 (PDEAS) 

Chromotropic acid 

GP 58D Ethofat 

2,3-Diaminonaphthalene 

1, I O-Diaminodecane 

Girard T reagent 

N-Benxylethanolamine 

3-Methyl-2benxotriaolinone 

190 

100 

80 

65 

60 

45 

45 

18 

15 

15 

12 

11 

10 

0 

0 

0 

*Flow-rate 100 ml/min; temperature 25”; sampling time 
1 min. 

tAverage for n = 5. 

Amount of coating 

It is evident from Fig. 2 that the frequency 
change (A#‘) increases as the amount of coating 
applied to the crystal increases, and this is due 
either to a decrease in the rate of saturation 
of the coating or to an increased probability 
of interaction between the coating material and 
the CHzO molecules. The response levels off at 
30-35 pg (AF = 13000-16000 Hz) of coating, 
indicating saturation of the surface contact area 
with formaldehyde. Higher coating levels over- 
loaded the crystal and impaired vibration. 

I I I I I 
I 15 20 25 30 35 

Amount of Coatindlrd 

Fig. 2. Effect of coating on sensitivity: [CH,O], 3.4 ppm v/v; Fig. 4. Effect of temperature on the response: [CH,O], 3.4 
temperature, 25”; flow-rate, 100 ml/min; sampling time, ppm v/v; flow-rate, 100 ml/min; amount of coating, 35 pg; 

2 min. sampling time, 2 min. 

Flow Rate(ml/min) 

Fig. 3. Effect of flow-rate on (a) sensitivity and (b) recovery 
time: [CH,O], 10.0 ppm v/v; temperature, 25”; amount of 

coating, 35 pg; sampling time, 2 min. 

Therefore, 30-35 pg of coating is sufficient for 
good response and reproducibility. 

Flow -rate and reversibility 

The effect of flow-rate on the sensitivity and 
recovery time of the formaldehyde sensor is 
shown in Fig. 3. The results indicate that the 
highest response was obtained in the flow-rate 
range 95-120 ml/min. In subsequent studies, 
a flow-rate of 100 ml/min was used for conven- 
ience in dilution. The recovery time was longer 
when lower flow-rates were used. Complete 
reversibility was obtained in 4 min at a flow-rate 
of 100 ml/min with sampling times of 2 min for 
a 3.4 ppm v/v CHzO sample, and varied from 
3 to 6 min over the formaldehyde concentration 
range 0.4-4.5 ppm v/v. 

E#ect of cell temperature 

Figure 4 shows the effect of temperature on 
the sensor response. The response decreased 

150 

OO10 
Temperaturd°C) 
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drastically as the temperature rose from 20 to 
50”, indicating that the adsorption of CH,O by 
the coating decreases with increase in tempera- 
ture, which seriously affects the sensitivity of the 
sensor. Recovery times of 4 and 3 mm were 
obtained for a sample of 3.4 ppm v/v CH20 
at 25 and 40”, respectively. Although shorter 
recovery times can be achieved at higher tem- 
peratures, this improvement is not worth the 
sacrifice in sensitivity, so 25” is chosen as the 
optimum temperature. 

For practical applications it is recommended 
that the temperature is controlled or the sensor 
recalibrated to minimize effects of temperature 
variations. 

Effect of interferents 

Several potential inorganic and organic inter- 
ferents which would be expected to exist in the 
atmosphere were tested at their TLV (threshold 
limit values). The effect of moisture was studied 
by a continuous process, while other gases, in- 
cluding NH,, H, S, CO, SO*, NO1, COCl,, HCl, 
chloroform, carbon tetrachloride, methanol, 
acetone, ethanol, toluene, xylene, and propion- 
aldehyde were studied by the syringe dilution 
method. This study showed that NH,, chloro- 
form, carbon tetrachloride, methanol, acetone, 
ethanol, toluene, xylene and water caused high 
frequency changes in comparison with a sample 
of 3.4 ppm v/v formaldehyde. 

Several approaches to elimination of these 
interferences were tested, with use of several 
desiccants, hydrophobic membranes, and 
molecular sieves. 

Table 2. Effect of other substances on the assay of form- 
aldehyde at TLV concentrations 

Concentration, Interference, 
Interferent ppm rlr t% 

NH, 50 0 

H,S 20 0 
co 50 0 

Zl 
5 0 

Chloriform 
0.1 0 

2: 
85 

Methanol 0 
Acetone 1000 I 
Ethanol 1000 3 
Toluene 200 8 
Xylene 100 
Water Et 
Propionaldehyde 10 0 
Carbon tetrachloride 10 85 

*The Mg(ClO,)r scrubber was used. 
tAverage for n = 5. 
SRelative humidity levels of 8-80%. 

J 2 4 6 6 10 

Concentmtion. ppm v/v 

Fig. 5. Response of the sensor to CH,O under two different 
conditions: (a) without column, (h) with Mg(ClO,), column; 
temperature, 25”, flow-rate, 100 ml/min; amount of coating, 
35 pg; sampling time, 2 min. The error bars represent the 

spread of five measurements. 

All of these interferences, except those of high 
levels of chloroform and carbon tetrachloride, 
were completely eliminated by passing the 
sampling stream through a column of anhydrous 
magnesium perchlorate (Table 2). Although 
about 24% of the CHzO was also absorbed by 
the column, a calibration curve with adequate 
sensitivity for the determination of CH,O could 
be constructed. 

Calibration curves, lifetime and precision 

The effect of sampling times (OS-4 min) on 
the response of the CH,O sensor was initially 
studied in the concentration range 0.4-8.0 ppm 
v/v formaldehyde. Figure 5 shows representative 
calibration curves obtained with a sampling time 
of 2 min. Curve a was obtained for dry gas 
without use of the Mg(ClO,), scrubber, and 
curve b was obtained with use of the scrubber. 
Curves a and b were linear over the concen- 
tration ranges 0.4-3.6 and 0.4-4.5 ppm v/v 
CHIO, respectively. The good linearities 
(r = 0.987 for a and 0.988 for b) and the sensi- 
tivities of 29.0 and 22.1 Hz/pg, respectively, 
show that use of the scrubber does not affect the 
determination of CH,O. 

A single coating was used for 12 days (500 
assays) without significant loss in sensitivity. 
With a daily single-point recalibration, a coated 
crystal can be used for 2 months with good 
results, the response decreasing by only 15% 
during this time. The proposed sensor is more 
stable than that reported earlier,2’ and has the 
advantage that real applications are possible. 

The reproducibility of the coating preparation 
was checked for 5 crystals. The performance of 
each crystal was evaluated under the optimum 
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conditions found [sampling time 2 min, flow- 
rate 100 ml/min, concentration of CH,O 3.4 
ppm v/v, (Mg(ClO,), scrubber used, temperature 
25”]. The average AF f standard deviation 
found was 81 f 3 Hz. 

CONCLUSIONS 

The piezoelectric sensor coated with7,l O-di- 
oxa-3,4-d&a- 1,5,12,16-hexadecatetrol/chromo- 
tropic acid mixture possesses good selectivity, 
sensitivity and reproducibility for the detection 
and determination of CHIO in air. The sensor 
is useful in the ranges corresponding to the 
acceptable levels set by several regulatory 
agencies, portable, simple, of low cost and with 
fast response. 
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Summary-A copper-based chemically-modified electrode has been constructed and characterized by 
various experimental parameters in flow-through amperometric detection of carboxylic acids and phenolic 
acids. Novel hydrodynamic voltamperograms were first obtained in flow-through amperometric detection 
with the Cu-based CME and subsequently negative and positive peaks were observed in a single 
chromatogram. This unique and flexible potential dependence could be of great benefit in chromato- 
graphic speciation and quantification. These observations suggest that the detector response was governed 
by the complexation reaction of copper ions with the solutes. 

The development of detection methods for 
aliphatic compounds, including carbohydrates, 
amino-acids and organic acids in liquid chroma- 
tography (LC) has presented an analytical 
challenge of major proportions. The absence of 
a strongly absorbing chromophore in simple 
aliphatic compounds restricts the use of direct 
UV-visible detection to wavelengths in the 
range 180-250 nm and thereby makes the usual 
spectrophotometric techniques largely unsuit- 
able or insensitive. Consequently, the ap- 
proaches most commonly employed for these 
analytes, especially for carbohydrates, have re- 
lied on either refractive-index detection (with its 
characteristically poor sensitivity) or chemical 
derivatization to produce sense adducts with 
better spectral characteristics.’ 

Simple and sensitive direct detection in LC 
will always be preferred, when available. His- 
torically, however, researchers have agreed that 
aliphatic compounds are not amenable to direct 
amperometric detection.’ This difficulty encoun- 
tered in LC electrochemical detection (LCEC) 
for direct sensing of aliphatic compounds at 
trace levels has been solved by several ap- 
proaches. The first was pulsed amperometric 
detection (PAD), developed by Johnson and 
LaCourse3 platinum& or gold7,8 electrodes. In 
the most typical applications, the method 
provides quantification at 100-500 ng levels. 

*Author for correspondence. 

However, because of the surface cleaning and 
regeneration steps necessary to obtain stable 
and reproducible responses, triple-pulsed poten- 
tial wave-forms are required for acceptable 
long-term use of these electrodes. PAD systems 
are more expensive than the usual constant- 
potential detectors, and less sensitive for flow- 
through analysis applications, because of the 
accompanying charging current. 

In the second approach, catalytic electrodes 
with oxidizable metals such as nickel,’ copperlo 
and silveri have been developed and character- 
ized mainly for the catalytic oxidation of carbo- 
hydrates. Detectability of 1 ng for glucose has 
been found with the Ni electrode. Strongly 
alkaline conditions were essential for these cata- 
lytic electrodes, as well as for the PAD methods 
with Pt and Au electrodes in the first approach, 
and this largely restricted the selection of 
chromatographic separation systems. 

For the third approach, copper electrodes 
were used as either potentiometric”-‘3 or amper- 
ometric’“” LCEC sensors, for the detection 
of aliphatic compounds, including amino-acids 
and aliphatic and aromatic carboxylic acids. 
The detector response was inferred to be gov- 
erned by the complexation reaction between the 
solutes and the cupric ion in neutral or alkaline 
media. 

Recently, copper-based chemically-modified 
electrodes (CMEs) have been developed 
and characterized’8-20 for the catalytic LCEC 
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detection of polyhydroxy compounds, including 
carbohydrates, amino sugars, alditols and 
sugar-acids. The lowest detection limit of 0.1 ng 
for ribitol by FIA with such a CME was ob- 
tained at a typical catalytic oxidation potential 
of +0.50 V vs. Ag/AgCl. 

This paper describes a copper-based chemi- 
cally-modified electrode constructed by a 
method similar to that of Prabhu and Baldwin” 
and used in flow-through systems (FIA and 
HPLC) for the detection of carboxylic and 
phenolic acids. The dependence of the detector 
response for these analytes on various exper- 
imental conditions, such as the pH and flow-rate 
of the mobile phases and the working potential 
applied, was investigated. Novel hydrodynamic 
voltamperograms for the solutes of interest were 
first obtained with the modified electrode. Sub- 
sequently, both negative and positive peaks 
were observed for the first time in the same 
LCEC chromatogram. On the basis of all the 
observations, it is suggested that the detector 
response in flow-stream measurement resulted 
from the difference in solubility of the cupric or 
cuprous species formed by the components of 
the mobile phase and the analyte ligands at the 
electrode surface. 

EXPERIMENTAL 

Reagents 

Cupric chloride (analytical reagent grade) was 
purchased from the Beijing Chemical Co.; ana- 
lytical-grade carboxylic acids (oxalic, citric, 
malic, tartaric and glyceric) were from Merck; 
3,4-dihydroxyphenylacetic acid was from Fluka; 
vanillic and benzilic acids were from Shanghai 
1 st Chemical Co. and gallic acid was from Zunyi 
2nd Chemical Co. (Zunyi, China). All were used 
as received. Other chemicals were of analytical 
grade. Doubly-distilled water was used for the 
preparation of all solutions. Phenolic acid stock 
solutions were kept under purified nitrogen at 4” 
in the dark. The mobile phase was 0.025M 
phosphate buffer (pH 7.0), thoroughly degassed 
in an ultrasonic bath before use. 

Electrode 

The working electrode was modified by 
a procedure similar to that of Prabhu and 
Baldwin.lg A freshly polished thin-layer glassy- 
carbon electrode was immersed in 0.15M 
sodium hydroxide for about 10 min, then rinsed 
thoroughly with water and immersed face-up in 
an aqueous 0.05M solution of copper(I1) chlor- 

ide, together with a small slice of metallic 
copper, for about 20 min, whereupon a uniform 
white deposit appeared on the glassy-carbon 
surface. At this point, the electrode was re- 
moved from the chloride solution and rinsed 
with water, and was ready for use. A fresh 
glassy-carbon surface could be obtained, 
whenever necessary, by immersion of the Cu- 
based electrode surface in 1M hydrochloric acid 
for 1 min. 

Apparatus 

Cyclic voltammetry was performed with a 
home-made potentiostat employing a conven- 
tional three-electrode cell, with a 3-mm diameter 
glassy-carbon working electrode (modified or 
unmodified), an Ag/A&l (saturated KCl) refer- 
ence electrode and a platinum-wire counter- 
electrode. Flow-injection and chromatographic 
experiments were performed with a JASCO-350 
pump, a home-made injection valve with a 10-p 1 
loop and a TL-5A electrochemical detector 
(Bioanalytical Systems). A laboratory-made 
bipotentiostat was used to control the detector. 
The column was 7 pm Nucleosil Cl8 (200 x 4 
mm i.d.). The chromatograms were obtained at 
room temperature (20 + 2”). In these exper- 
iments the reference electrode was of the 
saturated calomel type. 

RESULTS AND DISCUSSION 

Electrochemistry 

Cyclic voltamperograms (CVs) for the Cu- 
coated electrode in 0.15M sodium hydroxide 
and pH 7.0 phosphate buffer, respectively, are 
shown in Fig. 1. In 0.15M sodium hydroxide, 
curve A(l), a broad oxidation wave and another 
small one at peak potentials of +0.55 and 
+0.70 V vs. Ag/AgCl, respectively, were ob- 
served on the initial scan. In subsequent scans, 
these two waves decreased in magnitude and 
rapidly disappeared, curve A(2). This behaviour 
was consistent with that in an earlier study.” 
Several views on the electrode surface species 
and the electrode mechanism of the oxidation 
process described by Fig. 1A have been 
advanced,‘8-20 but considerable uncertainty 
remains. However, such an inactive electrode 
surface did catalyse glucose oxidation, with a 
peak potential of +0.58 V vs. Ag/AgCl, curve 
A(2), as already reported.‘* CVs obtained in 
neutral phosphate buffer (Fig. 1B) were quite 
different from those in 0.15M sodium hydrox- 
ide. A rather broad oxidation wave with a peak 
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E (V) vs. Ag/AgCI 

Fig. 1. Cyclic voltamperograms of the Cu-based CME in (A) 0.1544 NaOH: (l), initial scan; (2), fourth 
scan; (3), (2) plus 1OmM glucose; (B) pH 7.0 phosphate buffer: (I), initial to fifth scans; (2), tenth scan; 

(3), (2) plus 1OmM tartaric acid. Scan-rate, 20 mV/sec. 

potential of + 1 .lO V US. Ag/AgCl was clearly 
observed only on the third scan, but it then 
decreased in magnitude and rapidly dis- 
appeared, curve B(2); a reduction wave on the 
reverse scan, as observed in alkaline solution, 
curve A(2), could no longer be observed. 
Furthermore, such an inactive electrode surface 
did not catalyse the oxidation of tartaric acid in 
neutral buffer solution, curve B(3), although 
this exhibited a catalytic oxidation wave with an 
Ep of +0.60 V vs. Ag/AgCl at such a Cu-based 
CME in strongly alkaline media.lg 

The white deposit, as suggested pre- 
viously,‘g*20 is most probably crystalline CuCl 
resulting from the interaction of the Cu(I1) 
solution with metallic copper to form the Cu(1) 
salt, the subsequent reactions of which account 
well for the colour of the Cu-based CME at 
various stages in its usage: light-coloured in- 
itially and then green on exposure to air, CuCl; 
yellow after exposure to neutral buffer, Cu,O; 
black after exposure to oxidizing potentials, 

CuO. Accordingly, the broad oxidation waves 
in Fig. 1 should correspond to the Cu(I)/Cu(II) 
oxidation process. 

Once the modification was accomplished 
and the electrode reassembled into the thin- 
layer cell, the initial background current 
(lasting about 20 set) on exposure to oxidizing 
potentials (0.0-0.15 V vs. SCE) in a flowing 
stream with pH 7.0 phosphate buffer as the 
mobile phase was so large that it could not 
be compensated instrumentally. After about 
40 set, this large background current gradually 
decreased until, after about 10 min, it reached 
a steady level which could easily be compen- 
sated instrumentally. The larger the initial oxi- 
dizing potential applied, the longer the time 
necessary to stabilize the background current. 
The function of this step for passivation of 
the electrode surface is similar to that 
for metallic copper electrodes by polarization 
with negative and positive potentials applied 
alternately.‘s~‘7 
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Flow-through system detection 380 r 
Applied potential. It seemed unclear whether 320 

or not the facile amperometric detection of 
carboxylic and phenolic acids in a flow-through 

280 

system could be done with the copper-based 240 -m 

electrode at modest positive potentials in 
neutral media, in view of the fact that no 

200 

significant oxidation current was observed in 
the CVs of tartaric and other carboxylic 
acids, as shown in curve B(3) of Fig. 1. This 
doubt, however, was removed by making serial 
injections of 1mM oxalic acid and applying 
FIA-EC at +0.15 V vs. SCE (Fig. 2). Repro- 

/ 
ducible current responses were obtained, as 0 

illustrated in Fig. 2. After 40 injections, the -40 
peak response was still nearly 97% of its initial 

_;c_ _/ ~*3~~~._._.-. _-* _._. 

value, with a relative standard deviation of only -80 

2.4%. -120 
Novel hydrodynamic voltamperograms x 

(HDVs) for carboxylic and phenolic acids were -160 

obtained with the Cu-based CME and are -200 
shown in Figs 3 and 4, respectively. These 
responses were different from both the S-shaped -240 

ones obtained on metallic copper electrodes for 
!j , , , , , , , . 

amino-acids in neutral buffer solution’5,‘7 and -0.20 0.0 0.20 0.40 

the peaks obtained on a similar Cu-CME for 
glucose catalysis in strongly alkaline media.” 

E(V) vs. SCE 

Fig. 3. Hydrodynamic voltamperograms for 1mMcitric acid 
(m), oxalic acid (A), tartaric acid (O), malic acid (x), 
glyceric acid (V), at the Cu-CME. Flow conditions as for 

Fig. 2. 

1 5 
10 20 

I 25 30 40 Figure 3 shows HDVs for some carboxylic 
acids. In the potential range more negative than 
-0.10 V US. SCE, glyceric acid exhibited an 
anodic current that decreased as the potential 
became more positive; when the potential was 
more positive than - 0.05 V, a cathodic current 

I 8 nA 
appeared, which gradually decreased with more 
positive potentials. Oxalic and malic acids 

2 mln‘ behaved oppositely to glyceric acid. In the 
potential range more negative than -0.10 V, 
they exhibited cathodic currents, which de- 
creased sharply at more positive potentials, and 
anodic currents appeared at potentials more 
positive than -0.10 V, slightly decreasing with 

n \ \ 
\ 

more positive potentials. Citric and tartaric 
acids possessed similar HDV behaviour, always 
giving sharply decreasing anodic currents in the 
potential range investigated (from -0.20 to 

Fig. 2. FIA response obtained at the Cu-CME for a series 
of injections of ImM oxalic acid: potential, +O. 15 V us. 

0.50 V US. SCE), then a peak-shaped curve up to 

SCE; mobile phase, pH 7.0, 0.025M phosphate buffer; 
+0.30 V; after that the response increased with 

flow-rate, 0.5 ml/min. The serial number is given at the top more positive potentials. All these carboxylic 

of the peak, and recording was stopped during the other acids, except glyceric acid, produced similar 
Injections. HDVs in the potential range from -0.50 to 0.40 
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Fig. 4. Hydrodynamic voltamperograms for 0.24mM gallic 
acid (A), 5OmM 3,4dihydroxyphenylacetic acid (A), 
1OmM vanillic acid (a), 5OmM benzilic acid (x ). Exper- 

imental conditions as for Fig. 2. 

V us. SCE, exhibiting curves with identical peak 
potentials of +0.20 V. 

Among the phenolic acids (Fig. 4), vanillic 
acid exhibited HDV behaviour similar to that of 
glyceric acid, giving anodic currents at poten- 

tials more negative than -0.10 V us. SCE, 
which decreased very rapidly as potentials be- 
came more positive, and then reached a nearly 
steady level in the potential range from -0.05 
to 0.15 V. Gallic acid and 3&dihydroxyphenyl- 
acetic acid had similar HDV behaviour, exhibit- 
ing identical peak potentials -0.10 V, whereas 
benzilic acid had a peak potential of 0.0 V. 
The anodic currents of gallic, 3,4_dihydroxy- 
phenylacetic and benzilic acids increased again 
(at different rates) in the potential range 
0.05-0.15 v. 

Negative peaks would be expected for either 
a single analyte at different applied potentials or 
a mixture of analytes at one fixed potential 
properly selected for flow-through LC detec- 
tion according to the observed HDVs of the 
carboxylic and phenolic acids. This unique 
feature was obtained with the Cu-CME and is 
shown in Figs. 5-8. 

The identification of the actual mechanism 
for the appearance of negative peaks in flow- 
through amperometric detection still proved 
difficult, however. There is no possibility of a 
catalytic electrode mechanism such as was 
reported for the detection of polyhydroxy 
compounds with a Cu-CME in strongly alkaline 
media,19 as has been proved by CV experiments 
[Fig. 1, curve B(3)]. It is worth noting that similar 
negative peaks were obtained in LC potentio- 
metric detection for organic acids with a met- 
allic copper electrode and neutral phosphate 
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Fig. 5. FIA response for 1mM oxalic acid (A), malic acid (B), glyceric acid (C). Applied potential (A) 
1, -0.20; 2, -0.15; 3, -0.10; 4, f0.20; (B) 1, -0.20; 2, -0.15; 3, -0.10; 4, +0.20; (C) I, -0.20; 

2, -0.10; 3, 0.0; 4, +0.40 V us. SCE. Other experimental conditions as for Fig. 2. 
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Fig. 6. Chromatograms of citric acid (l), oxalic acid (2), tartaric acid (3), malic acid (4), glyceric acid (S), 
each lmM, at the Cu-CME with applied potentials of -0.20 (A), -0.10 (B), +0.20 (C) +0.40 (D) V 

vs. SCE. Column, Nucleosil C,, (7 pm) 200 x 4 mm i.d. Other parameters as for Fig. 2. 

buffer as mobile phase.” That response was 
explained as resulting from the difference in 
complexation strength between compounds in 
the mobile phase and the analytes injected. 
Eluted species may form stronger or weaker 
copper complexes than do the ligands in the 
mobile phase, resulting in either an increase or 
a decrease in the observed electrode potential, 
hence both positive and negative peaks could be 
expected. The explanation was based theoreti- 
cally on the Nernstian relationship between the 
copper electrode potential and the total ligand 
concentration under conditions where for- 
mation of a single complex species of copper 
with the analyte ligand predominated. Any ex- 
planation based on the Nernstian relationship is 
not applicable to the detector response in flow- 
through amperometric detection, Alternatively, 
there is a possibility that the response of a 
Cu-CME in flow-through amperometric detec- 
tion resulted from the difference in the solubility 

of compounds formed between the components 
in the mobile phase or the analyte ligands 
present in the injected sample with Cu(1) or 
Cu(I1) (depending on the applied potential) 
produced at the electrode surface. Eluted species 
may form more or less water-soluble copper 
complexes than do the components of the elu- 
ent, increasing or decreasing the copper concen- 
tration at the electrode surface and, thereby, the 
current observed for copper oxidation, resulting 
in amperometrically negative or positive peaks. 

The flexible dependence of the detector re- 
sponse on the operating potential could be a 
unique and critical characteristic of the Cu- 
based CME in flow-through amperometric de- 
tection for carboxylic and phenolic acids and, if 
properly utilized, could be of great benefit in 
LCEC detection both qualitatively and quanti- 
tatively. In the case where a single compound is 
concerned, oxalic acid for example, different 
working potentials can serve different purposes 
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(Fig. 5A): +0.20 V us. SCE is obviously the 
proper selection for conventional LCEC detec- 
tion of the carboxylic acids, with high sensi- 
tivity. If oxalic acid is the compound of interest, 
the selection of -0.20 V, at which there is a 
distinct negative peak, would enable it to be 
distinguished from other eluted species 
(Fig. 6A), making chromatographic speciation 
and quantification easier. If oxalic acid is re- 
garded as an interfering species, however, it is 
advantageous to operate the LCEC detection at 
- 0.15 V us. SCE if possible. For mixtures of the 
five analytes, operating at -0.10 V US. SCE 
results in conventional chromatograms with 
amperometric detection. When glyceric acid is 
the species of interest, it could be clearly 
recognized at a working potential of +0.20 V 
(Fig. 6C). 

It is worth noting that the higher applied 
potential did not necessarily increase the current 
response with a Cu-CME for LCEC detection 
of organic acids, unlike the case for amino-acids 
with metallic copper electrodes.15,” In some 
cases, for example, the LCEC detection of car- 
boxylic acids at modest positive potentials, 
+0.40 V (Fig. 6B), resulted only in a decrease 
in detector response, except for citric acid, com- 
pared with that obtained at -0.10 V (Fig. 6D), 
as well as an increased background current. 

This flexible dependence, on electrode poten- 
tial, of the detector response for phenolic acids, 

Fig. 7. Chromatograms of 1OmM vanillic acid at the 
Cu-CME with applied potential of -0.15 (A), -0.10 (B), 
0.0 (C) V us. WE. Chromatographic conditions as for 

Fig. 6. 
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Fig. 8. Chromatograms of 0.24mM gallic acid (I), 5OmM 
3,4-dihydroxylphenyl acetic acid (2), 1OmM vanillic acid (3), 
50mM benzilic acid (4) at the Cu-CME with applied 
potentials of -0.15 (A) and 0.0 (B) V vs. SCE. Flow 

conditions as for Fig. 6. 

which are conventionally electroactive at oxi- 
dation potentials above 0.60 V us. SCE in 
neutral media and electro-inactive in the poten- 
tial range investigated (from - 0.15 to + 0.15 V 
vs. SCE) on a bare glassy-carbon electrode, 
could be used in different ways for various 
requirements. As can be seen from Fig. 8, 
selective detection of 3,Cdihydroxyphenylacetic 
and vanillic acids in the presence of gallic and 
benzilic acids could be realized by employing 
a working potential of -0.15 V vs. SCE 
(Fig. 8A); the selection of 0.0 V enables vanillic 
acid to be distinguished from the others, making 
the facile chromatographic speciation and 
quantification of vanillic acid practical. It 
should be noted that this unique feature would 
never be observed in conventional LCEC sens- 
ing of phenolic acids with a bare glassy-carbon 
electrode. 

Flow-rate dependence. The dependence of the 
detector response on the flow-rate of the mobile 
phase was studied for oxalic and other organic 
acids and is shown in Fig. 9 (for oxalic acid at 
+O. 15 V us. SCE). It is clear that the response 
always decreased with increasing flow-rate, 
contrasting sharply with conventional LCEC 
detection with unmodified electrodes.2’,22 This 
suggests that the detector response is controlled 
entirely by the kinetics of the reaction with 
copper ions. In conventional LC systems, the 
choice of flow-rate involves a compromise 
between the detector sensitivity and the sample 
throughput. In this work, for example, a typical 
flow-rate of 0.5 ml/min was used through- 
out. This flow-rate dependence is especially 
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advantageous for compatibility with microbore 
HPLC, high sensitivity being attained at rather 
low flow-rates of the mobile phase. 

Dependence on pH. It was found that the 
Cu-based CME could perform effectively in 
neutral and alkaline media (pH 7.0-I 1) for 
LCEC detection of carboxylic and phenolic 
acids. Lowering the pH of the mobile phase 
made the detector less efficient. As shown in 
Fig. 10, the detector gave smaller and broader 
current responses at pH 6.0 (except for glyceric 
acid) than those obtained at pH 7.0. 

This pH-dependence, similar to that of met- 
allic copper electrodes for organic acids,‘“” 
turned out to be somewhat less limiting than 
that previously observed with Pt and Au elec- 
trodes in PAD mode”’ and Cu-based CMEs for 
the catalytic detection of polyhydroxy com- 
pounds,“,” which functioned well only down to 
O.OOlM hydroxide concentration. The ability of 
the Cu-based CME constructed in this work to 
function at much lower pH values was import- 
ant because it allowed greater freedom for 
the selection of an effective chromatographic 
system. 

D@erence between pH values for separation 
and detection. Although the pH-dependence of 
the Cu-based CME was found less limiting there 
was still a difference between the pH values 
for optimal reversed-phase chromatographic 
separation and amperometric detection of the 
organic acids studied: the former required low 
pH values (typically 2.0-3.0) and the latter pH 
>6.0. With a pH 7.0 mobile phase in reversed- 
phase LC systems with ODS columns carboxylic 
acids were eluted with nearly identical retention 
times of ca. 1.5 min and the phenolic acids were 
eluted close together in the range 2-2.5 min. 
A possible means of resolution might be the use 
of ion-pairing to suppress the ionization of the 
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Fig. 9. Effect of the mobile-phase flow-rate on the FIA 
repsonse for ImM oxalic acid at the Cu-CME. Experimental 

conditions as for Fig. 2. 
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Fig. 10. The dependence of the FIA response on mobile 
phase pH for 1mM citric acid (l), oxalic acid (2), tartaric 
acid (3), malic acid (4), glyceric acid (5). Experimental 

parameters as for Fig. 2. 

analytes in neutral media. The first pairing ion 
tested was TBA+ (as tetrabutylammonium per- 
chlorate), which had little effect on the retention 
of these organic acids under the chromato- 
graphic conditions employed throughout this 
work, with the mobile phase pH >7.0. Other, 
more hydrophobic, pairing ions, such as HTA+ 
(as hexadecyltrimethylammonium bromide), in- 
creased the retention of these analytes, under 
the conditions above, but the detector per- 
formance was much poorer, which might have 
resulted from poisoning of the electrode by 
bromide, as has been reported for a metallic 
copper electrode.14 

CONCLUSIONS 

A copper-based CME has been constructed 
and used in flow-through amperometric detec- 
tion of carboxylic and phenolic acids. The 
dependence of the detector response on the 
operating potential, the pH and flow-rate of the 
mobile phase was systematically investigated. A 
unique potential-peak current relationship in 
flowing streams was obtained and its potential 
for analytical applications has been demon- 
strated. On the basis of all the observations, 
it is suggested that the detector response is 
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governed by the reaction of copper ions with 8. Idem, ibid., 1987, 59, 150. 

the solutes. There is still a difference between 9. R. E. Reim and R. M. Van Effen, ibid., 1986,58,3203. 

the pH values required for optimum separ- 
10. Yu. B. Vassilyev, 0. K. Khaxova and N. N. Nikolaeva, 

ation and detection of the= organic acids in 
J. Electroanal. Chem., 1985, l%, 127. 

ii. P. R. Haddad, P. w. Alexander and M. Trojanowicz, 
reversed phase LC with amperometric detection J. Cbromatog., 1984, 315, 261. 

employing Cu-based CMEs. 12. P. W. Alexander, P. R. Haddad and M. Trojanowicz, 
Chromatographia, 1985, 20, 179. 
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Sammary-The dispersion of alumina particles on a glassy-carbon surface serving as a modified electrode 
significantly enhances the amperometric detection of cysteine and glutathione following liquid chromatog- 
raphy. With an applied potential of 0.8 V us. SCE, the detection limits were 1.2 ng for cysteine and 8 ng 
for glutathione and the electrode response was linear up to 600 ng for cysteine and 1.8 pg for glutathione. 
The modified electrode displayed high sensitivity and stability and was easy and inexpensive to prepare. 

Since Zak and Kuwana’ found that dispersions 
of alumina particles on glassy-carbon surfaces 
had electrocatalytic properties for the oxidation 
of ascorbic acid, catechol, hydroquinone and 
oxalic acid, few papers” have dealt with the 
a-alumina modified electrode. Wang and 
Freiha” have detected ascorbic acid, epinephrine 
and oxalic acid at the a-alumina-modified 
glassy-carbon electrode (a -Al2 0, /GC) follow- 
ing liquid chromatography and obtained high 
sensitivity, selectivity and stability. 

At most conventional electrodes, cysteine 
(Cys) and glutathione (GSH) exhibit irreversible 
oxidation, at extreme positive potentials. Conse- 
quently, electrochemical detection of these 
species following liquid chromatography (LC) 
is usually performed at mercury7-‘o or metal 
amalgam”*‘2 electrodes at which the mercury 
sulfide species formed can be oxidized at com- 
paratively low applied potentials. Use of mer- 
cury electrodes may be undesirable because of 
their possible toxicity and instability. Carbon 
electrodes require undesirably large working 
potentials of the order of 1 .O V 0s. Ag/AgCl (or 
higher). I3 Halbert and Baldwin “~‘s have devel- 
oped carbon-paste electrodes containing cobalt 
phthalocyanine for the determination of Cys 
and GSH in LC with electrochemical detection 
(LCEC) at 0.75 V 0s. Ag/AgCl. Recently, Wring 
et u1.i6*” have developed a carbon-epoxy resin 

*Author for correspondence. 

composite electrode chemically modified with 
cobalt phthalocyanine for determination of 
GSH with LCEC at 0.45 V vs. Ag/AgCl. 

In this paper we report that the a-Al,O,/GC 
electrode enhances the oxidation of Cys and 
GSH, giving responses of high sensitivity and 
stability. The principal advantages of the elec- 
trode are its ease of preparation and its stability. 
The electrode can be used as an inexpensive 
enhanced LCEC detector. 

EXPERIMENTAL 

Apparatus 

A laboratory-built cyclic voltammetric ana- 
lyser was used. A three-electrode cell system 
with either a glassy-carbon (GC) or an a -Al2 O3 / 
GC working electrode, a silver chloride (satur- 
ated potassium chloride) reference electrode and 
a platinum auxiliary electrode was employed in 
the conventional electrochemical arrangement. 

The LC system consisted of a model 510 
pump and a U6K injection valve from Waters 
Associates. The injection volume was 20 ~1. A 
Nucleosil Cu (20 cm x 4 mm i.d.; 7 pm) column 
(packed by the Dalian Institute of Chemical 
Physics, Dalian, China) was used, together with 
a Model TL-SA thin-layer electrochemical cell 
(Bioanalytical Systems Inc.), A laboratory-built 
bipotentiostat was used for the amperometric 
detection.rs A saturated calomel reference elec- 
trode (SCE) was used. 
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Reagents 

All chemicals were of analytical-reagent 
grade, except the following, which were bio- 
chemical-reagent grade. Glutathione (reduced 
form) was from the Shanghai Institute of Bio- 
chemistry, Chinese Academy of Sciences). 
DL-Cysteine was obtained from the Chemical 
Factory of Caoyang Second Middle School 
(Shanghai). 

Procedure 

All solutions were prepared in doubly dis- 
tilled water, unless stated otherwise. Immedi- 
ately before LCEC analysis, DL-cysteine and 
glutathione were dissolved separately in potass- 
ium hydroxide solution, and these solutions 
were diluted to 5 mg/ml with water and pro- 
tected from light. Portions of these solutions 
were diluted to the appropriate concentrations 
with the mobile phase, 0.2M potassium dihy- 
drogen phosphate (containing 50 @U EDTA) 
adjusted to pH 3.0 with phosphoric acid. The 
flow-rate was 1.0 ml/min. 

Electrodes 

The cc-Al,03/GC electrode was prepared by 
polishing the GC surface with an aqueous slurry 
of 0.3~PM a-alumina on a polishing cloth. The 
electrode was then rinsed several times with 
doubly distilled water and used immediately. An 
ordinary bare GC electrode was obtained by 
cleaning the polished surface in an ultrasonic 
bath for 30 min, with frequent changes of 
doubly distilled water in the bath. 

RESULTS AND DISCUSSION 

Electrochemical behaviour of Cys and GSH 

The electrochemical behaviour of Cys and 
GSH was studied at GC and a -A&O3 /GC work- 
ing electrodes. The cyclic voltamperograms for 
the oxidation of Cys and GSH on the GC and 
a-Al,O,/GC electrodes in a conventional elec- 
trochemical cell are shown in Figs. 1 and 2, 
respectively. Each yields irreversible oxidation 
waves. It is apparent that the response was 
enhanced, with a slight increase of background 
current, by use of the a-Al,O,/GC electrode. 
The oxidation waves of Cys and GSH on the 
a -Al, Oj /GC electrode showed no obvious 
peaks. 

Liquid chromatography with electrochemical de- 
tection (LCEC) 

Good separation of the Cys and GSH was 
achieved with a mobile phase of 0.2M potass- 

I 

40pA 

1 I I I I I I 
1.2 1.0 0.6 0.6 0.4 0.2 0 

E(V) 

Fig. 1. Cyclic voltamperograms of cysteine at GC (A) and 
a-Al,O,/GC (B) electrodes. Electrolyte solution, 0.2M 
KH,PG, @H 3.0); scan rate, 50 mV/sec; broken line, blank 

solution: solid tine, 1mM cysteine. 

ium dihydrogen phosphate (containing 50pA4 
EDTA) at pH 3.0 with a flow-rate of 1 ml/min 
(Fig. 3). 

Hydrodynamic voltamperograms (HDVs) 
were obtained for Cys and GSH at both the GC 
and a-Al,O,/GC electrodes by injecting fixed 
volumes of the standard solutions and varying 
the potential between 0.5 and 1.0 V in the 
electrochemical detection (Fig. 4). At the GC 
electrode, no response to Cys or GSH was 
obtained at applied potentials less than 0.7 V. 
Significant responses were obtained only in high 
potential regions, and were subject to consider- 
ably larger background currents and a greater 
likelihood of interference. At the a-Al,O,/GC 
electrode, enhanced responses to Cys and GSH 
were obtained compared with those at the GC 
electrode. When the applied potential exceeded 
0.5 V the oxidation currents of Cys and GSH 

T====-+ 
I I I I I I I 

1.2 1.0 0.6 0.6 0.4 G.2 0 

E(V) 

Fig. 2. Cyclic voltamperograms of glutathione at GC (A) 
and a-Al,O,/GC (B) electrodes. Electrolyte solution, 0.2M 
KH,PG, @H 3.0); scan rate, 50 mV/sec; broken line, blank 

solution; solid line, 6mM glutathione. 



Fig. 3. Chromatograms for 40 pg/ml cysteine (1) and 
200 pg/ml glutathione (2), with GC (A) and a-Al,O,/GC 
(B) electrodes as detectors, E = 0.80 V: same mobile phase 

and flow-rate as for Fig. 4. 

were produced. However, the HDVs obtained 
do not show plateau currents, which is con- 
sistent with their cyclic voltamperograms not 
showing peaks. Operation at high potentials 
would be disadvantageous for LCEC, because 
of the higher background current, so a potential 
of 0.8 V was selected for the detection of 
Cys and GSH at the a-Al,O,/GC electrode. 
Figure 3 compares chromatograms for a mix- 
ture of 40 pug/ml Cys (1) and 200 pg/ml GSH (2) 
obtained with GC (A) and a-Al,O,/GC (B) 
detectors. It can be seen that the response peaks 
obtained at the a-Al,03/GC electrode were 14 
and 11 times larger for Cys and GSH, respect- 
ively, than at the GC electrode at the same 
potential. At the same time, equal noise levels 
(peak-to-trough amplitude of about 80 PA) 
were obtained at the GC and a-Al,Oj/GC 
electrodes (not shown). 

E(V) 

I ml/min. 

Fig. 4. Hydrodynamic voltamperograms of 40 pg/ml 
cysteine (a) and 200 ,ug/ml glutathione (b) at GC (---) 
and a-Al,OJGC (p) electrodes. Mobile phase, 0.2M 
KH,PO, (containing 50pM EDTA) at pH 3.0; flow-rate, 

Calibration graphs were linear for injected 
amounts of Cys from 600 ng down to 1.2 ng 
(9.9 pmole) and of GSH from 1.8 pug down to 
8 ng (26 pmole). The lowest amounts cited 
yielded S/N ratios of approximately 3 and thus 
represented the detection limits. The correlation 
coefficients were 0.9999 for Cys and 0.9994 for 
GSH and the slopes of the calibration graphs 
were 172 pA/ng for Cys and 28 pA/ng for GSH. 

In conclusion, the experiments described 
above clearly indicate that the a-alumina- 
modified glassy-carbon electrode is very promis- 
ing for use in LCEC of Cvs and GSH and * 
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The stability of the a-Al,O,/GC electrode 
was examined by comparing peak currents over 
a period of operation. The results indicate that 
the peak currents decreased substantially in the 
very early stages of the experiment, perhaps 
because some “loose” particles were washed off 
by the mobile phase. I6 After about four injec- 
tions, however, the peak currents became stable. 
The electrode was washed with doubly-distilled 
water each day after the LCEC experiments and 
then stored in water overnight. The peak current 
was 45% greater than the last on the previous 
day for Cys and 67% larger for GSH when 
the electrode was used again, and the peak 
currents again decreased substantially over four 
successive injections. We therefore think that 
the non-oxidizable products of the Cys and 
GSH oxidations may be adsorbed on the surface 
of the electrode and poison it. Poisoning was 
more obvious in the very early stages of each 
day’s experiments and resulted in substantial 
decrease of the peak currents. The first four 
injections each day were therefore routinely 
disregarded. Eight replicate injections of the 
standard solution containing 10 pgg/ml Cys and 
50 pg/ml GSH were made over 50 min; the 
coefficients of variation for the peak currents 
were 1.6% for Cys and 2.1% for GSH. The 
stability of the response for eight measurements 
of 10 pg/ml Cys and 50 pg/ml GSH during 
an unbroken period of 3 hr at a flow-rate 
of 1 ml/min was examined: the coefficients of 
variation for the peak currents were 4% for Cys 
and 6.1% for GSH. When the a-Al,O,/GC 
electrode was used for three days, the LCEC 
system being washed with water after each day’s 
experiments, no obvious decrease of activity 
was observed. These results indicate that the 
alumina particles remaining at the electrode 
surface maintain their activity over long periods 
of time, despite the vigorous hydrodynamic 
conditions prevailing in the narrow channel. 
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performs with high sensitivity and selectivity. 
The main advantage of the alumina-modified 
electrode over the usual CMEs formed by ad- 
sorption, covalent attachment, polymer coating 
etc. is that it is easy to prepare, inexpensive, and 
very stable. In addition, it is apparent that the 
use of CMEs offers the possibility of extending 
LCEC techniques to Cys and GSH, which 
otherwise are poorly suited to electroanalysis. 

Acknowledgement-The support of the National Natural 
Science Foundation of China is gratefully acknowledged. 

REFERENCES 

1. J. Zak and T. Kuwana, J. Am. Chem. SOL, 1982, 104, 
5514. 

2. Idem, J. Electroanal. Chem., 1983, 150, 645. 

3. S. Dong and T. Kuwana, J. Electrochem. Sot., 1984, 
131, 813. 

4. I&m, Yingyong Huaxue, 1985, 2, No. 1, 34. 
5. Idem, Huaxue Xuebao, 1985, 43, 112. 
6. J. Wang and B. Freiha, Anal. Chem., 1984, 56, 2266. 
7. D. L. Rabenstein and R. Saetre, ibid., 1977, 49, 1036. 
8. R. Saetre and D. L. Rabenstein, ibid., 1978, SO, 276. 
9. Idem, Anal. Biochem., 1978, 90, 684. 

10. D. L. Rabenstein and R. Saetre, Clin. Chem., 1978, 24, 
1140. 

11. R. F. Bergstrom, D. R. Kay and J. G. Wagner, 
J. Chromatog., 1981, 222, 415. 

12. L. A. Alison and R. E. Shoup, Anal. Chem., 1983,55,8. 
13. I. Mefford and R. N. Adams, &je Sci., 1978,23, 1167. 
14. M. K. Halbert and R. P. Baldwin, Anal. Chem., 1985, 

57, 591. 
15. Idem, J. Chromatog., 1985, 345, 43. 
16. S. A. Wring, J. P. Hart and B. J. Birch, Analysr, 1989, 

114, 1563. 
17. Idem, ibid., 1989, 114, 1571. 
18. H. Ji and E. Wang, Fenxi Huaxue, in press. 



Talanro, Vol. 38, No. 5, pp. 561466, 1991 0039-9140/91 $3.00 + 0.00 
Printed in Great Britain. All rights rcxrvcd Copyright 0 1991 Pergamon Press plc 

NITRON TETRACHLOROAURATE(II1) ELECTRODES WITH 
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Summary-PVC matrix and liquid membrane electrodes have been developed for direct potentiometric 
determination of gold(II1). The membranes incorporate nitron tetrachloroaurate(II1) as electroactive 
material. Fast response for gold(III) over the concentration range 10-5~.1M, with response slopes of 
52.8-55.2 mV/decade is obtained. The electrodes show good selectivity for gold(III) at pH 2-5 in the 
presence of many anions and cations. The PVC membrane electrode. offers the advantages of greater 
selectivity (except for Cr’+, Mn2+ and ClO,-) and higher thermal stability. The liquid membrane electrode 
gives a higher response slope and faster time of response than the PVC membrane electrode. Determi- 
nation of AuCli over the range 2 pg/ml-2 mg/ml shows an average recovery of 98.5% and a mean 
standard deviation of 1.0%. Determination of gold in some gold alloys (58.3-99.9% Au) and pharma- 
ceutical preparations gave an average recovery of 99.4% and a mean standard deviation of 0.7%, which 
are comparable with the performance obtained with the spectrophotometric Malachite Green and 
gravimetric U.S. Pharmacopeia methods. 

Membrane electrodes responsive to gold(II1) 
have been based on the ion-association com- 
plexes of dicyanoaurate(I),‘” and tetrachloroau- 
rate(III)3*S’3 with trinony1octadecy1ammonium,‘** 
Methylene Blue,’ Malachite Green,’ Butylrho- 
damine B,‘j,’ tetradecylphosphonium,3 tetra- 
phenylarsonium,3*4*8~g hexadecylpyridinium,‘” 
tetraphenylpyridinium,” benzyldimethylocta- 
decylammonium,‘* and hexadecyltrioctylammo- 
nium13 cations, as electroactive materials 
dispersed in lipophilic solvents’.2.4*s and poly- 
meric matrices.3s”‘3 All but one of these reports, 
however, were originally published in Russian 
and Chinese, which makes it difficult to obtain 
detailed information about the performance 
characteristics of these sensors. It appears, how- 
ever, that some of these electrodes have long 
response time, or are inapplicable for monitor- 
ing gold(II1) concentrations below 10-4M,3*5 or 
suffer from serious interference by Ag+, Bi’+, 
T13+, ClO;, I- and PO:- ions.‘~*~‘*“,‘* 

Membrane electrodes for SCN-,‘4 ReO; ,I5 
ClO; ,I6 and BF; ,I’ based on the use of nitron 
as a counter-cation in the electroactive 
materials, have some significant advantages for 
the determination of these ions in terms of fast 
response, and high stability and selectivity. 

*Author for correspondence. 

In the present investigation the nitron-tetra- 
chloroaurate(II1) ion-pair complex was pre- 
pared and characterized. The high stability of 
this complex and its extractability into lipophilic 
solvents, as well as its good selectivity, suggested 
its use as an electroactive material in liquid and 
poly(viny1 chloride) matrix membrane elec- 
trodes. The performance characteristics of these 
electrode systems have been evaluated accord- 
ing to IUPAC recommendations” and com- 
pared. Both electrodes display fast linear 
response for 10-s-O.lM gold(II1) over the pH 
range 2-5 without interference by many anions 
and cations. The membranes of these electrodes 
show remarkable stability towards high tem- 
peratures and y-radiation. Determination of 
gold in some pharmaceuticals and alloys by 
the electrodes gave results in fairly good agree- 
ment with those obtained by the standard 
methods. 

EXPERIMENTAL 

Apparatus 

Potentials were measured with an Orion 
pH/mV meter (Model SA 720) and a nitron 
tetrachloroaurate(II1) liquid or poly(viny1 chlor- 
ide) membrane electrode in conjunction with 
an Orion Ag/AgCl double-junction reference 
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electrode (Model 90-02) with its outer chamber 
filled with lOO-mg/ml potassium nitrate sol- 
ution. All measurements were made at 25 + 1” 
unless otherwise specified. All pH adjustments 
were monitored with an Orion combination pH 
electrode (Model 91-02). The conductivity of 
nitron tetrachloroaurate(II1) solution in nitro- 
benzene was measured with a Tacussel conduc- 
tivity cell (Type CM 0.05/G) and Prolabo 
conductivity meter (Type CD 6N). A gamma 
cell 220 (Atomic Energy of Canada Ltd.) was 
used for irradiation of the PVC membranes. The 
infrared spectra were taken with a Pye Unicam 
SP 3-100 infrared spectrometer. 

Reagents 

Wherever possible, analytical-reagent grade 
chemicals and doubly distilled demineralized 
water were used. Nitrobenzene, tetrahydro- 
furan, dioctyl phthalate, chloroauric acid and 
poly(viny1 chloride) were obtained from B.D.H. 
Chemicals Ltd. (Poole, England). Nitron was 
purchased from Pfaltz and Bauer (Waterbury, 
CT, U.S.A.). A O.lM gold(II1) solution was 
prepared from chloroauric acid in 10m3M hy- 
drochloric acid and standardized iodometrically 
by the standard method.” Dilute solutions 
(10-6-10-2M) were prepared by appropriate 
dilutions with 10e3M hydrochloric acid. Aqua 
regia was prepared by mixing concentrated ni- 
tric and hydrochloric acids in 1: 3 ratio, and 
diluted with an equal volume of demineralized 
water. Certified gold alloys were used. 

Nitron-tetrachloroaurate(ZZZ) ion-pair complex 

Twenty ml of 10-2M nitron solution in 20% 
acetic acid and 10 ml of 10w2M chloroauric acid 
were mixed and stirred for 15 min. The brown 
precipitate was filtered off with a porosity-3 
sintered-glass crucible, washed with demineral- 
ized distilled water, dried at room temperature 
and ground (melting point 153”). The elemental 
analysis agreed with the composition 

&H,,N,+ I L-J; I. 

Nitron tetrachloroaurate(ZZZ) PVC membrane 
electrode 

PVC (0.35 g), 0.86 g of dioctyl phthalate and 
0.023 g of nitron tetrachloroaurate(II1) were 
dissolved in about 7 ml of tetrahydrofuran. The 
mixture was poured into a Petri-dish (- 7.5 cm 
diameter), covered with a filter paper and al- 
lowed to stand overnight. Sections of the result- 
ing membrane were cut out with a cork borer 
and used as described by others.20s21 A platinum 

wire (-0.5 mm diameter) soldered on to a 
shielded cable was used as an internal reference 
electrode. A solution (pH 3-4) containing 
chloroauric acid and sodium chloride, each at a 
concentration of 10m3M, was used as an internal 
reference solution, 

Nitron tetrachloroaurate(ZZZ) liquid membrane 
electrode 

An Orion liquid membrane electrode body 
(Model 92) was used in conjunction with an 
Orion porous membrane (92-81-04). The in- 
ternal Ag/AgCl reference electrode was replaced 
by a platinum wire (N 0.5 mm diameter) sol- 
dered on to a shielded cable. The internal 
reference solution was a mixture of equal vol- 
umes of 2 x 10m3M sodium chloride and 
2 x 10v3M AuCI; , at pH 34. The liquid mem- 
brane was IO-*M nitron tetrachloroaurate(II1) 
solution in nitrobenzene. 

Performance of the electrode systems 

The electrodes were conditioned by soaking 
for 24 hr in approximately 10p3M AuCI; and 
stored in the same solution when not in use. 
They were washed thoroughly with doubly dis- 
tilled demineralized water between measure- 
ments. Calibration was done by measuring the 
potential yielded by 1O-6-O. 1M AuCl; solutions 
(pH 3-4) when the readings were stable within 
+l mV. 

The selectivity coefficients (kff 8) were evalu- 
ated by the separate solution method’8-20 with 
lo-*M solutions of the interferent and AuCl; at 
pH 34. For cationic interference studies the 
metal chlorides were used (except for silver and 
lead, used as their nitrates). For anionic interfer- 
ence studies, sodium or potassium salts were 
used. All potential measurements for response 
curves and selectivity coefficients were made in 
triplicate. 

The response times were taken as the times 
required for the electrodes to reach values 
within 1 mV of the final equilibrium potential 
when transferred from one tetrachloroau- 
rate(II1) solution to another differing from it in 
concentration by a factor of 10. 

The detection limit was evaluated as the 
concentration giving an emf differing by 18 mV 
from the extrapolation of the linear section of 
the calibration graph. 

Determination of gold in alloys 

A 0.1-0.2 g sample was heated with - 3 ml of 
aqua regia in a 50-ml beaker, covered with a 
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watch-glass, until the evolution of nitrogen ox- 
ides ceased. The solution was evaporated almost 
to dryness. The residue was dissolved with N 25 
ml of 10m3M hydrochloric acid. The solution 
was adjusted to pH 3-4, transferred to a 50-ml 
standard flask and made up to the mark with 
lo-‘M hydrochloric acid, and 5 ml of this 
solution was diluted to volume with 10m3A4 
hydrochloric acid in another SO-ml standard 
flask (alternatively the original residue solution 
could be diluted directly to 500 ml). The poten- 
tial given by the solution was measured with the 
nitron tetrachloroaurate(II1) PVC matrix mem- 
brane electrode in conjunction with the double- 
junction Ag/AgCl electrode and the gold 
concentration was read from a calibration graph 
covering the range 10-4-10-2M. The spiking 
technique2’ was used, the potential of the gold 
test solution being measured before and after 
addition of 0.50 ml of standard 0. 1M AuCl,- 
solution. 

Determination of gold in pharmaceutical prep- 
arations 

The contents of three ampoules of gold-con- 
taining pharmaceutical preparations were di- 
luted to 10.0 ml with doubly distilled water and 
filtered. A 2-ml aliquot of the filtrate was trans- 
ferred to a 50-ml Kjeldahl flask and treated with 
-5 ml of concentrated nitric acid, followed by 
slow addition of 5 ml of concentrated sulphuric 
acid. The solution was gently heated on a hot 
plate until evolution of sulphur trioxide fumes. 
The flask was allowed to cool to room tempera- 
ture, and the residue was dissolved in N 5 ml of 
aqua regia and heated again almost to dryness. 
The residue was dissolved in -25 ml of 10m3M 
hydrochloric acid and adjusted to pH 34. The 
solution was then transferred to a 50-ml stan- 
dard flask and diluted to the mark with 10e3M 
hydrochloric acid. The potential of the solution 
was measured with the PVC membrane elec- 
trode as described above. 

RESULTS AND DISCUSSION 

Response characteristics of the electrodes 

The liquid membrane had electrical resistance 
of 7 x lo3 R and an equivalent conductivity (A) 
of 1.95 ohm-’ .mole-’ .cm2. The PVC mem- 
brane was prepared by using a casting solution 
of the composition 28 : 2:70 w/w PVC, nitron- 
tetrachloroaurate(II1) complex and dioctyl 
phthalate plasticizer, respectively. Table 1 
summarizes the response characteristics of both 

Table 1. General performance characteristics of nitron 
tetrachloroaurate(II1) liquid and PVC membrane electrodes 

Liquid PVC 
Parameter membrane membrane 

Slope, mV/decaaiz 55.2 f 0.4 52.8 f 0.5 
Intercept, mV 550.4 690.5 
Correlation coefficient, r 0.998 0.998 
Lower limit of linear range, M 10-S 1o-s 
Lower detection limit, M 8 x 1O-6 8 x 1O-6 
Response time for 10e3M, set 
Working acidity ranae. oH 

20 30 
1.5-5 1.5-5 

electrode systems, from data collected over a 
period of 2 months for 4 different electrode 
assemblies. Similar results, but with the poten- 
tial values 5 mV less negative were obtained 
with standard AuCl; solutions prepared in hy- 
drochloric acid (pH 3-4) containing O.lM 
sodium chloride. 

Response time and stability 

The response times of both electrodes were 
10-30 set for 2 10m3M AuCli and 20-60 set for 
< 10m4M. The steady-state potentials were at- 
tained IO-20 set more quickly with the liquid 
membrane electrode than the PVC matrix mem- 
brane. For both electrodes the average change 
in potential for five consecutive measurements 
of standard 10-5-10-‘M AuCl; solutions 
during 2 hr was not more than 1.8 mV. Changes 
in the calibration slopes did not exceed f0.5 
mV/decade. The long term reproducibility and 
stability of the potentials were evaluated by 
preparing 10 calibration graphs for both elec- 
trodes over a period of 2 weeks. During this 
period, the electrodes were stored and con- 
ditioned in 10m3M AuCl; solution and washed 
with doubly distilled demineralized water be- 
tween measurements. Although the absolute 
potentials of the electrodes became more posi- 
tive by 4-8 mV, the slopes of the calibration 
graphs remained practically constant within f 1 
mV/decade over this period. No significant 
changes in the detection limit, selectivity co- 
efficients and response time were observed. 

Eflect of pH 

Standard 10m3 and 10m4it4 AuCl; aqueous 
solutions were prepared and adjusted to various 
pH values in the range O-10 with dilute hydro- 
chloric acid and sodium hydroxide solution. 
Figure 1 revealed that within the working 
pH range 2-5, the potential given by both 
electrodes did not vary by more than f 1 mV. 
The negative shift of the potential at pH below 
1.5 is due to a change in the boundary phase of 
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10-3 M 

- 690 /I /I I 
2 4 6 6 

PH 

Fig. 1. Effect of pH on the potential response of nitron 
tetrachloroaurate(II1) electrodes: 0, PVC membrane; 0, 

liquid membrane. 

the membrane caused by the increased acid 
concentration at the membrane surface. The 
sharp increase of potential at pH above 5 is due 
to the decrease in AuCl; concentration and 
formation of AuCl, followed by Au(OH),.** 
These species are not sensed by the anionic 
membrane sensors. At pH above 8, the mem- 
brane behaviour is influenced by the hydroxide 
concentration, a phenomenon observed with all 
membranes containing nitron as counter-cat- 
ion.“” It is therefore necessary to adjust the 
gold test solution to pH 3-4 with hydrochloric 
acid before measurement of the potential. 

Effect of foreign ions 

The responses of the electrodes to 21 different 
cations and anions were studied by measuring 
the selectivity coefficients (&d, e) by the separ- 
ate solutions method,20*2’ with flxed concen- 
tration of the interferent (10e2M), at pH 3-4. 
The selectivity coefficients are shown in Table 2. 
The selectivity of the liquid membrane electrode 
for AuCl; is generally lower than that of the 
PVC matrix membrane electrode, but it shows 
better selectivity than the PVC membrane elec- 
trode in the presence of Cr3+, Mn2+ and ClO; 
ions. 

The selectivity coefficient data for most of the 
previously described electrode systems have not 
been reported, so it is difficult to make quanti- 

Table 2. Potentiometric selectivity coefficients for nitron 
tetrachloroaurate(II1) liquid and PVC membrane electrodes 

KEs 

Interferent, B PVC membrane Liquid membrane 

Cl?+ 1.1 x 10-r 1.6 x 1O-2 
Ni2+ 5.0 x 10-r 2.6 x 1O-2 
Cd2+ 3.2 x 1O-3 4.2 x lo-’ 
car+ 3.5 x 10-r 3.3 x 10-2 
Cr3+ 6.3 x 1O-3 2.2 x 10-s 
Fe’+ 5.0 x 10-j 2.0 x 10-r 
Mg2+ 5.2 x 10-J 3.2 x 1O-2 
Zn*+ 7.1 x 10-r 2.0 x 10-r 
Mn2+ 1.1 x 10-r 2.9 x lo-’ 
Hgt+ 8.9 x 10-3 1.2 x 10-s 
Pt2+ 7.1 x 10-3 2.0 x 10-2 
Pb2+ 4.8 x IO-) 3.9 x 10-r 
Tl’+ 7.9 x 10-r 3.5 x 10-r 
Pd2+ 1.6 x lo-’ 1.1 x 10-r 
Ag+ 3.3 x 10-r 1.6 x 1O-2 
NO, 6.0 x 1O-3 1.8 x 1O-2 
;;N- 3.2 1.1 x x 10-r 1O-2 5.0 1.3 x x 10-s 10-Z 

PO:- 5.6 x 1O-3 1.6 x 1O-2 
ClOi 1.0 x 10-s 5.5 x 10-r 

tative comparisons with the present data. It 
should be noted, however, that Fe3+, Hg2+, 
CL?, Ni2+, Cr3+, Ag+, T13+ and CIO; ions 
which are major and serious interferents even at 
low concentrations in many of the standard 
spectrophotometric,23 potentiometric,‘“*5*“~‘2 
and anodic stripping voltammetric24 procedures, 
have little influence on the response of the 
present electrode systems. The concentrations of 
these ions must be at least 100 times that of the 
gold before significant interference is observed. 
Separate studies for determination of 10-2M 
AuCl; in the presence of up to loo-fold concen- 
trations of some cations of alloying elements 
commonly associated with gold, such as Ag+, 

Table 3. Direct potentio- 
metric determination of 
gold in chloroauric acid 
with the PVC membrane 

electrode 

Au added, Recovery,* 
pgglml % 

2.0 95.0 f 1.3 
10.0 98.0 f 1.2 
20.0 98.5 f 1.2 
50.0 98.4k 1.1 

100.0 98.5 & 1.1 
200.0 99.3 f 1.0 
300.0 99.1 f 0.8 

1000 99.7 f 0.9 
1500 99.3 f 0.8 
2000 99.6 f 0.8 

*Average f standard devi- 
ation of 3 measure- 
ments. 
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Table 4. Determination of gold in some alloys by direct potentiometry with the PVC membrane 
electrode and snectronhotometricallv by the Malachite Green method 

Electrode method Spectrophotometry 
Certified 

Gold alloy Au, % Au found, % Recovery,* % Au found, % Recovery,* % 

24 carat 99.9 99.8 f 0.5 99.9 99.6 f 0.9 99.7 
21 carat 87.5 87.0 f 0.6 99.4 86.8 f 1.1 99.2 
18 carat 75.0 74.6 f 0.9 99.5 74.3 f 1.2 99.1 
14 carat 58.3 57.6 f 0.9 98.8 57.4 f 1.3 98.5 

*Average f standard deviation of 5 measurements. 

Cu2+ and Cd’+ , showed minimal interferences. 
The average recovery of gold ranged from 96 to 
102% with a standard deviation of 2% (n = 5). 

Eflect of temperature and y-radiation 

A gradual increase in the potential values was 
observed as the temperature was increased from 
20 to 50”, but there was no significant variation 
in the limit of detection, response time, and 
slope of the calibration graph. The temperature 
coefficients of the potential were 0.25 and 0.5 
mV/deg for the PVC and liquid membranes, 
respectively. 

Electrodes incorporating PVC matrix mem- 
branes that had been exposed to 103, 10’ and 10’ 
rad doses of cobalt-60 y-rays gave essentially the 
same slope and linear response range as those 
made with the non-irradiated membranes, but 
gave faster response times. A shift of the re- 
sponse curve by +5 mV was observed for 
membranes irradiated with a dose of 10’ rad. 
The infrared spectrum of a pure sample of solid 
nitron-tetrachloroaurate(II1) complex was 
almost the same before and after irradiation 
with up to 10’ rad, indicating high stability of 
the electroactive material. 

Determination of gold in alloys 

The accuracy and reliability of the results 
obtained with the electrodes were tested by 
measuring the concentrations of 2-2000 pg/ml 
standard AuCl; solutions by the standard- 

addition (spiking) technique.2’ The average 
recovery (Table 3) was 98.5% and the mean 
standard deviation 1.0%. The method was also 
applied to determination of gold in some cer- 
tified gold-base alloys. Table 4 presents the 
results. 

The average recovery was 99.4% of the cer- 
tified value and the mean standard deviation 
was 0.7% (n = 5). For the same alloys the 
spectrophotometric Malachite Green method 
gave an average recovery of 99.1% and a mean 
standard deviation of 1 -1% (n = 5) which 
agreed fairly well with the results obtained by 
the electrode method. 

Determination of gold in pharmaceutical prep- 
arations 

Gold in some pharmaceuticals commonly 
used in the treatment of rheumatoid arthritis 
was determined as described above. The results 
obtained (Table 5) show an average recovery of 
99.8% of the nominal gold content and a mean 
standard deviation of 0.6%, in agreement with 
results obtained by the gravimetric method rec- 
ommended by the U.S. Pharmacopeia25 (aver- 
age recovery 99.7%, mean standard deviation 
0.6%). 

In conclusion, the present electrode systems 
offer at least three main advantages over many 
of those previously reported, which suffered 
from a higher limit of detection,3*5 or slower 
response time and lower selectivity,‘~2J*1’J2 Of 

Table 5. Determination of gold in some pharmaceutical preparations by potentiometry 
with the PVC membrane electrode and gravimetrically by the U.S. Pharmacopeia 

method 

Sample, trade name 
and source 

Sodium aurothiomalate 
Myocrisin 
(May & Baker, U.K.) 

Sodium aurothiosulphate 
Sanocrysin 
(Ferrosan, Denmark) 

Recovery,* % 
Nominal content, 

mg/ampoule Electrode method USP method 

10 99.5 f 0.6 99.8 f 0.5 
50 99.8 f 0.5 99.7 f 0.4 

50 99.8 f 0.7 99.5 f 0.8 
100 100.1 f 0.6 99.9 f 0.7 

*Average f standard deviation of 5 measurements. 
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the present electrodes, the liquid membrane 
electrode has the advantages of higher cali- 
bration slope and shorter response time, but 
the PVC membrane electrode displays higher 
selectivity (except in the presence of Cr3+, Mn*+ 
and ClO;) and higher thermal stability. 
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Multielement Detection Systems for Spectrochemical Analysis: K. W. BUSCH and M. A. BUSCH, Wiley, New York, 1990. 
Pages xxi + 688. E70.00 

This book should be of interest to analytical scientists involved with the design, development or operation of multi-channel 
spectrometers. Most texts on spectrochemical analysis concentrate on applications of the techniques and give little coverage 
to the fundamental design of the instruments. With this in mind, Ken and Marianna Busch have endeavoured to produce 
a textbook which considers, in some detail, the principles of the optical systems and detectors employed in a variety of 
multi-channel instruments operated primarly in the UV-visible wavelength region. The book is intended for graduate 
students in analytical spectroscopy and researchers in other disciplines who use optical spectroscopy for chemical analysis. 
The authors have tried to simplify the mathematical explanation of fundamental optical principles (e.g., in Chapters 2 and 
3), but I think that they are being somewhat optimistic when they suggest that the mathematical level “should be 
comprehensible to readers with an undergraduate background in chemistry or related science”. Perhaps chemistry graduates 
in the USA are required to know more mathematics than students taking equivalent courses in some UK and European 
universities! 

The book has essentially three parts. Chapters l-7 deal with optical principles, Chapters 8-11 cover various types of 
detection systems and Chapters 12-15 discuss how optical systems and detectors can be combined to produce multi-channel 
spectrometers for chemical analysis. I believe that Chapters 2-l 1 will prove most useful to the majority of readers. Chapter 
3 provides a rigorous treatment of the principles of diffraction. Important mathematical derivations and relationships are 
clearly explained and comprehension is assisted through liberal use of helpful diagrams and optical figures. Anyone who 
has struggled with the basic principles of transform spectroscopy will find Chapters 5-7 extremely useful. Chapter 5 includes 
sections on multiplexing and Hadamard transform spectroscopy, Chapter 6 is devoted to the principles of interference and 
Chapter 7 provides an overview of Fourier transform spectroscopy. Introductions to photoelectronic detection (Chapter 
9) and image detectors (Chapter 10) are followed by a discussion of the attributes of solid-state detectors, such as the 
photodiode array and charge transfer devices, in Chapter 11. This is an area of rapid change, so it is not too surprising 
that some of the more recent advances in solid-state detectors have not been included in the authors’ literature survey, which 
covers publication up to 1987. 

The book has very few weaknesses. Although Chapter 13 provides only a superticial introduction to analytical atomic 
spectrometry, it contains excellent sections on the role of noise in spectroscopic systems, and the benefits of modulation. 
In the latter part of the book, some of the tables of analytical data do not indicate the techniques used to obtain the 
information and this might be considered a minor irritation by some readers. As might be expected, the literature quoted 
is heavily biased towards US publications or the work of US authors reported in European journals. There is no doubt 
that many important developments in multi-channel systems have emanated from the USA, but scientists from other 
locations have also made important contributions and might have expected recognition in such a text. For example, in 
Chapter 14, devoted to a survey of transform spectrometric systems, the work of Canadian and American scientists in 
FT-UV spectrometry is discussed in some detail, but there is no mention of equally important research performed by Thome 
and colleagues at Imperial College, London. 

In general, the authors have been reasonably successful in their attempts to produce a textbook which covers fundamental 
physical principles and the philosophy of instrument design in multi-element detection systems. For this reason, the book 
should be a valuable addition to the libraries of analytical chemists, physicists, engineers and anyone concerned with the 
use of optical spectroscopy in spectrochemical analysis. 

D. LITTLEJOHN 

Bioluminescence end Cbemiluminescence-Studies and Applicatiom in Biology and Medicinez M. PAZZAGLI, E. CADENAS, 
L. J. KRICKA, A. RODA and P. E. STANLEY (eds.), Wiley, Chichester, 1989. Pages 646. E92.00. 

This book represents the Proceedings of the Fifth International Symposium on Bioluminescence and Chemiluminescence 
held in Bologna, 25-29 September 1988, and is a reprint from Volume 4, 1989, of the Journal of Bioluminescence and 
Chemiluminescence. The contents of the book are organized into nine main sections covering such topics as bioluminescence 
in biosystems: detection of low-level chemiluminescence; chemiluminescence associated with phagocytosing leucocytes; 
instrumentation, biosensors and natural bioluminescence; luminescence assays, including immunoassays, used in measure- 
ments of enzyme activity, and their use in the fields of genetic engineering and nucleic acid hybridization. The sections 
devoted to the use of luminescence assays in the detection and quantification of biomolecules is very topical and coincides 
with the advent of luminescent procedures which are gradually replacing radiometric methods, particularly in automated 
assays. The final section of the book is devoted to the proceedings of a variety of workshops on the diverse clinical 
applications of chemiluminescence techniques. 
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This book is a very timely overview of the mechanisms of chemiluminescence and their use in bioassays, and there is 
more than ample material within the numerous papers to satisfy the appetites of chemists and biologists alike who have 
common research interest in this exciting field. As a leucocyte biologist, who monitors the activities of these cells in normal 
and pathological situations by using luminescent assays, I found this book very stimulating, not only for the section on 
leucocyte bioluminescence, but also for the extremely interesting papers on the mechanisms of chemiluminescence and the 
instrumentation and assays used in measurement, ah of which are very lucidly written. 

The editors are to be congratulated for their endeavours in assembling the Proceedings into this handsome volume which 
serves not only to honour Professor William McElroy, whom many consider to be the father of bioluminescence, but also 
as a very fitting dedication to the memory of Marlene De.Luca who, along with Professor McElroy, has been an important 
contributor to our understanding of the biochemistry of bioluminescence reactions. I am confident this book will enjoy 
wide readership among senior undergraduates, postgraduates and active scientific and clinical researchers in the field of 
bioluminescence and chemiluminescence. Only the price will limit the number of purchasers, but all good scientific and 
clinical libraries should stock this book. 

R. G. P. PUGH-H~~PHREYS 

HPLC of Biological Macromokcnles-Methoda and Applications: K. M. GILDING and F. E. REotnnn (eds.), Dekker, 
New York, 1990. Pages xiii + 676. $150.00 (U.S. and Canada), $180.00 (elsewhere). 

Before I opened this book I had expected from the title a balance between sections on experimental methods and the 
applications of HPLC to proteins, polynucleotides and carbohydrates. However, on examining the contents pages I was 
struck immediately by the fact that it is heavily biased towards proteins. I suppose it is a reflection of both the variety and 
importance of this particular class of macromolelcule that proteins take first place in this book. 

The book is divided into three parts. Part 1 (nine chapters) deals with the technique of HPLC, Part 2 (thirteen chapters) 
with polypeptides and Part 3 (1 chapter) with polynucleotides. I should add that carbohydrates are not completely left out 
in the cold, because Chapter 21 deals with glycoproteins, i.e., proteins with covalently bound sugars. 

In Chapter 1 various properties of silica as a support are examined. Chapter 2 is a description of various forms of organic 
supports while Chapter 3, which deals with size exclusion chromatography (SEC) begins by considering the confusion which 
has arisen in the literature by the use of the alternative terms “gel filtration” and “gel petmeation chromatography.” 
A useful chapter on ion-exchange chromatography-mainly for protein separation-is followed by one on hydrophobic 
interaction chromatography (HIC) with a nice balance of theoretical and practical aspects. Chapter 6, a well referenced 
chapter, deals with reverse-phase chromatography with a section on tryptic maps. 

Metal interaction chromatography is the subject of Chapter 7. In this technique retention and separation of sample 
components are achieved largely by interaction with chelated metal ions. Sample preparation is the topic of the next chapter, 
and Chapter 9 rounds off Part 1 by dealing with the principles of gradient elution separations. Chapter 10 looks at the 
application of HPLC to amino-acid analysis and protein-sequence analysis. 

Because enzyme purification is of immense importance to biochemists it is fitting to find a chapter on preparative enzyme 
purification by HPLC. Judging by the number of publications in this field in recent years the method promises to be of 
central importance in the near future. 

In a chapter describing ribosomal protein separation, computer simulation is detailed, which allows separation patterns 
in complex chromatograms to be predicted, thus enabling the design of multistep gradients to maintain high resolution. 

When it is realized that HPLC can cut down the time required for antibody purification from several weeks to a few 
hours it is not surprising that there is growing interest in this particular application. This is reflected in a chapter on the 
HPLC of antibodies, which is well referenced. Another chapter focuses on the application of size exclusion chromatography 
to the study of molecular interactions; methods for both ligand-protein and protein-protein binding are considered. 

Part 2 concludes with a chapter on the application of HPLC to the assay of enzymatic activities; to date nearly one 
hundred enzymatic activities have been assayed by this method. Part 3 is concerned with the resolution of oligonucleotides 
and transfer RNAs where the advantages of speed and resolution, compared with those of the still widely used conventional 
methods, are amply demonstrated. Topics covered by other chapters include the HPLC of peptides, isoenzymes, membrane 
proteins, human haemoglobin variants, cereal endosperm storage proteins, histone and glycoproteins. 

The book has well over a thousand references, about forty tables and is well illustrated with over two hundred figures. 
The chapters complement each other admirably. It is a source of up-to-date information on techniques and applications 
which will serve as an invaluable practical guide to anyone who is engaged in the HPLC of biological macromolecules. 

A. K. DAVIES 

Mctionary of Chemistry and Chemical Technology (EngUsh-Cennan): H. GROSS, W. Boxmom and J. KNEPPER, 4th Ed., 
Elsevier, Amsterdam, 1989. Pages 752. US% 146.50, Dfl. 300.00. 

The fact that it has been deemed necessary to produce four editions of the dictionary in the space of six years testifies to 
the proliferation of technical terms and jargon within that period. This new edition is 40 pages longer than the first edition 
(which appeared in 1984) and contains about 5000 more terms. Stated so baldly, that does not sound much to have achieved, 
but some 12,500 new terms have been added since the third edition, room being made for them by elimination of certain 
terms that are either seldom used or already universally understood (and available in the earlier editions or in standard 
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contributor to our understanding of the biochemistry of bioluminescence reactions. I am confident this book will enjoy 
wide readership among senior undergraduates, postgraduates and active scientific and clinical researchers in the field of 
bioluminescence and chemiluminescence. Only the price will limit the number of purchasers, but all good scientific and 
clinical libraries should stock this book. 

R. G. P. PUGH-H~~PHREYS 

HPLC of Biological Macromokcnles-Methoda and Applications: K. M. GILDING and F. E. REotnnn (eds.), Dekker, 
New York, 1990. Pages xiii + 676. $150.00 (U.S. and Canada), $180.00 (elsewhere). 

Before I opened this book I had expected from the title a balance between sections on experimental methods and the 
applications of HPLC to proteins, polynucleotides and carbohydrates. However, on examining the contents pages I was 
struck immediately by the fact that it is heavily biased towards proteins. I suppose it is a reflection of both the variety and 
importance of this particular class of macromolelcule that proteins take first place in this book. 

The book is divided into three parts. Part 1 (nine chapters) deals with the technique of HPLC, Part 2 (thirteen chapters) 
with polypeptides and Part 3 (1 chapter) with polynucleotides. I should add that carbohydrates are not completely left out 
in the cold, because Chapter 21 deals with glycoproteins, i.e., proteins with covalently bound sugars. 

In Chapter 1 various properties of silica as a support are examined. Chapter 2 is a description of various forms of organic 
supports while Chapter 3, which deals with size exclusion chromatography (SEC) begins by considering the confusion which 
has arisen in the literature by the use of the alternative terms “gel filtration” and “gel petmeation chromatography.” 
A useful chapter on ion-exchange chromatography-mainly for protein separation-is followed by one on hydrophobic 
interaction chromatography (HIC) with a nice balance of theoretical and practical aspects. Chapter 6, a well referenced 
chapter, deals with reverse-phase chromatography with a section on tryptic maps. 

Metal interaction chromatography is the subject of Chapter 7. In this technique retention and separation of sample 
components are achieved largely by interaction with chelated metal ions. Sample preparation is the topic of the next chapter, 
and Chapter 9 rounds off Part 1 by dealing with the principles of gradient elution separations. Chapter 10 looks at the 
application of HPLC to amino-acid analysis and protein-sequence analysis. 

Because enzyme purification is of immense importance to biochemists it is fitting to find a chapter on preparative enzyme 
purification by HPLC. Judging by the number of publications in this field in recent years the method promises to be of 
central importance in the near future. 

In a chapter describing ribosomal protein separation, computer simulation is detailed, which allows separation patterns 
in complex chromatograms to be predicted, thus enabling the design of multistep gradients to maintain high resolution. 

When it is realized that HPLC can cut down the time required for antibody purification from several weeks to a few 
hours it is not surprising that there is growing interest in this particular application. This is reflected in a chapter on the 
HPLC of antibodies, which is well referenced. Another chapter focuses on the application of size exclusion chromatography 
to the study of molecular interactions; methods for both ligand-protein and protein-protein binding are considered. 

Part 2 concludes with a chapter on the application of HPLC to the assay of enzymatic activities; to date nearly one 
hundred enzymatic activities have been assayed by this method. Part 3 is concerned with the resolution of oligonucleotides 
and transfer RNAs where the advantages of speed and resolution, compared with those of the still widely used conventional 
methods, are amply demonstrated. Topics covered by other chapters include the HPLC of peptides, isoenzymes, membrane 
proteins, human haemoglobin variants, cereal endosperm storage proteins, histone and glycoproteins. 

The book has well over a thousand references, about forty tables and is well illustrated with over two hundred figures. 
The chapters complement each other admirably. It is a source of up-to-date information on techniques and applications 
which will serve as an invaluable practical guide to anyone who is engaged in the HPLC of biological macromolecules. 

A. K. DAVIES 

Mctionary of Chemistry and Chemical Technology (EngUsh-Cennan): H. GROSS, W. Boxmom and J. KNEPPER, 4th Ed., 
Elsevier, Amsterdam, 1989. Pages 752. US% 146.50, Dfl. 300.00. 

The fact that it has been deemed necessary to produce four editions of the dictionary in the space of six years testifies to 
the proliferation of technical terms and jargon within that period. This new edition is 40 pages longer than the first edition 
(which appeared in 1984) and contains about 5000 more terms. Stated so baldly, that does not sound much to have achieved, 
but some 12,500 new terms have been added since the third edition, room being made for them by elimination of certain 
terms that are either seldom used or already universally understood (and available in the earlier editions or in standard 
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dictionaries). Though the main purpose is obviously the provision of accurate German equivalents of English terms, a minor 
benefit may be the opportunity afforded for checking translation of German neologisms or author-constructed terms into 
English, by back-translation into German with the aid of this dictionary, and consequent avoidance of translation errors 
such as the legendary English-Swahili dictionary rendering of “out of sight, out of mind” as “invisible idiot”. It is to be 
hoped that a new edition of the corresponding German-English Dictionary of Chemistry and Chemical Technology will 
soon be available. 

R. A. CIULMERS 

Pore Size Engineering in Zeolites: E. F. VANSANT, Wiley, Chichester, 1990. Pages xi + 145. f24.95. 

Separation science has benefited greatly from the application of zeolites. Zeolites are crystalline altinosilicates, the open 
architecture of which gives rise to regularly repeated internal spaces or pores which serve as molecular sieves. The diffusion 
pathways giving access to these pores normally increase in size in steps. However, chemists have learned to fine-tune the 
entry size by a variety of methods, and these are the subject of the title of the book. Amongst the methods described are 
modification of the framework itself, by silanation, boronation, ion-exchange, implantation, and pre-adsorption of polar 
molecules. 

The author is well-qualified to write this book; he and his group have been leaders in the field. However, it is necessary 
to express some reservations about the content, level and physical production of the book. The contents read like a collection 
of research papers strung together; specialists might as well read the originals and beginners will gain little appreciation 
of the subject. The references are inadequate; excluding the historical and standard reference books, they number less than 
30. The book production is sub-standard, the text seems not to have been properly edited or proofread. Although the type 
face is legible, it is difficult to read because the spacing between words varies widely: indeed it is often non-existent. 

F. P. GLASSER 
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Summary-AnalytIcal aspects of the chemistry m solution of I,lO-anthraqumone (AQ) derlvatlves IS 
revlewed The mformatlon about photometric and fluonmetnc determmatlon of morgamc species has been 
condensed and presented m tabular form 

Although technological advances m mstrumen- 
tation have shifted the emphasis of analytical 
research towards Improvement of methods by 
means of new and more powerful Instruments or 
by modification of the Instrumental configur- 
ation, the prmcrple of chemical analysis still 
remains chemical reaction between the sub- 
stance to be determined and an auxiliary sub- 
stance to be added, the reagent. The extensive 
but widely dispersed amount of mformation on 
reaction chemrstry makes a comprehensive and 
sufficiently critical review of great value for 
choosmg a reagent for a particular application. 

This review deals with anthraqumone (AQ) 
dertvatlves, a group of reagents widely used m 
analytical chemistry, but not hitherto surveyed. 

The chemistry of anthraqumones has received 
much attention1-5 because of its relevance 
to some important technological processes. 
Anthraqumone derivattves have also been 
widely used m analytical chemistry, mainly as 
strong chelatmg agents and chromophores. The 
major focus of this paper is on their optical 
properties, which are extensively used in analyti- 
cal practice, mainly photometry and fluor- 
tmetry, and m the study of acid-base, redox, 
complexatton and photochemical reactions. 
These compounds also display Interesting 
electrochemical behavtour but its analytical use 
1s more limited 

The basic chemical structure of anthra- 
qumones is shown m Fig 1, with the posttion 
and nomenclature of the substituents. The trade 
names used by the dyestuff manufacturers can 
be obtained from the Colour Index6 and the 
chemical structures and properties can be found 
m the book by Venkataraman ’ 

In dyes obtained by chemical synthesis, only 
substances which have formed during manufac- 

ture, together with small amounts of electrolytes 
obtained during neutralization, will appear In 
the commercial dyes different types of impurittes 
may be present 7 Separation of anthraqumone 
dyes has been dtscussed’ and various chromato- 
graphic procedures are available for analytt- 
ca17-12 and preparative scale’3s’4 separations 

The properties of anthraqumone and Its de- 
nvatlves that are of mam interest m analytical 
chemistry are related to their spectral features 
Theoretical and experimental studies of the ab- 
sorption 1s-25 and emtssion25-30 electromc spectra 
have been reported. The spectral characteristics 
of AQ compounds are related to the molecular 
structure and to the nature and relative pos- 
itions of the electronic states AQ is character- 
ized by the electronic states S,, T, ,+, T,,. , S,,,, , 
s . The weak long-wavelength 
dti to the &, 

absorption is 
transition Phosphorescence 

occurs from the T,,=. transition Both transitions 
are mainly due to the carbonyl group, which 
ensures minimum energy difference between 
the lowest excited and ground (SO) electronic 
levels.3’ S n,n. transitions are responsible for the 
intense short-wavelength absorptions.** 3’ 

The optical properties of AQ derlvattves are 
modified by various factors. the nature and 
posttions of the substituents, the formation 
of hydrogen bonds, and other mtermolecular 
and mtramolecular Interactions. The spectral, 
photochemtcal and photophystcal properties of 
the AQs have recently been reviewed 32 

ACID-BASE PROPERTIES 

Studies have been made of the effect of pH on 
the spectra of AQ derivatives, m terms of the 
acid-base equtllbrta,33-36 which depend on the 
nature, number and posttion of the substituents 

571 
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Fi, 0 4 
Fig 1 Basic chemical structure of l,lO-anthraqumone 

Although the agreement between the various 
reports of pK, values is generally quite good, 
there are some discrepancies, which may be 
attributed to differences m the solvent system 
and the method of calculation. 

In strong acid media, the nitrogen atom of I- 
and 2-ammoanthraqumone is protonated3’ and 
m suffictently acidic media so are the sulphomc 
groups m 1,5- and 1 ,S-dihydroxyanthraqumone- 
dtsulphomc acid (pKAr(sO,njH+ = -6.03 and 
- 3.90 respecttvely).38 At pH < 4-6 the immo- 
nitrogen atom m arylammoanthraquinones 1s 
protonated 33 

The acidity of a derivative depends on the 
electron-donor or acceptor nature of the sub- 
stituent and on the conlugation effects mvolved 

Generally, the pK value for the ammo group 
is higher for the non-sulphonated compounds 
than the corresponding sulphonated deriva- 
tives 33*34,39-4’ This is usually attributed to the 
mductive effect of the sulphonate group leading 
to easier ionization of the ammo group. 

1,4-Diammoanthraqumone and 1 ,Cdihy- 
droxyanthraqumone have higher pK, values 
than those for the imine groups of Qumizarm 
Green and its non-sulphonated derivative. For 
the diammoanthraqumone this is attributed to 
the greater electron-donor power of the aryl- 
ammo substituents m the latter compounds, and 
for the dihydroxyanthraquinones to the effect 
of intramolecular hydrogen bonding 33 The 
effect of different substituents can be observed 
m the pK value of the ammo group for 
some 1-ammoanthraqumone derivatives. for 
I-ammoanthraqumone-2-sulphonic acid pK, = 
3 79, for 1-ammoanthraqumone-2-carboxyhc 
acid pK, = 5 74, for 1-ammo-4-hydroxyanthra- 
qumone pK, = 9.10, and for I-amino-2-bromo- 
4-hydroxyanthraqumone pK, = 9.93 23 

Changes m the posttion of substitution can 
affect the pK values. For example, the values for 
I-hydroxyanthraqumone are about two units 
greater than those for the 2-hydroxy com- 
pound,35 but the dissociation constants of 1,2- 
dihydroxyanthraqumone are similar to those of 
the 2,3-dihydroxy derivative 42 

Intramolecular hydrogen bonding also affects 
the acidity of AQ derivatives The markedly 
higher pK values of the 2- than the 1 -derivatives 
have been attributed to mtramolecular hydro- 
gen bonding. ” Taking as examples ahzarm 
(1,2-dihydroxyanthraqumone) and qumahzarm 
(1,2,5,8-tetrahydroxyanthraqumone), the hy- 
drogen bond of the 8-hydroxyl group with the 
carbonyl group should affect the stability of 
the hydrogen bond of the 1-hydroxyl group 
with the same carbonyl group, this reduces the 
bastctty of the 1-hydroxyl group.43 

In methanol, the ammo- and N-substituted 
2-ammoanthraqumones are markedly more 
basic than the correspondmg l-ammo deriva- 
tives. Hydroxyanthraqumones show a similar 
effect.” The basic strength of l-dimethylammo- 
anthraqumone is higher than that of either 
ammo- or methylammoanthraqumone, because 
m the former the ammo group is out of the 
plane of the aromatic nucleus, so the comu- 
gation is reduced and the group tends to exert 
its normal basictty.” 

The pK values measured m pure aqueous 
solutions are mostly higher than those obtained 
m mixed solvents (~40% v/v water/organic 
solvent), the latter leading to increased iomz- 
atton,33*34*37*44 but pK values have been reported 
for 1,4-dihydroxyanthraqumone,42 1,8-dihy- 
droxyanthraquinone45 and 1,2,7-trihydroxy- 
anthraqumone‘@ m water which are greater than 
those obtained m mixed solvents (>30% v/v 
water/ethanol). 

The ionization of AQ derivatives is Influenced 
by the nature and concentration of the solvent 
system. The changes m pK, with organic solvent 
concentration, though mamly governed by the 
dielectric constant, are also affected by the 
solvent basictties 33*34 

The pK of AQ derivatives increases as the 
dielectric constant of the medium decreases, 
e g., in the presence of high proportions of 
alcohols,33*34’46 acetone33,34 or dioxan33 47 but de- 
creases with increase m amount of ethylene 
glycol or glycerol. This is explained on the 
basis that the latter solvents act as proton- 
acceptors rather than donors, leadmg to easier 
dissociatton.33*” 

The acidity constants of hydroxy- and ammo- 
anthraquinones m 1.2 v/v dioxan-water are 
always higher for the excited smglet3748 and 
triplet49 states than for the ground state, but the 
triplet state constant lies much closer to the 
ground state value than does that for the singlet 
state 
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Some AQ derivatives, mainly the hydroxy- 
anthraqumones, change colour with pH and 
have been used as acid-base indicators. For 
analytical purposes the most suitable transition 
of HAQs is that between yellow and red. 
Qumizarm (1,4-dihydroxyanthraquinone) and 
Alizarm S (1,2-dihydroxyanthraqumone sul- 
phonate) are very good mdicators with a colour 
change quality similar to that of Bromocresol 
Green; ahzarm is also a good indicator but with 
shghly lower colour change quality, and the 
colour change of qumahzarm (1,2,5,8-tetra- 
hydroxyanthraqumone) IS still poorer.sO 

Diaminoanthraquinones, which do not 
show such marked colour changes with pH 
as do various ammohydroxyanthraqumones m 
aqueous medium, have been used as indicators 
m the titration of weak bases such as urea and 
sodium acetate, benzoate or sahcylate with 
perchloric acid m glacial acetic acid alones’” 
and mixed with other solvents,56~s7 but are not 
applicable m the titration of weaker bases with 
perchloric acid.‘* 

COMPLEXATION REACTIONS 

Anthraqumones have long been used as ana- 
lytical reagents and particularly as chromogenic 
and fluorogemc hgands for various metal ions. 

The co-ordmation reactions of AQ deriva- 
tives characteristically display moderate selec- 
tivity and large absorbance changes.‘* The 
absorption and emission properties of these 
compounds and their complexes give great 
fluonmetric potential, but the relatively high 
blank signal and the comparatively small 
spectral shifts due to complexation impair the 
analytical performance 58 

The optical characteristics of the anthra- 
qumone co-ordmation compounds are due to 
mtrahgand transitions, so the complexation re- 
sults m modification of only the position of the 
absorption and emission maxima, and non- 
fluorescent derivatives do not generate fluor- 
escent complexes. It has been shown that, 
depending on the acidity, the solvent and the 
metal ion, the same reagent may give erther 
excellent or poor analytical response s9 

When a more highly acidic reagent, such 
as Quimzarm Green m comparison with 1,4- 
dihydroxyanthraqumone,a is used, the stability 
of the complexes of the more acidic reagent will 
be lower than that of the complexes of the less 
acidic compound, and also the formation of its 

complexes should be affected less by the pH of 
the solution.60 

When the colour contrast IS due to differences 
in the positions of the absorption band maxima 
of the various acid-base forms, to make full 
use6’ of the contrast it is essential to adjust 
the acidity or choose a solvent so that the 
free reagent will be in its molecular form, but 
the anionic form will be present m the metal 
complex. 

As regards the influence of the solvent m the 
complexanon, it has been shown46 that it IS 
necessary to consider the influence of the di- 
electnc constant of the medium An mcrease 
m the dielectric constant causes6* a decrease m 
the relative fluorescence intensity m both re- 
agent and complex The absorption maxima of 
both the reagent and the complex are shifted 
to longer wavelengths with mcreasmg solvent 
polarity The pH for maximum difference 
in absorbance between 1,2,7-trihydroxyanthra- 
qumone and its Cu(I1) complex as a function of 
the dielectric constant of the medium, shifts m 
parallel to the correspondmg pK value for the 
reagent.& 

The nature of the metal, its position m the 
Periodic Table, the iomc charge, radius and 
potential, cation-field energies etc., all affect the 
properties of the complexes. 

It has been shown43 that the molar absorptiv- 
ity and luminescence intensity of alizarm and its 
complexes with group IIIa and IIIb elements are 
inversely related to the cation-field energy The 
higher the field energy of the cation introduced 
into the complex, the higher the degree of 
localtzation of the n-electrons of the hetero- 
atom, and the greater the electron-density 
deficiency m the ring. This affects the optical 
properties of the molecules Hence reagents such 
as ahzarin have been recommended43 for deter- 
mmation of elements with cations which have a 
lower cation-field energy or iomc potential, z.e , 
cations with large radius and small charge 

Mixed-hgand complexes of elements of 
subgroup IIIb with hydroxyanthraqumones 
and auxiliary ligands have been widely studied 
The auxiliary hgands mclude 8-hydroxyqumo- 
line,63*6( ethylenediamme,64*65 phenazone,66*67 
benzoic acid,6s N-phenylbenzohydroxamic acid@ 
and sulphosahcyhc acid.” It has been shown 
that auxiliary hgands contammg mtrogen donor 
atoms form the most stable ternary complexes.70 
The order of stability of the ternary Th(IV) 
complexes of 3-ammo- 1,2-dihydroxyanthra- 
qumone is as follows, for the auxihary hgands 
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named: l,lO-phenanthrolme > 2,2’-bipyridyl > 
sahcyhc acid > 5-sulphosahcyhc acid = 5-mtro- 
sahcyhc acid. This order 1s explamed” as due to 
mteraction between the n-systems of the two 
hgands bound to Th(IV) These ternary com- 
plexes are more stable than the binary complex. 

For the mixed-hgand complexes of the rare- 
earth metals with 1,2,5,8,-tetrahydroxyanthra- 
qumone and 8-hydroxyqumohne the molar 
absorptivtty depends directly on the ionic poten- 
tial (cation-field energy) 43 Addition of boric 
acid to the system increases the linear range 63 

The reported complexation reactions of AQ 
derivatives generally show moderate sensitivity 
and selectivity, but m some cases the variables 
were not optimized for modern mstrumen- 
tation Also, recent approaches62,7’-73 have 
improved the general performance of the ana- 
lytical methods, especially sensitivity and selec- 
tivity For example, a sigmficant improvement 
m sensitivity and selectivity m the determmation 
of Be(I1) 1s achieved by use of its mcluston 
complex m cyclodextrms 58 Again, develop- 
ments m the treatment of spectral signals allow 
analysis of mixtures of lanthamdes at trace 
levels, which is otherwise difficult because of 
interelement interferences ” ” 

The most important mformation on the use of 
anthraqumones m determmation of elements by 
complexation reactions is given m Table 1 at the 
end of the paper The most widely used reagents 
and their types of co-ordmation are summarized 
below 

Hydroxy-, polyhydroxy- and carboxyanthra- 
qumones have two oxygen donor-atoms, some 
typical configurations are shown m Fig 2. Thus 
chelation by the qumonoid oxygen atom and the 
hydroxy group occurs m the Ahzarm S com- 
plexes with Th(IV), Hf(IV) and Cr(III), and 
chelation by the two hydroxyl groups of the 
same reagent occurs with Pb(II), V(V), W(VI), 
UOz(II)74 and with Zr(IV) ” 

It has been reported that with l-hydroxy- 
anthraqumone an ML, chelate is formed with 
Mg(I1) whereas with 1 ,Cdihydroxyanthra- 

Fig 2 Configuratlons of (a) hydroxy-. (b) polyhydroxy- and 
(c) carboxyanthraqumones 

quinone a 1.1 complex is formed.76 The latter 
was reported to be polymeric. 

Some complexes are polymers. For example, 
the fluorescent product formed between 1,2,4- 
trihydroxyanthraqumone-3-carboxyhc acid and 
Cu(I1) 1s said to have a polymeric complex 
structure.” Polymeric characteristtcs have also 
been assigned78 to the lakes that are often 
formed by AQ derivatives and metal tons 

(Fig 3). 
The ahzarm-Co(II)-Co(III) complex shows 

a similar structure, with partictpatton of the 
2-hydroxy group m the polymerization.” It has 
been reported that chain co-ordination poly- 
mers of 1,4-dthydroxyanthraqumone and biva- 
lent metal ions with co-ordmation number 4 can 
be formed from the metal acetylacetonates.76 
Alcohol solutions of o-hydroxyanthraqumones 
form internal complex salts when treated with 
magnesium acetate. *’ Because of its polarity, 
N,N-dimethylformamide is very often used as 
the medium for obtammg polymers “q8’ 

The formation of msoluble hydroxyanthra- 
qumone complexes of ion metals has long been 
used m quahtattve analysts. Thus, Al(II1) is 
identified by means of the red lake formed with 
ahzarm m baste medium Qumahzarm IS used 
for the identification of magnesium and various 
bt-, ter- and quadnvalent cations by means of 
lake formation. 

Amino-, polyammo- and ammohydroxy- 
anthraqumones are compounds with N,N or 
0,N donor-atom configurations, as shown m 
Fig 4 

Fig 3 SchematIc formula of the lakes m which M:’ IS a 
tervalent metal and M, IS hydrogen, or a umvalent, blvalent 

or quadrlvalent metal 
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Fig 4 ConfiguratIons of (a) ammo-, (b) polyammo- and (c) 
ammohydroxyanthraqumones 

The co-ordmatton sites of the complexes of 
these AQ derivatives may be the carbonyl and 
ammo groups, but the structure of the chelates 
may be due not only to the donor character of 
the carbonyl group and the displacement of a 
proton from the ammo group by a metal but 
also to the donor character of the ammo mtro- 
gen atom. Furthermore, several of the reactions 
with metal ions may be attributed to redox 
processes. 

Ammoanthraqumones, m contrast to the 
“broad spectrum” reacttvity of the hydroxy- 
anthraqumones, exhibit selectivity m their reac- 
tions, particularly m ethanohc medium.82 This 
selectivity is decreased m sulphurtc acid 
medium, however.8384 Thus m ethanohc media 
ammoanthraqumones react with the transition 
metal tons Pd(II), Cu(I1) and Co(II), which tend 
to prefer mtrogen donor atoms The Cu(I1) 
complex wtth 1,2-diammoanthraqumone has 
been used as a metallochromic mdicator m 
the complexometnc titration of calcmm and 
strontium 85 

In contrast, m concentrated sulphuric acid 
medium, ammoanthraqumones co-ordinate 
with Se(IV), boric acid, calcium, strontium and 
barium Selenmm(IV) reacts with aromatic 
compounds contammg ammo and carbonyl 
groups. Of the monoammo anthraquinones 
only the l-isomer reacts to form the dimer 
(Se),( 1 -AAQ), 86 Similarly, 4,5-dtamino- 1,8- 
dihydroxyanthraqumone has an ammo group 
adlacent to the qumone oxygen and reacts 
with Se(IV) to give both an SeL and an SeL, 
complex *’ 

Ammohydroxyanthraqumones form metal 
co-ordmation compounds which have the 
characteristics of both the ammo- and hydroxy- 
anthraqumone complexes With metals such as 
Be, Th and the lanthamdes they react in a 
similar manner to the hydroxyanthraqumones, 
and with Pd and Cu similarly to ammoanthra- 
qumones The stability constant of the 1.1 
complexes of some rare-earth metals with 
1 -ammo-4-hydroxyanthraqumone are very 
stmilar, mcreasmg as the size of the cation 
decreases ‘* 

The anthraquinone-complexan reagents are 
derivatives which possess an iminodiacetic 
group, and have been applied for the photo- 
metric determination of several tons and as 
complexometnc mdicators 89.90 Ahzarm Com- 
plexan (Ahzarm Fluorme Blue) forms red com- 
plexes with Ce(III), La(II1) and Pr(II1) When 
fluoride is present tt replaces a molecule of 
water in the co-ordination sphere of the metal 
ion and a blue ternary complex 1s formed 
(Ftg. 5).*9-92 

Other anthraqumone derivattves used m 
complexation reactions are mtroanthraqumones 
and arylaminoanthraqumones. It has been re- 
porteds9 that the reaction between Tt(IV) and 
mtroahzarin gives a colour contrast comparable 
with that of the reaction of Al(II1) and alrzarm 
l,CDiamino-5nitroanthraqumone is not itself 
fluorescent, but gives an orange fluorescence 
with tons such as Au(II1) and V(V).93 The 
complexanon eqmhbna of La(III)94 and Y(III)@’ 
wtth 1,4-bts(4’-methylamlmo)anthraqumone 
(Qumrzarm Green) have been studied spectro- 
photometrtcally. 

Among the coloured chelates of anthra- 
quinone derivatives and transition metal ions, 
the most widely studied and used is that of Zr 
with Ahzarm Red S m strong acrd medium This 
reaction has been applied m the photometric 
determmation of Zr rn various materials, such 
as plutomum-uranium fisston alloys95.96 and 
other alloys97*98 and mmerals.9~‘@’ 

The most widely studied of the reacttons of 
AQs with subgroup IIIa elements are those of 
aluminium with Ahzarm Red S, which is smt- 
able for determination of alummmm m various 
matertals,‘0’-‘03 and those of boron with 
carmmlc acid’“-‘lo and qumalizarm.‘“~“‘-“4 

The reaction between fluoride and Alizarm 
Complexans9-92 is one of the few colour reac- 
tions of the fluoride ion. It has been widely 
studied and applied.“4-‘20 

/\ 
0 

* 

H2: lF 
I ’ ocdCe~c02 

’ &L~/CIH, 
2 

0 

Fig 5 Chemical structure of the ternary complex Ahzarm 
Complexan-Ce(III)-F- 
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0 NH2 0 NH 

0 0 

0 1; II 

0 0 

Fig 6 Oxldatlon react’on of p-ammohydroxyanthraqu’none 

REDOX REACTIONS 

Chemical oxldatlon 

Anthraqumone derivatives readily undergo 
reduction-oxidation reactions under proper 
condittons of acidity. Ammo-, hydroxy- and 
ammohydroxyanthraqumones are capable of 
further oxidation to a variety of amon radicals, 
qumones and qumone-immes. Oxidatton of o- 
or p-ammo- and ammohydroxyanthraqumone 
results m the correspondmg o- or p-qumone 
through the mtermediate ammo- or di-immo- 
qumone”‘~‘** (e g , Fig 6) 

The colour or fluorescence change accom- 
panying their oxtdation facilitates the use of 
a number of these AQ derivattves as redox 
mdicators m titration of reducing agents 
such as ascorbic acid,‘*’ ‘23-‘27 phenazone,‘*’ 
arsenic(III),‘2’~‘23-‘27 hydrazme sulphate,‘*’ 
Fe(II),‘*’ but the reagents decompose m the 
presence of an excess of oxidizmg agent and 
hence cannot be used’** m titrations of oxidants. 

There appear to be two stages of oxidation,‘28 
the first (perhaps a one-electron oxidation to an 
amon radical) producing a hypsochromtc shift, 
and the second (perhaps a further one-electron 
oxidation to give the qumone) producing a 
bathochromic shift to restore the original 
colour 

The redox reactions of AQ derivatives have 
been used for kmetic determmation of the oxi- 
dant, the reductant or a catalyst Catalytic 
methods give very high sensitivity ‘2g-‘33 Their 
mechanisms have been reviewed by Bontchev.‘34 

AQ derivatives provide good indicator reac- 
tions for kinetic photometric and fluorimetric 
methods of analysis, because they give pro- 
nounced colour”’ ‘34 and fluorescence”* ‘34-‘37 
changes m their redox transformation, and 
extremely low concentrations of the species 
involved can be determmed. 

Kinetic determmations based on the redox 
reactions of AQ derivatives show a greater 
selectivity ‘22 ‘30-132 ‘34 '36'37 than those based on 

the complexation reactions. 

Various AQ derivatives have been used m 
indicator reactions Thus, o-dihydroxyanthra- 
qumones are oxidized by hydrogen peroxide m 
the presence of traces of cobalt,13) ‘38-‘40 m borate 
buffer. The ahzarm-hydrogen peroxide mdi- 
cator reaction““’ permits the determmation of 
cobalt m a range of about l-7 ng/ml, Zn, Cd 
and Ni interfere 

The quinahzarm-H,O, (or sodium perborate) 
reaction is quoted as an indicator reaction with 
which the sensitivity for Co at 100” is 20 and 
0 2 pg/ml with H,O, and NaBO, respectively as 
oxidizmg agents. I38 After a detailed optimiz- 
ation study ‘33 the same reaction has been used 
at 25” to determine Co (sensitivity 0 5 ng/ml) A 
mechanism similar to that for enzymatic reac- 
tions was postulated to explain the optimal 
conditions found. Tartrate, citrate and oxalate 
have an mhtbttmg effect. 

The reaction between 1 -ammo-4-hydroxy- 
anthraqumone and V(V)‘36 to yield an oxtdation 
product of the reagent allows a sensitive 
(loo-530 ng/ml) and selective [only Ce(IV) 
interferes seriously] kmettc fluonmetric deterrm- 
nation of V(V) 

Fluorimetric’4’ and kmetic-fluorimetric’37 
methods have been proposed for the determt- 
nation of Fe(I1) and Tl(III), based on the intense 
green fluorescence that appears when these 
cations react with 1,4-diammo-2,3-dthydro- 
anthraqumone. The fluorescence is due to the 
oxtdative transformatton of the reagent m the 
presence of these cations. 

The blue non-fluorescent reagent 4&diammo- 
1,5-dihydroxyanthraqumone-2,6-disulphomc 
acid is transformed mto a pink, highly fluor- 
escent, product by oxidation m acid medium 
This reaction is slow, but m the presence of 
certain morgamc oxidants tt is accelerated and 
completed m about 30 mm This allows the 
kmetic determmation of V(V),12* Fe(III),14* 
Ce(IV),‘43 Au(III)13* and Mn(I1) ‘35 The com- 
bined action of Fe(II1) and V(V) notably m- 
creases the sensitivity of either or both 
determmations, and concentrations as low as 
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1 ng/ml V(V)“’ and 2 ng/ml Fe(III)13’ can be 
determined 

Oxidation of 1,2,4-trihydroxyanthraquinone- 
3-carboxylic acid by bromatelM or iodate’4S in 
hydrochloric acid medium has served as the 
basis for their spectrophotometnc determi- 
nation and for a fluonmetric method for 
iodate’34 which is more selective and 10 times 
more sensitive than the spectrophotometric 
method. 

Electrochemrcal reduction 

Polarographic studies of analytically import- 
ant anthraqumones have been made, to investi- 
gate their redox characteristics.39 Because 
of their qumonoid structure, anthraquinones 
display mterestmg electrochemical behaviour.39 
When reduced I46 by taking up a smgle electron, 
they form semiqumones, and the uptake of a 
further electron results m the formation of 
hydroqumones In all the redox processes of 
AQs these three oxidation states are expected to 
be involved. Whether under given experimental 
circumstances a single two-electron polaro- 
graphic wave or two one-electron waves will 
be observed, depends on the stability of the 
semiqumone Additionally, each oxidation state 
can mvolve different degrees of protonation.” 

The polarographic behaviour of anthra- 
qumones depends as much on the nature of the 
derlvatlve39,146-'58 as on the p~,39,146,147.'50,'5Z,lS7,158 

the solvent3’ ‘48~‘49,‘53 and the supportmg electro- 
lyte solution 

For the complexes of Alizarm Red S with Be 
and Al information has been obtained on the 
structure of the complexes by polarographic 
reduction of the llgand.‘s9 Similarly, from 
voltametric and spectrophotometnc studies it 
has been deduced that the two adjacent 
hydroxyl groups are involved m formation of 
the highly stable Zr-Ahzarm Red S complex.7s 

It has also been estabhshedlm that the half- 
wave potential for the polarographic reduction 
of some AAQs is correlated with the wavelength 
of maximum absorption m the visible region 
and also with the polarizabihty of the carbonyl 
groups. Each AAQ can be determined m the 
range 0.1-O 5 mg/ml. 

Redox photochemrcal properties 

The excited states of some AQ derivatives 
are very reactive chemical species The photo- 
chemical reactions mvolvmg these species can 
compete with lummescence for deactivation 
of the excited electronic states. The photo- 

chemistry of AQs has been useful m analytical 
chemistry, from the point of view of photo- 
reaction and of deactivation of excited states 
The absorption and fluorescence spectra of 
some AQs have been studied m relation to the 
photochemical properties.2*‘6’ “* 

The photochemical oxidation of anthra- 
quinones is confined to oxidation of the side- 
chain, which is characteristic of p-qumones ’ 

Photochemtcal reduction is the simplest 
photochemical reaction of anthraqumones. It 
mvolves3*4*3’ the addition of an electron or 
a hydrogen atom to the oxygen atom of 
the carbonyl group under conditions where the 
analogous dark reactions are imposs’ble The 
facile reduction of AQs to anthrahydroqumones 
under the influence of light has long been recog- 
mzed4 as one of the major causes of the photo- 
mstabihty and photoreactivity of these dyes 

The photochemical reactivity of an AQ de- 
rivative depends critically upon the nature of the 
lowest excited electronic state Anthraqumones 
m which this lowest state is n,rr* are assocl- 
ated3A*3’*‘63 with high photochemical activity, 
because m that state the oxygen atom of the 
carbonyl group is electron-deficient, which ren- 
ders it4 extremely reactive towards the hydrogen 
atom or electron abstraction. In the case of x,x * 
states, and more particularly charge-transfer 
(C-T) states, photoexcitation causes an electron 
shift towards the oxygen atom, which lessens ‘ts 
affinity for the hydrogen atom and electron 
abstraction. Anthraqumones which possess low- 
lying x,x* or C-T states are therefore compara- 
tively unreactive 

Anthraqumone derivatives vary widely m 
their photochemical reactivity They are divided 
into “strong” and “weak” sensitizers’ ‘63 I64 m 
the oxidatton of the environment The former 
give phosphorescence emission and semi- 
quinone radical formation, while the latter give 
only fluorescence emission ‘64 

AQ and its derivatives with electron-accept- 
ing substituents (-HS03, -N02, halogens) are 
very photochemtcally reactive, but the position 
of the substrtuents can have a profound effect 
on their photochemical behaviour.4 ‘63 Sodium 
anthraqumone-2-sulphonate, and 2,6- and 2,7- 
disulphonates are more active sensitizers than 
the l- and 1,5-sulphonates, and the 1,8-disul- 
phonate is mactive.‘63.‘65 

Powerful electron-donating groups (-OH, 
-NH,, -NRR’) diminish the sensit’zmg 
power of AQs in the photochemical pro- 
cess ‘.3~‘63 a substituent m the l-position gener- 3 
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ally having a much more pronounced effect than 
one m the 2-position.‘q4 

In the absence of a hydrogen donor, photo- 
excited AQs can undergo photoreduction by 
the abstraction of an electron. Aminoanthra- 
qumones that are relatively unreactive towards 
hydrogen-atom abstraction, because of the 
C-T character of the lowest excited state, can 
undergo photoreduction by electron transfeP2 
from hydroxide ions m solutions of high pH. 

The photochemistry of anthraquinone-Zsul- 
phonate and anthraqumone-2,6-disulphonate 
has received much attention2” and various re- 
action mechanisms have been proposed. These 
photoreactions have been used in ltqutd chro- 
matography to detect compounds’66-168 that do 
not absorb ultraviolet-visible radiation at all. 
An anthraqumone-sensitized photo-oxygen- 
ation reaction produces hydrogen peroxide 
during the oxidation of the analytes (alcohols, 
aldehydes, ethers and saccharides) by hydrogen- 
atom abstraction Once formed, the hydrogen 
peroxide is measured by a chemilummescence 
reaction. The photoreduction of anthraquinone- 
2,6-disulphonate to dihydroxyanthracene-2,6- 
disulphonate has been used for the 
determmation of several herbicides.“’ 

Anthraqumone-2-sulphonates which have 
been reduced photochemically can serve as elec- 
tron donors, and thus can behave as sensitizers 
of the reduction of electron acceptors.13 

Another aspect of the photochemistry of 
anthraqumones is concerned with the gener- 
ation of singlet oxygen. Energy transfer between 
the triplet state of a dye and molecular oxygen 
occurs as follows 

sens* + 302(3Z) + sens + ‘02(‘A) 

Anthraqumones which posses relatively long- 
lived triplet states are likely candidates as sensi- 
tizers for the formation of singlet oxygen. 
1-Ammo-4-hydroxyanthraqumone and its 2- 
methoxy derivative are extremely efficient sensi- 
tizers of singlet oxygen production. Seven of the 
components of the dye C I. Disperse Blue 35 
are efficient producers of singlet oxygen under 
the influence of light, the most photoactive 
component being 1 &diammo-4,5dihydroxy- 
anthraqumone.4 

CONCLUSION 

The anthraqumones are very versatile re- 
agents A summary of their prmctpal analytical 
applications is given m Table 1. 

Acknowledgement-The Comtston Asesora de Investtgacton 
Ctenttfica y Tbmca IS thanked for supportmg thts study 
(kOJC!Ct 3007/83 CO24l2) 
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Summary-The feaslblhty of determmmg chlortnated, purgeable organic compounds (POCs) m aqueous 
samples by flame Infrared-emlsslon (FIRE) spectrometry was evaluated with a specially deslgned, 
multlchannel, dlsperslve spectrometer havmg sutiictent resolvmg power to prevent interference from large 
amounts of non-halogenated POCs that could also be present m the sample The polychromator was based 
on a Czerny-Turner opttcal mounting wth a 0 15-m focal length, a nommal focal ratlo of f/3, and a 
reciprocal hnear dlsperslon of 0 15 pm/mm m the first order The HCl and CO1 Infrared emlsslon bands 
(3 77 and 4 42 pm, respectively) were momtored m two analytlcal channels, whde a third reference 
channel, used for background subtractlon, momtored the H,O background emlsslon at 2 8 pm 
Instrumental performance was evaluated with dlchloromethane, tnchloromethane, tnchloroethylene, 
1,1,2,2-tetrachloroethane and monochlorobenzene as test compounds, and parameters such as the hnear 
dynamic range, reproduclbdlty, detectlon hmlt and stgnal-to-notse ratlo, and extent of spectral crosstalk 
between channels were determmed The feaslbthty of performmg a quantltatlve analysis of a two- 
component mixture of dlchloromethane and trlchloromethane at trace levels was demonstrated 

Flame/furnace Infrared-emission (FIRE) spec- 
trometry is a relatively new laboratory tech- 
nique that shows considerable promise in a 
number of important analytical areas.’ The 
FIRE detector momtors well-defined infrared 
emission bands resulting from vibrationally 
excited molecules, such as COr, HrO, HCl and 
HF, that are produced when organic com- 
pounds containing C, H, Cl and F are 
combusted m a low-background hydrogen/au 
flame.’ Alternatively, an electrically heated fur- 
nace can be used to produce infrared emission 
from vibrationally excited analyte molecules, 
without decomposition.3 

Because FIRE spectrometry is a relatively 
new analytical technique, most of the initial 
studies have focused on exploring potential 
applicattons4-9 and improving instrumental per- 
formance.‘” To date, FIRE spectrometry has 
been used for element-selective detection (of C, 
Cl and F) in gas and liquid chromatography,4-’ 
for determmation of total inorganic carbon 
(TIC) m environmental water samples,* for de- 

*Author for correspondence 

termination of chloride and available chlorme m 
aqueous samples’ and for determmation of 
ethanol in gasohol.’ 

In almost all previous FIRE applications,3~6-9 
the infrared emission band was detected by 
using a simple filter radiometer consistmg of 
transfer optics, a chopper, a commercially avail- 
able optical notch filter for wavelength iso- 
lation, and a lead selemde photoconductivity 
detector. Although use of an optical notch filter 
to isolate the analytical emission band from the 
source background has the advantage of bemg 
simple, not subject to misadJustment, and 
capable of high optical throughput, commer- 
cially available stock interference filters were 
found to have a number of disadvantages First, 
commercial filters were not always available for 
the optimum analytical wavelength,9 and the 
band-pass of the filter was sometimes too wide 
or too narrow for the infrared emission band of 
interest.’ Moreover, in some apphcations, com- 
bmations of filters were required to reduce 
spectral interference from intense background 
and concomitant emtssion bands ’ Finally, filter 
selection often required a compromise mvolvmg 
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signal intensity, adequate background rejection 
and removal of spectral interference from other 
emission bands ‘q9 

Because the FIRE system can detect chlorme- 
contammg species that form HCl m the 
flame,’ 7.9 one important apphcation for FIRE 
spectrometry could be the determmatton of 
purgeable chlorinated organic compounds in 
aqueous samples ’ Chlormated orgamcs are a 
type of environmental contaminant resulting 
from the improper disposal of such widely used 
mdustrial products as dry-cleaning agents, de- 
greasing agents, and pesticides,” and from the 
chlormation of drmkmg water.” Many chlon- 
nated compounds are either carcmogemc or 
have other associated health risks,” and their 
maximum contaminant level m drmkmg water 
IS strictly regulated ‘*-I4 Because water utihties 
must momtor chlormated orgamcs on a regular 
basis, FIRE might serve either as a method for 
the determmation of purgeable total organic 
halides (purgeable TOXs) or as a rapid mexpen- 
sive screening procedure to determine whether 
an environmental sample required more exten- 
sive analysis by gas chromatography-mass 
spectrometry (GC-MS) 

The FIRE analytical system developed for 
TIC determmations’ has been shown to be 
potentially useful for the determmation of 
purgeable organic compounds (POCs) m water 
samples’ when the detector IS operated m the 
carbon-selective mode Problems were encoun- 
tered, however, when the FIRE system was used 
for the determmation of chlorinated POCs” m 
the chlorme-selective mode Because the trans- 
mission characteristics of the 3.8~pm optical 
notch filter used to monitor the emission from 
HC19 had a 0.1% transmittance m the vicmity of 
the 4 42-pm CO2 infrared emission band, sigmfi- 
cant optical leakage of this band through the 
chlorme filter was observed whenever large 
amounts of CO,-producmg materials were also 
present m the flame Filter bleed was not a 
serious obstacle m the chlorme-specific detec- 
tion of compounds m gas chromatography’ 
because prior separation of the mixture always 
ensured that the amount of CO, present m the 
flame was relatively low In the determmation of 
chlormated POCs, however, sigmficant amounts 
of volatile, non-chlormated orgamcs presented 
a serious problem,15 requnmg an improved 
wavelength isolation system 

The ideal wavelength isolation system for 
FIRE spectrometry would have a high lummos- 
ity-resolving power product,16 be capable of 

producing the highest possible analyte-band- 
to-background ratio, have a variable spectral 
bandwidth, be tuneable for different wave- 
lengths and permit selective wavelength mom- 
tormg of desired emission bands on a 
contmuous basis Wavelength isolation systems 
based on Fourier transform” or Hadamard 
transform spectroscopy’* offer no multiplex or 
lummosity advantageI m the case of FIRE 
spectrometry because the FIRE system appears 
to be flame-noise hmited rather than detector- 
noise llmited.6*7 Moreover, acquu-mg the com- 
plete infrared spectrum from an mitral 
wavelength to a final wavelength is completely 
unnecessary, since only very specific regions of 
the infrared spectrum are of Interest from a 
quantitative analytical standpomt.’ Therefore, a 
non-transform approach mvolvmg a dispersive, 
multichannel spectrometer could be beneficial 
for FIRE spectrometry provided an optically 
fast system could be employed. 

This paper reports the development of 
a direct-reading, multichannel spectrometer 
specifically designed for the determmation of 
chlorinated POCs by flame/furnace infrared 
emission spectrometry. To evaluate the analyti- 
cal performance of this newly developed FIRE 
spectrometer, the determmation of five chlori- 
nated POCs m aqueous samples was studied 

EXPERIMENTAL 

FIRE detection system 

The multichannel FIRE detector, shown 
schematically m Fig. 1, consists of an optical 
section and an electronic signal-processing sec- 
tion. The optical system collects, disperses and 
focuses the infrared radiation from the flame 
onto the infrared detector array which is located 
at the exit focal plane of the polychromator The 
components were mounted on a 30.5 x 53.3 x 
1.0~cm aluminum plate and consisted of a 
miniature capillary-head, hydrogen/entramed- 
au burner, external light collection optics, a 
polychromator, and three PbSe infrared detec- 
tors arranged m an array As shown m Fig 1, 
one of the detectors provides a reference signal, 
while the other two detectors provide analytical 
signals. 

The miniature capillary-head burner was fab- 
ricated from an alummum block and has been 
described prevtously ‘,5 The burner head con- 
sists of a circular array of six capillaries 
surrounding a seventh, central capillary used 
for sample mtroduction mto the flame The * 
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Fig I SchematIc diagram of the direct-reading, multlchannel FIRE spectrometer M, back-collectlon 
mirror, FL, hydrogen/entramed-au flame, B, capdlary burner, L,, colhmatmg lens, L2 focusmg lens, S, 
sht, F, long-pass filter, M, , colhmatmg mirror, M,, focusing mxror, G, gratmg, FM, flow meters, H,, 
hydrogen cylinder, He, hehum cylmder, V, three-way swltchmg valves, SFT, sample purge tube, RFT, 
reference purge tube, SP, septum for sample mtroductlon, D, detectors, P, , preamphfier for H,O reference 
channel, P,, preamplifier for HCI analytlcal channel, P,, preamphfier for CO, analytlcal channel, A-B, 

lock-m amphfier Input, PSD, phase-sensltlve detector, REC/INT, recorder-Integrator 

optimum flow-rate of hydrogen to the burner 
was 324 ml/mm, with combustton supported 
only by entrained au The hydrogen supply 
pressure was regulated at 0 75 atm with triple- 
stage regulation The burner was enclosed m an 
alummum shteld and chtmney assembly to mim- 
mize temperature fluctuations resulting from air 
drafts and other envu-onmental effects. 

The infrared emtsston from the flame was 
collected and focused onto the entrance slit of 
the polychromator by a back-collectton mirror 
and two lenses An f/l, 2.5cm focal length, 
concave back-collectton mirror (Model 44341, 
Ortel Corp , Stratford, CT) was positioned at 
the 2f pomt behind the flame to focus a 1: 1 
image of the flame onto itself. An f/2, 5-cm focal 
length CaF, lens (Model 43150, Oriel Corp.) 
was used to collect and collimate the flame 
infrared emtsslon onto a second, identical CaF, 
lens that focused this radiation onto the 
entrance sht of the polychromator A labora- 
tory-constructed chopper, placed between the 
focusing lens and the entrance slit, modulated 
the infrared radiation at 530 Hz 

The polychromator, fabricated m the lab- 
oratory, was based on the symmetrical 
Czerny-Turner destgn I6 The optical com- 
ponents and adjustable optical mounts utthzed 
m the polychromator were mounted m a 

19.0 x 18.1 x 13.3-cm light-tight box con- 
structed from alummum sheet. The mstde of the 
box was pamted flat black to reduce reflections 
The entrance slit of the polychromator was 
constructed by splitting a two-edged razor blade 
m half and placing the sharp edges over a 5-mm 
diameter hole drilled m the front plate of 
the polychromator The two portions of the 
razor blade were held m place by screws m the 
front plate of the polychromator and could be 
adjusted to form any desired slit width. In this 
study, the slit width was fixed at 2 mm for all 
experiments. 

The infrared radiation passing through the 
entrance slit of the polychromator was colh- 
mated and directed onto a grating by an f/3, 
15-cm focal length, concave mirror The mirror 
was placed at an angle of 15” to the entrance 
optical axis (Fig. 1). The 5 x 5-cm plane diffrac- 
tion grating was ruled at 40.96 grooves/mm and 
was blazed for 3.2 pm (Model 35-63-06-811, 
Milton Roy Co., Rochester, NY). The dispersed 
infrared radiation from the gratmg was focused 
onto the PbSe detectors by a second, f/3, 15-cm 
focal length concave mirror. A long-pass filter 
with a cut-on wavelength of 3.0 pm at 5% 
absolute transmittance (Part Rl-3000F, Corton, 
Holliston, MA) was placed over the entrance sht 
as an order-sorting filter. 
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Three infrared emission bands were detected 
with three PbSe infrared detectors located m the 
exit focal plane of the spectrometer (Fig 1). 
Two 1 x l-mm detectors (Part # BFl, Cal-Sen- 
sors, Inc , Santa Rosa, CA) were used to detect 
portions of the emission bands due to CO2 and 
H,O. A 2 x 2-mm PbSe detector (Part #BR2, 
Cal-Sensors, Inc ) was used to detect a portion 
of the P-branch of the HCl stretching vtbration. 
The overall detector dimensions were 3.0 x 1.5 
x 0 64 mm and 4 5 x 2 5 x 0.64 mm for the 
1 x l-mm and 2 x 2-mm response areas, re- 
spectively. Segments of turned copper wire (0.76 
mm diameter x 2.5 4 mm long) were soldered to 
the detector leads and served as the electrical 
connection. 

The PbSe infrared detectors were placed m 
a detector carriage (Fig. 2) fabricated from a 
2 54 x 3 81 x 1.25-cm block of plexiglas’” A 
slot m the plextglas” block (Fig 2) allowed the 
detectors to be adjusted for maximum signal 
response. The detectors were glued to plexiglas’“’ 
mounts with silicone sealant The detector 
mounts were placed m the slot of the detector 
carriage, and holes (l.O-mm diameter) for each 
detector lead were drilled approximately 0.8 cm 
from the top and bottom of the detector car- 
riage. Segments of standard, solid-core, electri- 
cal wire (l-mm diameter, 2-cm long) were 
positioned m these holes, flush with the front of 
the detector carriage The leads of the detectors 
were soldered onto the wire segments (allowmg 
some movement of the detectors m the detector 
carriage), and the surplus lead was removed 
The connecttons to the preamplifier circuits 
were made from the ends of the wire segments 

that protruded from the back of the detector 
carriage 

The detector carriage with the detectors 
placed inside was mounted over a 2 54 x 
2.54~cm opemng m the front plate of the poly- 
chromator at the exit focal plane. In this study, 
the 1 x l-mm detectors monitored a portion of 
the flame water-emission band centered at 2 9 
pm (detector D,, Fig. 2) and the asymmetric 
stretching vibration of CO, centred at 4.42 pm 
(detector D,, Fig 2) A portion of the P-branch 
of the HCl stretching vibration centered at 3 77 
pm was detected with the 2 x 2-mm detector 
(detector D,, Fig. 2) 

The electronics associated with the FIRE 
detector include an optical chopper, lock-m 
amplifier (LIA), detector and operational am- 
plifier power supplies, preamplifier cn-cults and 
a recorder/mtegrator The preamplifier circuits 
used with the PbSe detectors have been 
described previously 6 The three cn-cults were 
placed on a single breadboard and located m 
close proximity (approximately 4 cm) to the 
detector carriage A 9 5 x 5 8 x 8.3-cm alumi- 
num housing, mounted on the front plate of the 
polychromator, was used to enclose the detec- 
tors, detector carriage, and preamplifier ctrcuits 

The detectors were operated at room tem- 
perature and powered from a common split 
source consistmg of a 122 V battery supply 
The bias voltage for each PbSe detector was 
independently controlled by a separate poten- 
tiometer m series with the common power 
supply For this study, the bias voltage (z e , the 
actual voltages across the detector itself) for the 
2 x 2-mm HCl detector was fixed at 66 V, and 

Fig 2 SchematIc diagram and dlmenslons for the plexlglas” detector carriage D,, detector for H,O 
reference channel, Dz, detector for HCl analytIca channel, D,, detector for CO, analytical channel, 0, 

holes for detector leads 
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the bias voltages of the 1 x l-mm H,O and CO* 
detectors were adjusted with the potentiometers 
as described below The operational amplifiers 
(Part # TL07 1, Texas Instruments, Dallas, TX) 
employed in the preamplifier circuit were pow- 
ered at + 15 V from a regulated bipolar power 
supply (Part #2718, Heath Co., Benton Har- 
bor, MI). The amphfier output signals from the 
preamplifier circuits were demodulated by a 
lock-in amplifier (Model # 3962, Ithaca, Ithaca, 
NY) operated m the differential input (z.e., 
subtracted) mode A I-set time constant 
was used for all measurements. The signal 
was recorded on a recorder/mtegrator (Model 
#3394A, Hewlett-Packard Corp., North 
Hollywood, CA). 

Purgmg apparatus 

The purging apparatus has been described 
previously8gg and consists of two 5-ml demount- 
able purge tubes connected m parallel by 
polyethylene tubing and two three-way switch- 
mg valves (Fig. 1) One of the purge tubes serves 
as the sample chamber and the second as the 
reference chamber An opening located at the 
top of each purge tube was fitted with a rubber 
septum to allow samples to be introduced by a 
syrmge (Model 1001, Hamilton Co., Reno, 
NV) Each purge tube can be disconnected 
easily for removal of the spent aqueous sample 
and for cleanmg 

The volatile components m the aqueous 
samples were purged mto the flame of the FIRE 
detector with helium mamtamed at a flow-rate 
of 100 ml/mm with a rotameter (Model 11 lo- 
OSFlAlA, Brooks Instrument Div., Emerson 
Electric Co , Hatfield, PA). The supply pressure 
of the helmm was regulated at 0 75 atm with 
triple-stage regulation * 

Reagents 

All chemicals were reagent grade and used 
without further purtficatton. Dichloromethane 
was obtained from Mallinckrodt, Inc (St Louis, 
MO), trichloromethane from Sargent-Welch 
Scientific Co (Skokie, IL), trichloroethylene 
from Aldrich Chemical Co., Inc. (Milwaukee, 
WI), monochlorobenzene from J T. Baker 
Chemical Co. (Phillipsburg, NJ), and 1,1,2,2- 
tetrachloroethane from Fisher Scientific Co 
(Fair Lawn, NJ) Aqueous standard solutions 
having concentrations of 5, 10, 20, 40, 60, 80, 
and 100 ppm v/v were prepared m standard 
flasks by measuring the appropriate volume of 
the compound with a ~1 syringe (Model 701, 

Hamilton Co.) and dtlutmg it to volume with 
demineralized water. 

Procedure 

Before use, the multichannel FIRE detection 
system was allowed to warm up for approxi- 
mately 1 hr During this initial stabihzation 
period, the switchmg valves were set so that the 
helium purge gas was directed through the dry 
reference purge tube (Fig. 1) and mto the flame 
When the instrument had stabthzed, the phase 
angle of the LIA was set m the unsubtracted 
mode of operatton6,’ by using the background 
signal from the HCl detector. Once the phase 
angle was set, the LIA was returned to the 
subtracted mode of operation The bias voltage 
of the H,O detector was then adjusted until the 
reading of the LIA fluctuated around 0 0 mV 
After this adjustment, the HCl analytical chan- 
nel was disconnected from the LIA, and the CO, 
analytical channel was connected In a similar 
manner, the bias voltage of the CO, detector 
was adJusted until the output of the LIA fluctu- 
ated around 0 0 mV Sample determmations m 
either analytical channel could then be made by 
connection of the appropriate detector output 
to the LIA, or by employmg two LIAs and two 
chart recorders. 

After the mittal establishment of the operat- 
ing condttions of the LIA, the helium purge gas 
was redirected through the sample purge tube 
and after about 30 set a 1 O-ml ahquot of the 
sample contammg a chlormated POC was m- 
Jetted through the septum located at the top of 
the purge tube. The volattle components m 
the aqueous sample were purged from solution 
and carried mto the flame for combustion and 
vibrational excitation of the CO, and HCl After 
the peak profiles had been acquired, the helium 
purge gas was redirected to the reference purge 
tube. The sample purge tube was then discon- 
nected from the purge device and rinsed with 
demmerahzed water to remove the spent 
aqueous sample Calibration graphs of peak 
height US concentration for each mdividual 
compound were prepared by repeating the 
procedure with the other chlorinated POC 
standards. 

All data reported m the CO, analytical chan- 
nel were corrected for spectral crosstalk between 
the channels by subtractmg 1.35% of the peak- 
height signal recorded m the HCl channel from 
the peak-height signal m the CO, channel No 
corrections were required for data obtained m 
the HCl channel 
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RESULTS AND DISCUSSION 

Optical deszgn 

Although a dispersive optical system 1s ex- 
pected to provide superior wavelength isolation 
compared with a filter instrument, the lummos- 
ity16 of the dispersive system is expected to be 
much less If lummosity IS sufficiently reduced, 
no signal will be detected As a result, the light 
throughput of the optical system was an impor- 
tant consideration m the design of the poly- 
chromator used m this study An mitral attempt 
to design an f/2 polychromator was not 
successful because a large off-axis incident angle 
(approximately 50’) was required to fill the 
grating with light Because of coma and astig- 
matism,‘6 this large mirror angle severely dis- 
torted the entrance-slit images that were formed 
at the exit focal plane of the polychromator 
As a result, the direct-reading, multichannel, 
infrared spectrometer ultimately employed m 
this study was based on a Czerny-Turner opti- 
cal configuration with a 0 15-m focal length and 
an f/3 nominal focal ratio 

In order to maximize the light throughput of 
the polychromator, the colhmatmg mirror 
should be completely filled with light Since an 
f/3 lens was not available, a dual-lens system 
(Fig l), consistmg of two CaF, lenses that 
formed a 1 1 image of the flame on the entrance 
slit of the polychromator, was employed to 
maximize the light throughput Although the 
dual-lens arrangement overfilled the collimating 
mirror of the polychromator, no significant 
problems from stray light were observed The 
light-collection efficiency of the optical system 
was increased by an additional factor of two by 
placing a back-collection mirror behind the 
burner at twice the focal length of the mirror so 
as to form a 1 1 image of the flame on itself 

Optical ahgnment of the system 

The detector carriage (Fig 2) was designed to 
allow detectors to be easily positioned m the 
vertical and horizontal directions of the exit 
focal plane A slot, machined m the carriage, 
allowed the detector mounts (with the detectors 
glued onto them) to move freely m the horizon- 
tal direction, and yet be held firmly enough to 
stay m position m the exit focal plane (Vertical 
adJustment could be attained by raising or 
lowermg the entire carriage.) Thus, different 
wavelength regions within the exit focal plane of 
the polychromator could be monitored by the 
appropriate posmonmg of detectors In ad- 

dmon to providmg a convenient means of detec- 
tor positionmg, the plastic detector carriage also 
prevented contact of the detector leads with the 
aluminum polychromator housmg 

From previous work:’ the combustton of 
chlorinated organic compounds m a hydro- 
gen/air flame was known to produce infrared 
emtssion bands from HCl as well as from CO* 
and HzO. The spectra shown m Fig 3 were 
obtained with a Fourier transform infrared 
spectrometer (appropriately reconfigured for 
emission*) and illustrate the regions where the 
infrared emission from CO*, H,O and HCl 
occurs. As shown m Fig 3B, the CO, emission 
band is centered at 4.42 pm, while the R- and 
P-branches of the HCl emission band (Fig 3C) 
occur m the 3 17-4 55 pm wavelength region 
Although the R-branch of the HCl emission is 
completely free from spectral overlap with the 
CO2 emission band, a small amount of spectral 
overlap does occur between the P-branch of the 
HCl emission and the emission from CO* The 
correspondmg flame background spectrum due 

Wavelength (urn) 

2.6 3.0 35 4.0 4.5 5.0 
I I I I I 

Wavenumber (cm-t) 

Rg 3 Fourier-transform Infrared emlsslon spectra (A) 

Transmlsslon spectrum of the long-pass filter used in the 

multichannel FIRE detector (maxlmum T, 75%, cut-on 
wavelength of 3 0 pm at 5% T, <O 10% T elsewhere), (B) 

FIRE spectrum from a hydrogen/entrained-air flame con- 

tammg CO?, (C) FIRE spectrum from a hydro- 

gen/entramed-air flame contammg HCI. (D) background 
emlsslon from a hydrogen/entramed-air flame m the absence 

of CO? and HCI 
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to water emission bands is shown for compari- 
son m Fig. 3D. Figure 3A shows the spectrum 
of the 3.0~pm long-pass filter used for order 
sorting and attenuation of the water reference 
band for subtraction, as discussed m the 
followmg section 

The width of the spectral observation window 
selected for this study, although adjustable, was 
determined by the need to monitor simul- 
taneously the emtsston bands from HZ0 and 
CO*, centered at 2 9 pm and 4.42 pm, respect- 
ively. Since the more intense portion of the 
P-branch of the HCI stretchmg vibration (cen- 
tered at 3.77 pm) was approximately at the 
center of the spectral region of interest, the 
alignment of the polychromator was performed 
for this wavelength by positioning the HCI 
detector m the middle of the detector carriage. 
The wavelength axis of the polychromator was 
set by replacing the 3 O-pm long-pass filter with 
a 3 7-pm band-pass filter9 (full width at half- 
maximum transmission, FWHM, of 0.11 pm) 
and rotating the grating until the maximum 
signal due to background water emission was 
detected m the HCI analyttcal channel 

The optimum locations of the CO* and H,O 
detectors m the exit focal plane were determmed 
m a manner similar to that used to optimize the 
HCI analytical channel. To set the position of 
the CO, detector, a 4 4-pm band-pass filter’ 
(FWHM 0 15 pm) that isolated the CO2 emis- 
sion band was placed m front of the entrance sht 
of the polychromator The CO, detector was 
then moved horizontally along the detector 
carnage until the maxtmum signal due to 
background water emission was found. 

Fmally, a 3.0~pm band-pass filter6 (FWHM 
0 12 pm) was placed m front of the entrance slit, 
and the H,O detector was moved horizontally 
along the detector carriage until the signal 
from the water background emission was maxi- 
mized. After this horizontal alignment with the 
3.0-pm filter, the H,O detector was moved 
approximately I mm toward the short-wave- 
length side of the detector carriage This shght 
adJustment reduced spectral overlap from the 
R-branch of the HCI stretchmg vibration and 
placed the detector m a region of the spectrum 
that was attenuated by the 3.0-pm long- 
pass filter Partial attenuation of the water 
emission intensity was found to be beneficial 
because it reduced the magmtude of the water 
background signal to a level more closely 
matching that experienced by the HCI and CO* 
detectors 

All detectors were mamtamed at the same 
vertical height m the detector carriage This 
ensured that each detector sampled the same 
vertical portion of the flame. 

Detector dlmenslons 

Once the detector IS properly positioned m 
the focal plane of the polychromator, mcreasmg 
the width of the detector causes a larger spectral 
band-pass to be monitored An increase m 
spectral band-pass may cause an Increase m 
detector noise (due to increased detector area”), 
an increase m background noise (due to flame 
water emrssion), and, for analyttcal signals 
which are broader than the band-pass of the 
instrument, an increase m signal from the 
analyte 

In the case of FIRE, the increase m detector 
noise will not be sigmficant because detector 
noise is much less than flame background 
noise 6q7 Thus, as long as the signal from the 
analyte increases faster than the flame back- 
ground noise, an increase m spectral band-pass 
will result in an improvement m signal-to-noise 
ratio (SNR). This situation ~111 be encountered 
m cases where the detector monitors a region of 
the spectrum m which the analytical signal IS 
relatively diffuse and the flame water bands are 
relatively weak 

In the case of HCl emission, the rotational 
fine structure spreads the analytical signal out 
over a large wavelength region, which is mostly 
free from Intense flame water background emis- 
sion Thus, mcreasmg the width of the detector 
is expected to improve the SNR m the HCI 
channel, as long as the system remains flame- 
background hmrted For spectral bands such as 
that of CO*, however, the analytical signal IS 
relatively dense, and the water background 
emission is more intense (Fig 3) Thus, mcreas- 
mg the spectral band-pass (detector area) does 
not substantially increase the percentage of the 
CO, emission band sampled, compared with the 
increase m background, and the SNR is not 
improved. I9 For these reasons, the HCI detector 
was able to utihze an area which was four times 
larger (2 x 2 mm) than that employed by the 
detector m the COZ channel (1 x 1 mm) 

Reciprocal hear dispersion 

The theoretical reciprocal linear dispersion of 
the multichannel FIRE polychromator may be 
calculated’6 from equation (1) 

R =dcos8 
d fm (1) 
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where & is the reciprocal linear disperston, 8 1s 
the angle of dtffractton, f IS the focal length of 
the system, m 1s the order, and d IS the grating 
constant From equation (1) the reciprocal 
linear dispersion for the FIRE polychromator 
was found to be 0 16 pm/mm in the first order 
for a 15” angle of diffraction From this value of 
R,, and the width of the detectors, the spectral 
band-pass of each detector could be calculated. 
The 2 x 2-mm detector m the HCl channel 
sampled a wavelength region of 0.32 pm, cen- 
tered at 3 7 pm. The 1 x l-mm detectors m the 
H,O reference channel and the COZ analytical 
channel each sampled a bandwidth of 0.16 pm, 
centered at 2 8 and 4 4 ,um, respectively. 

For compartson purposes, the value of R,, for 
the polychromator was determined expenmen- 
tally by measuring the distance between the 
centers of the HCl and CO2 detectors. From the 
measured distance and the known wavelength 
interval between the HCl and CO, detectors, an 
R, of 0 15 pm/mm was obtamed-m good 
agreement (6%) with the theoretically expected 
value (0 16 pm/mm). From the expertmental 
R,, the center wavelength sampled by the H,O 
detector was calculated from the measured dis- 
tance (center-to-center) between the HCl detec- 
tor and the H,O detector and found to be 
28pm 

Spectral overlap m the polychromator system 

Spectral overlap by a portion of the HCl 
emtssion band (Fig. 3) results m a spectral 
interference that increases the signal level m the 
CO, analytical channel whenever a chlorinated 
organic compound is combusted. In order to 
determine the extent to which this spectral 
overlap affects the performance of the mstru- 
ment, the signal mtensities due to the combus- 
tion of Cl, gas m the flame were recorded m 
both the HCl and COZ channels under identical 
conditions The Cl, gas was produced by oxt- 
dation of a 10 mM sodium chloride solution 
with permanganate/sulfurtc acid mixture as de- 
scribed earlier 9 From this experiment, it was 
found that the ratio of the peak-height signal m 
the CO? channel (due to HCl) to the peak-height 
signal m the HCl channel was 1.74, and that the 
signal recorded m the HCl channel would 
contribute 1 35% of its total intensity to the 
signal m the CO, channel. To compensate for 
this spectral overlap (channel crosstalk), all 
measured peak-height signals for the CO* chan- 
nel were corrected by subtracting 1 35% of the 
peak-height signal recorded m the HCl channel 

The effect of spectral overlap by a portion of 
the COZ emtssion band on the signal observed m 
the HCl channel was also investigated. This was 
accomplished by mlectmg 0 l-ml ahquots of 
CO, gas mto the sample purge tube (Fig 1) and 
recording the peak-height signals m both ana- 
lytical channels. (This amount of CO, 1s equtv- 
alent to that obtained by purging 1 ml of an 
aqueous sample contammg 64.3 mg/l of pen- 
tane.) Since no signal was observed m the HCl 
channel upon mlectton of the CO* gas sample, 
tt was assumed that any signal that might have 
been present had a peak height between zero 
and one-half of the background peak-to-peak 
noise (N,.,) in the HCl channel Using one-half 
NPP m the HCl channel as an estimate of the 
worst possible situation, the mrmmum ratio of 
the mtensity m the HCl channel to that m the 
CO, channel was calculated to be 1 3192. This 
result mdicates that for the sample con- 
centrations used m this study, the wavelength 
region monitored by the HCl detector is 
relatively free from interfering effects due to 
CO, emisston Therefore, no correction for 
CO,-producmg species was applied to the signal 
measured m the HCl channel 

Background subtraction 

Under flame-noise limited condittons, back- 
ground subtraction has proven to be an effective 
means of mcreasmg the signal-to-noise ratto 
(SNR) obtained with the FIRE detector.‘j$’ For 
background subtraction to be successful, how- 
ever, certain prerequisites must be satisfied. (1) 
Background fluctuattons in the analytical chan- 
nel must be sampled independently of the ana- 
lytical signal. (2) Background fluctuations must 
be additive with respect to the analytical signal. 
(3) Background fluctuations m the reference and 
analytical channels must be temporally corre- 
lated. Background subtraction will not compen- 
sate for detector noise, because detector noise 
(excluding such common-mode noise as power 
supply ripple) m each channel is independent 
(I e , not temporally correlated) In fact, 
whenever a detector-noise limited sttuation is 
encountered, subtraction of the signal m the 
reference channel from that m the analytical 
channel can actually increase the noise and 
degrade the SNR through a combmation of the 
two independent noise sources’6 accordmg to 

N, = ,/m~ (2) 

where N, 1s the detector noise in the analytical 
channel, N, 1s the detector noise m the reference 
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channel, and N1 is the total detector noise 
resultmg from background subtraction 

In previous work employing background sub- 
traction as a means of noise reduction6’ a 
dual-channel system was formed by using a 
beam splitter to divide the radiation from the 
flame mto two spatially separated beams. 
Although the beam-splitter approach is con- 
venient when filters are used as the means of 
wavelength isolation, a beam splitter also re- 
duces the intensity of available radiation m the 
analytical channel. In the polychromator sys- 
tem, no beam splitter is needed, and the three 
optrcal channels are separated spatially by 
means of the diffraction grating. As a result, 
more of the radiation from the source can be 
made available for detection. 

With the polychromator system, two detector 
signals were fed mto the LIA, which was 
capable of subtracting the signal m the reference 
channel (~.e, the flame background) from the 
signal m the analytical channel (z.e., the analyti- 
cal signal plus the flame background) As m 
previous work,6 ’ the background signal m 
the HCl channel was used m the unsubtracted 
mode of operation to set the phase angle 
automatically 

After phase-angle adjustment, the amplifier 
was returned to the subtracted mode, and the 
output from the LIA was then adjusted to zero 
by equahzmg the background signal levels m 
each channel. In the dual-channel, filter, FIRE 
detector, equalization was accomplished opti- 

tally by means of an iris diaphragm 6 ’ With the 
polychromator system, this approach cannot be 
used, and equalization was accomplished by 
adjusting the bias voltage of the reference detec- 
tor (approximately 27 V) until the background 
level from the reference detector matched that 
from the HCl detector The bias voltage for the 
HCl detector was set at 66 V, which was the 
highest obtainable with the 122 V power supply. 
(In the preamplifier circuit, the load resistor was 
m series with the detector, so the circuit behaved 
as a voltage divider ) In a similar manner, the 
bias voltage to the CO, detector was sub- 
sequently adjusted to approximately 32 V with 
the potentiometer to match the background 
level m the CO? analytical channel with that m 
the HZ0 reference channel (The magnitude of 
this voltage adJustment could be experimentally 
determined When the background levels were 
properly equalized, blocking the entrance slit of 
the polychromator did not change the sub- 
tracted output of the LIA ) 

To demonstrate the correlation of the noise 
fluctuations m the three channels (H,O, HCl, 
CO,), background noise profiles as a function of 
time were obtamed simultaneously m the 
unsubtracted mode of operation (Fig 4A) by 
using three lock-m amphfiers and three 
recorders. Figure 4A shows that the noise m 
the single-channel FIRE mode of operation is 
comparable for all three channels, even though 
the HCl detector area is four times that of the 
other two detectors-behavior characterizmg a 
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Fig 4 Companson of (A) flame background and (B) detector noise fluctuations for the three FIRE 
polychromator channels 
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flame-noise limited situation.” Figure 4A also 
shows that the fluctuations in the two analytical 
channels (HCl and CO,) are temporally corre- 
lated with the background fluctuations m the 
Hz0 reference channel. Thus, real-time sub- 
traction of the flame background m the refer- 
ence channel from the background m the 
analytical channels should result in a lower 
noise level. 

Deviations from perfect noise correlation m 
Fig 4A are most probably due to uncorrelated 
detector noise. Detector noise profiles (Fig. 4B) 
were obtained by blocking the entrance slit of 
the polychromator and recording the associated 
noise under the conditions used to obtain the 
background noise profiles (Fig. 4A). In a detec- 
tor-noise limited situation, the root-mean- 
square (rms) noise is often proportional to the 
square root of the detector area,” and, as 
expected, the noise in the HCl channel (Fig. 4B) 
is approximately twice that observed in either 
the H,O or CO, channel. 

The effect of the background subtraction 
procedure was studied by recording the peak-to- 
peak noise (N,,) m the subtracted signal as a 
function of the magnitude of the subtracted 
output Figure 5 shows a plot of the rms noise 
(taken as l/5 of the measured N,,) as a function 
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Fig 5 Relatwe rms noise m the HCl (A) and CO2 (B) 
analytlcal channels, plotted as a function of ampbfier output 
resultmg from subtractlon of different levels of background 

compensation 

of different levels of background compensation 
from undercompensated (A - B > 0) to over- 
compensated (A - B < 0) In Fig. 5A. back- 
ground water emission m the reference channel 
1s being subtracted from the background water 
emission present m the HCl analytical channel. 
In Fig. 5B, background water emission m the 
reference channel is being subtracted from the 
background water emission present m the CO, 
analytical channel. It is readily apparent from 
Fig. 5 that the mmimum rms noise m both 
analytical channels occurs when the magnitude 
of the subtracted output from the lock-m am- 
plifier is zero This mdicates that the flame- 
background noise m all channels IS correlated m 
magnitude as well as m time 

Subtraction of the H,O background reduced 
the noise by factors of 3.2 and 3.5 for the 
HCl and CO* analytical channels, respectively. 
From equation (2) and the noise profiles m 
Fig 4, it can be readily determined that the 
residual noise m the subtracted output can be 
almost entirely accounted for by summing the 
detector noise m the reference and analytical 
channels [equation (2)]. This mdicates that the 
majority of the flame noise has been removed 
by the subtraction process, and that the dual- 
channel FIRE system is nearly detector-noise 
limited 

Selection of analytical condltlons 

In smgle-component determmations, the m- 
strumental operatmg conditions are optimized 
for the particular component of Interest How- 
ever, in simultaneous multicomponent determi- 
nations a compromise must be reached for all 
components, since the operating conditions 
cannot be optimized for each component mdi- 
vidually. *’ Since the HCI emission mtensity that 
occurs from the combustion of a chlormated 
organic compound IS lower than the corre- 
sponding CO2 emission Intensity,* the multi- 
channel FIRE detection system was optimized 
to produce the highest possible SNR m the HCl 
analytical channel 

For these studies, a 50 ppm v/v aqueous 
standard solution of trichloromethane was used 
to determme the effect of hehum purge gas 
flow-rate and flame fuel-to-oxidant ratio on 
the SNR m the HCl analytical channel. As 
observed m previous studies,’ 9 the hydro- 
gen/entrained-air flame produced SNRs for 
chlorine that were approximately 8.5 times 
greater than those obtained under fuel-lean 
flame conditions 
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Analytical performance of the multichannel FIRE 
detector 

The performance of the multichannel, disper- 
sive FIRE spectrometer was evaluated by inject- 
mg aqueous solutions of five chlorinated POCs 
mto the sample purge device according to the 
procedure outlined in the experimental section. 
Dichloromethane, trichloromethane (trihalo- 
methane or THM), tnchloroethylene, mono- 
chlorobenzene and 1,1,2,2-tetrachloroethane 
were selected for study because of their potential 
importance in environmental monitoring. 

Figure 6 shows typical peak profiles obtained 
m the HCl and CO, analytical channels (CO* 
shown at one-eighth actual height) by purging 
the five volatile compounds (40 ppm v/v) into 
the hydrogen/entrained-air flame. The differ- 
ences in the trailing edges of the peak profiles 
obtained for each compound are undoubtedly 
due to differences m the purging efficiencies 
for the individual compounds. The purging 
efficiency determines the rate at which a com- 
pound is released from solution and IS a func- 
tion of a number of factors such as volatility, 
boilmg point and solubility of the compound m 
water.2’-23 

Small negative signals were observed in the 
leadmg edge of the peaks obtained in the HCl 
channel These negative pen deflections, which 
may result m part from the difference in size 
of the HCl and Hz0 detectors, have been ob- 
served m previous work9 and do not affect the 
analytical results. 

The total time required for signal acquisition 
from a chlorinated POC standard was approxi- 
mately 3 mm (from sample injection to purge- 
tube disconnection and clean-up). Maintaining 

Rg 6 Peak profiles obtained wth the multxhannel FIRE 
detector Signals obtamed from 1 .O-ml mjectlons of 40 ppm 
v/v aqueous standards (1) Dlchloromethane, (2) tnchloro- 
methane, (3) tnchloroethylene; (4) 1,1,2,2-tetrachloro- 
ethane, (5) monochlorobenzene Peaks shown for CO, 

channel are l/8 of actual height 

a flow of dry hehum through the reference purge 
device (Fig. 1) to the flame between sample 
determmations was found to be beneficial m 
reducing baseline drift and removing residual 
moisture on the inside walls of the sample 
introduction capillary. 

Reproducrblbty The precision of the signals 
obtained by the FIRE technique was studied by 
recording the peak-height signals from eight 
mjections of 20 ppm v/v standard solutions of 
the five chlorinated POCs Peak heights were 
measured from the baseline and negative pen 
deflections observed for the HCl channel were 
ignored. The results are shown in Table 1 

For the five compounds studied, the 
average relative standard deviation (RSD) of 
the peak-height measurements was 3 8% and 
3.4% for the HCl and CO, analytical channels, 
respectively. The poorest reproducibihties were 
obtained for 1,1,2,2-tetrachloroethane and 
chlorobenzene-compounds with relatively high 
boiling pomts (146 and 132”, respectively). Since 
broad peak profiles were observed m both the 
HCl and CO, channels for 1,1,2,2-tetra- 
chloroethane (Fig 6) poorer purging efficiency 
most probably accounts for the poorer repro- 
ducibility of the peak-height measurements. In 
the case of chlorobenzene, however, the peak 
profile obtained m the CO, channel indicates 
relatively good purging efficiency In this 
case, poorer reproducibility for peak-height 
measurements in the HCl channel may simply 
reflect the relatively small amount of chlorine 
present m the standard solution. 

Calibratron graphs Caltbration plots for each 
compound were prepared by purging 1 -ml mjec- 
tions of 5-100 ppm v/v standard solutions ac- 
cording to the experimental procedure. The 
correlation coefficients (Table l), based on only 
concentrations within the linear dynamic range 
of the system, indicate that the overall hneartty 
of the individual curves is reasonably good 

The slopes of the individual calibration lines 
for the HCl and CO2 channels are reported m 
Table 1 as mm/pmole Cl and C, respectively. If 
the combustion and purging efficiencies for each 
compound were the same, the slopes obtained 
within each channel for the five different com- 
pounds would be equal It is clear from Table 1 
that this is not the case. The smallest slopes are 
observed for 1,1,2,2-tetrachloroethane m both 
the HCl and CO, channels, again suggesting 
poor purging and possibly poor combustion 
efficiency for this compound. The lack of agree- 
ment in the slopes means that the FIRE system, 
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as currently configured, cannot be used for the 
determinatton of total organic hahde (TOX) m 
unknown aqueous multtcomponent mtxtures of 
chlorinated hydrocarbons without prior separ- 
ation of the mixture 

Detectzon lrmzts The detection hmlts for the 
five compounds, defined as twice the rms noise, 
are given m Table 1 for both the HCl and COz 
channels. Although the detection limits m the 
HCl channel with the present system are all m 
the low ppm range, they are too high by a factor 
of about 100 to be useful for screening drmkmg 
water samples. The sample size used m this 
study (1 ml), however, IS less than that generally 
employed in such analyses (5-10 ml volumes are 
more typtcalz4) Lower detection limits could be 
obtained by purging a larger volume of sample, 
by increasing the efficiency of the purging pro- 
cess by heating the sample, and by employmg 
existing purge-and-trap technology.24 

Two-component mrxture analysu. Although tt 
is not possible to analyze a mixture of several 
unknown components directly with the mfor- 
matron available m a single channel, because the 
calibration curves are different for different 
compounds, analysts of a mixture of two known 
components should be possible by use of mfor- 
matton available from two analytical channels. 
To demonstrate the feastbthty of using the 
system in the determmatton of mdlvtdual com- 
ponent concentrations in a two-component mix- 
ture, three dtchloromethane/tnchloromethane 
mixtures in water were prepared and analyzed 
The concentrattons of dlchloromethane and trt- 
chloromethane m the aqueous samples were 
lO/lO, 20/10, and lo/20 ppm v/v, respectively 
The peak-height emtsston signals from each 
mixture were recorded simultaneously m both 
the HCl and CO, analytical channels, according 
to the procedure outlined m the experimental 
section. The slopes of previously prepared cah- 
bratlons graphs for dtchloromethane and trt- 
chloromethane m the HCl and CO2 channels 
were used to perform the necessary calculations. 

Since the total emtsslon intensity recorded for 
each channel should be equal to the sum of the 
mdivldual emission mtensmes due to dlchloro- 
methane and trtchloromethane, their mdlvldual 
concentrations m the mixture may be found by 
solving the followmg matrix equation 

ZF” m HCI 

[ I[ dlchloro 
m HCI 

mchloro c zcoz = I[ 1 d’ch’oro (3) 
T m2%oro m%%oro Ctrlchloro 

where Z, represents the total intensity m the 
given channel, m IS the slope of the cahbratton 
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curve for the given component m a given chan- 
nel, and C is the concentration of the given 
component. Solvmg equation (3) for the individ- 
ual concentrations of the two components gives 

Table 2 compares the actual and experimen- 
tally determined concentrations of dichloro- 
methane and trichloromethane m the three 
synthetic two-component mixtures The results 
obtamed with the FIRE detector were based on 
the average peak-height signals for four reph- 
cate mJecttons of l-ml ahquots of the synthetic 
mixture. As shown m the table, the average 
relative error between the results obtained with 
the FIRE detector and the nommal concen- 
trations m the synthetic mixture was of the 
order of 12%-a reasonable value from a trace 
analytical standpoint. 

The signal obtained m the CO1 analytical 
channel gives the FIRE detector an alternative 
way of determmmg halogenated POCs as well as 
the potential for determmmg non-halogenated 
POCs. With the CO, analytical channel and a 
l-ml aqueous sample size, detection limits for C 
m the five compounds were found to be m the 
52-280 pg/l. range. Plots of peak height vs. 
concentration were linear up to 100 ppm v/v for 
dichloromethane, trichloromethane and 1,1,2,2- 
tetrachloroethane, and about 40 ppm v/v for 
tnchloroethylene and chlorobenzene 

CONCLUSIONS 

The feasibihty of fabrtcatmg a multichannel, 
dispersive spectrometer with sufficiently high 
optical throughput for use m flame infrared 
emission spectrometry was demonstrated. Be- 
cause of spectral overlap of the HCl emission 
band with the CO, emission band, signals m the 
HCl channel were found to contribute 1.35% of 
their intensity to those m the CO2 channel. The 
wavelength region isolated by the HCl detector 
was found to be free from measurable mterfer- 
mg effects from CO2 emtssion Therefore, this 
instrument could be useful for the determi- 
nation of chlormated POCs m aqueous samples, 
even m the presence of significant amounts of 
volatile, non-chlormated, CO,-producmg con- 
taminants 

It was shown that a two-component mixture 
of dichloromethane and trichloromethane at 
trace levels could be analysed quantitatively 
with precisions that were reasonable for trace 
analysis levels (about 12%) Because the slopes 
of the cahbration graphs for the two compounds 
were not identical, the determmation required 
data from both the HCl and CO, analytical 
channels. Extension of the method to mixtures 
contammg a larger number of components 1s 
theoretically feasible, if additional analytical 
channels can be employed (the HF channel,’ for 
example). 

The feasibihty of using the specially designed 
polychromator to determine chlormated POCs 
m aqueous samples by flame infrared emtssion 
spectrometry was demonstrated with dichloro- 
methane, trichloromethane, trtchloroethylene, 
1,1,2,2-tetrachloroethane and chlorobenzene as 
test compounds. With a l-ml aqueous sample, 

Although the detection hmits obtained with 
the present FIRE system m the chlorme mode 
for the chlorinated hydrocarbons m aqueous 
samples are too high by a factor of 10-100 
for routine environmental screening apph- 
cations,‘2-‘4 the sample size used m this feasi- 
bility study was quite small Lower detection 
limits should be easily achievable through a 
number of improvements, however, such as 
purging a larger sample volume, heating the 
purge device to increase purge efficiency, and/or 
using conventional purge-and-trap technology 
to preconcentrate the sample prior to discharge 
mto the flame.24 Even at its present stage of 
development, the FIRE polychromator may still 

Table 2 Analysis of a two-component mixture contammg dlchloromethane and 

detection limits for Cl were found to be m the 
0.7M.8 mg/l range. Analytical plots of peak 
height us. concentration were linear up to 100 
ppm v/v for dichloromethane, trichlorometh- 
ane, trichloroethylene, and 1,1,2,2-tetrachloro- 
ethane, and 40 ppm v/v for chlorobenzene 

trlchloromethane 

CH, Cl, CHCI, 

Expected, Found, Relative Expected, Found, Relative 
Sample PPM L’IV PPm vlv error, % PPW ulv PPm vlv error, % 

1 IO 96 -4 10 II f10 
2 20 22 f10 IO 10 0 
3 10 14 +40 20 19 --5 
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be useful for certain process apphcatlons, where 10 C K Y Lam, D C Tllotta, K W Busch and M A 

a limited number of identifiable compounds are 
present at concentrations appropriate for the 

1 1 

FIRE detection limits. 

Busch, Appl Spectrosc , 1990, 44, 318 
M A Busch, Encyclopedta of Physrcal Science and 
Technology, Vol 6, p 409 Academic Press, New York, 
1987 
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AN ELECTROLYTIC DEVICE FOR PREPARATION OF 
HYDROGEN AND OXYGEN FROM WATER 

FOR ISOTOPIC ANALYSIS 
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Summary-An electrolytic device for decomposltlon of water has been developed which readdy gives 
hydrogen and oxygen for tsotoplc measurement with a mass spectrometer A 20-~1 sample can be 
decomposed quantltatlvely m 10 mm wrth good reproduclblhty The results produced are comparable with 
those obtamed by reduction with uramum 

Productton of hydrogen from water IS vital m 
the mass spectrometrtc analysis of water for 
isotopic ratio determmations. The methods 
available m the literature’ are: (a) reduction 
with heated metals such as uranium and zmc, 
(b) reduction on heated filaments, (c) reduction 
by compounds such as calcmm hydride and 
lithium aluminium hydride, (d) equilibration of 
water with hydrogen of known composttton and 
(e) electrolysts The first method 1s usually used 
for routme work. The other methods are less 
frequently used owing to their lower efficiency 
or greater fractionation problems. All these 
methods except electrolysis involve the mter- 
action of water with some other reagent, which 
may be a source of fractionation or memory 
effects to a variable degree. Electrolysis appears 
to be a neat method; the fracttonatton problems 
associated with it may be overcome if the sample 
is completely electrolysed. In the electrolysis of 
water, the electrolytic fractionation factor with 
respect to the ‘60/‘80 isotopes is only about 
1.01-1.03. Thus, electrolysing only 90% of 
the water introduces a maximum error of only 
0.6% in oxygen isotope analysis. However, the 
fractionation factor with respect to the ‘H/*H 
tsotopes has been reported to range from 3 to 
10.’ It can be shown that even with a fraction- 
ation factor of only 3, electrolysing 99.72% of a 
sample of natural water will result m a deuterium 
concentratton in the gas that is 14% too low 
and even electrolysing all but 0.0085% of the 

*Author for correspondence Present address Pakistan 
Atomic Energy CornmIssIon, DNFM, P 0 Box 1114, 
Islamabad, Pakistan 

water will result m a 4% negative error m the 
deutermm determination ’ 

Wright* developed a method m which water 
was fed continuously mto a V-shaped electro- 
lytic cell operated under constant volume, tem- 
perature and current condttlons. At equilibrium, 
which was reached wtthm seven days, the num- 
ber of moles of deuterium put mto the cell as 
feed water was equal to the number of moles of 
deuterium leaving the cell as electrolysed gas 
and water vapour. The average deviation from 
the mean was 0.0002 mole%. If we could avoid 
the long equilibration time and electrolyse water 
quantitatively the electrolytic method would be 
advantageous in that It provides oxygen for I80 
and “0 analysis in the same sample without any 
additional work. In the present work we report 
an electrolytic devtce by which small amounts of 
water can be quantitatively electrolysed m about 
ten minutes, making this method rapid, efficient 
and hence acceptable for routme work. 

EXPERIMENTAL 

Construction of the electrolyttc device 

The device 1s shown m Figs. 1 and 2. The 
upper part is made of Perspex and consists of an 
inJection port and one nozzle for connectton 
to a vacuum lme through a valve by the use of 
Swagelok fittings (with Teflon ferrules). The 
injection port 1s provtded with a rubber septum 
capped with a screw-on nut. The lower part 
(called the cell) consists of two stainless-steel (SS 
316L) blocks (28 x 15 x 15 mm) held together 
by two bolts. A thin (0 2 mm) sheet of Teflon is 
placed between the blocks for msulation. The 
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Injectton 

/-Rubber septum 

- Perspex body 

O-ring (rubber) 

Sample covlty 

Fig 1 Perspective view of the electrolytic deuce Fig 2 Cross-sectional view 

bolts run through Teflon sleeves m one block 
(for msulatton) and screw mto the other. A 
Perspex sheet 1s provided between the heads 
of the bolts and the block for insulatton When 
joined together the blocks are well insulated 
and measure 30 x 28 x 15 mm. One of the two 
30 x 28-mm surfaces of this piece, taken as the 
top, is machined to provide a 2-mm high cu-cular 
platform about 20 mm m diameter. Each of the 
two blocks 1s machined at the top so that when 
they are joined together there IS a conical cavity 
(about 5 mm deep and 8 mm m diameter) where 
the sample IS placed for electrolysis. The injection 
port and the cell, with a rubber O-ring between 
them, are held together by two screws which 
also serve as connectors to a 6-V 10-A d.c 
supply (or an ordinary car battery) Thus the 
two steel blocks act as the electrodes of the cell. 
A sample placed in the cavity IS readily quanti- 
tatively electrolysed. The device 1s dismantled 
for cleaning by unscrewing the two screws jom- 
ing the two parts The dlmenslons are arbitrary 
and not crtttcal except that the insulating Teflon 
sheet between the electrodes should be as thm as 
practicable to ensure contact of the hqutd with 
both electrodes right up to the end, so that the 
maximum amount of water 1s electrolysed 

and the metallic part of the device 1s immersed 
m liquid nitrogen so that the water vapour 
derived by evaporatron of the sample mto the 
evacuated system is condensed. When the sample 
is placed m the device rt 1s put directly mto the 
cavity, which IS colder than the upper part. The 
water sample (around 20 ~1) is injected with a 
mtcrosyringe through the rubber septum mto 
the cavity. A small bead of a solid polymeric 
electrolyte (Nafion type, du Pont de Nemours), 
with a radius similar to that of the curvature at 
the bottom of the cone, IS placed m the cavity, 
and no other electrolyte IS requu-ed for the 
electrolysts. The hqutd nitrogen bath 1s removed 
and as soon as defrosting at the outer surface 
starts, current 1s passed for about 10 mm for 
electrolysis of a 15-20 p 1 sample. After this time 
the electrodes are again immersed m hqutd 
nitrogen, with the current kept on so that any 
unelectrolysed water IS trapped and electrolysed 
Our experience indicates that 10 mm 1s sufficient 
for complete electrolysts of 20 ~1 of water The 
cell IS allowed to warm to near ambient tem- 
perature and the valve to the inlet IS opened to 
introduce the hydrogen-oxygen mixture thus 
obtained mto the inlet for mass spectrometrtc 
measurements. 

Sampling procedures Analysis of tap water 

The device is connected to the inlet of the A tap water sample (20 ~1) was injected into 
mass spectrometer by a Swagelok system and the device and electrolysed for 10 mm The 
evacuated, after which the inlet valve IS closed gaseous product was transferred to the “sample” 
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port of a Delta E (Fmmgan MAT) mass 
spectrometer, which has a dual inlet system. 
The inlet is designed so that the gas enters pre- 
evacuated (5 x lo-’ bar) reservoirs of vanable 
size (capacity 2-20 ml) through stamless-steel 
tubes (1.d. 3 mm, length 90 mm) on the “stan- 
dard” and “sample” sides. Here the gas IS kept 
for at least 1 min for equilibration, as the total 
volume of the system (reservoir cell and lines) 
is about 40 ml, the risk of overpressure and 
fractionation m the lines is covered. From the 
reservoir the gas is introduced mto the mass 
spectrometer through capillaries by the use of 
pneumatically controlled valves A working 
standard (20 ~1) IS simtlarly electrolysed with the 
same device and transferred to the “standard” 
port of the mass spectrometer. Three sets of mass 
spectrometrtc measurements of the gaseous elec- 
trolysis product, each set consistmg of twelve 
measurements for 6D/H, were obtained with 
background measurement before and after each 
set. The 6D/H ratio is defined as 

The mass spectrometer instrumental error thus 
evaluated was less than 0.2X. The same pro- 
cedure was repeated by taking ten more aliquots 
of the sample and the standard to determine 
the reproducibihty of the electrolysis method. 
To compare the results with another method, 
ten aliquots of the sample and the standard were 
reduced over heated uranmm according to the 
standard procedure3” and subjected to mass 
spectrometric analysis as before. 

RESULTS AND DISCUSSION 

The sD/H values obtained for the tap 
water sample by the electrolyttc and uranium- 
reduction techniques are listed m Table 1. The 
reproducibility of the electrolytic method is quite 
good (S.D. 0 135%) and the results obtamed by 
the two techniques are very close. In another 
experiment to demonstrate the “completeness” 
of electrolysis, the sample and the standard 
were taken from the same source, one bemg 
treated by electrolysis and the other by 
uramum-reduction The mean 6D/H thus ob- 
tamed was -0 0258 + 0.005L (see Table 2). 
The mean 6 D/H value obtained by the uranium- 
reduction method m the experiment was 
- 0.0261 + 0.004%. Both values are statistically 
equivalent to zero and very close to each other, 
suggestmg that the electrolysis is complete to 

Table 1 Mean aD/H values for 10 ahquots of tap water 
analysed by the electrolytic and uramum-reduction methods 

Mean &D/H 
(from three sets of 12 measurements each) 

k standard devlatlon, %o 

Ahquot Electrolysis Uramum-reduction 

1 -2 163 +O 182 -2256kO 191 
2 -2104*0164 -2 531 *o 135 
3 -2235&O 158 -2461+0 171 
4 -2 201 +O 136 -2438+0 160 
5 -2451 *O 152 -23OOkO 163 
6 -2 536 f 0 143 -2 315 *O 158 
7 -2312kO 135 -2 281 *O 131 
8 -2205kO 132 -2320+0 152 
9 -2361&0140 -2 256 f 0 141 

10 -2 223 k 0 138 -2 111 *O 125 

Mean f SD -2 279 f 0 135 -2 327 *O 122 

Table 2 6D/H values obtamed by treatmg the sample by 
electrolysis and the standard by uramum-reduction, and by 

treatmg both by uramum-reduction 

6D/H 
(electrolysis 6D/H 

and uramum- (only uramum- 
Ahquot reduction), % reduction), ?& 

1 -0 032 -0 020 
2 -0 029 -0 032 
3 -0021 -0 025 
4 -0 024 -0 023 
5 -0 028 -0 030 
6 -0 022 -0031 
I -0 033 -0 021 
8 -0 019 -0 021 
9 -0 024 -0 025 

10 -0 026 -0 027 

Mean f SD -0 0258 + 0 005 -0 0261 k 0 004 

an acceptable extent. The sample preparation 
time for the uramum-reduction method was 
20-30 mm, which is about 2-3 times more 
than that for the electrolytic device. The new 
electrolytic device reported here therefore pro- 
vides a rapid, efficient and precise decompo- 
sition method for water for subsequent mass 
spectrometric measurements. 

REFERENCES 

I Klrshenbaum Physlcul Properrres and Analysrs of 
Heavy Water, Chapter 4 McGraw-HIII, New York, 
1951 
M M Wnght, Trail Report 63, SAM Report lOOXR- 
6097, August 28, 1944, The Consohdated Mmmg & 
Smeltmg Company of Canada Ltd , Chemical and 
Fertlhxer Department, Trad, Bntrsh Columbia, Canada 
(taken from Ref 1) 
J Btgelelsen, M L Perlman and H C Prosser, Anal 
Chem, 1952, 24, 1356 
I Fnedman and R L Smith, Geochlm Cosmochrm 
Acru, 1958, 15, 218 



Talanra, Vol 38, No 6, pp 60741 I. 1991 0039-9140/91 5300+000 
Prnned I” Great Bntdrn All nghts reserved Copyright Q 1991 Pergamon Press plc 
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Summary-The use of an m-line photolysrs cod m a continuous-flow system of high-performance hqtud 
chromatography coupled wtth hydrrde generatron and flame atomtc-absorptton spectrometry for the 
spectatron of tm m natural waters IS descrtbed Irradratton with ultravtolet hght 1s shown to convert 
trtbutyltm mto orgamc tm(IV), from whrch a volatde hydride can be produced m the conventtonal way 
The effect of vartous condttrons on the analytical performance IS drscussed A detection hmtt of 2 ng for 
tin was obtained, and the tm specres could be completely separated wrthm 6 mm Use of the techmque 
for quanttficatton of trtbutyltm compounds m local coastal waters IS described 

Investigation of the forms m which a trace metal 
occurs, so-called “speciation”, is now recog- 
nized as vitally important m determining the 
toxicity and environmental fate of the metal 
This has stimulated interest m new techniques 
for trace metal speciation. One approach which 
appears to be particularly successful is chro- 
matographic separation coupled with detection 
by atomic spectrometry ’ * The specificity of 
detection allows use of less than optimum chro- 
matographic separation from other metals, with 
a consequent saving in time for sample clean-up 
and analysis. 

The demand for sensitive techniques for spe- 
ciation of organotin compounds has markedly 
increased m recent years. The presence of 
butyltm3 and methyltin species at concen- 
trations in the rig/l range in a variety of natural 
waters has been reported. More recently, how- 
ever, particular attention has been paid to the 
organotin compounds used in the formulation 
of anti-fouling paints, e g , bis(tributyltin)oxide 
and tributyltm fluoride.’ Such paints, contain- 
mg about 12% tributyltm (TBT) m the dry paint 
film, were introduced in the late 1960s and 
became widely used m the 1970s However, 
followmg mitral studies mto the decline of the 
shellfish industry m parts of France,6 and more 
recent detailed studies on the effects on shell- 
fish m the U K.,‘* the governments of both 
countries have now banned the use of organo- 
tin-based paints and waxes on boats under 25 m 

in length, and also on various structures, mclud- 
mg fish cages, m both freshwater and marme 
environments. Obviously, concern remains over 
the levels of TBT already m the environment,9 
particularly since the new legislation excludes 
larger vessels, the effect of which has already 
been reported. lo 

In a previous paper,” we described a simple 
yet effective coupling of high-performance 
liquid chromatography (HPLC) with flame 
atomic-absorption spectrometry (FAAS), utihz- 
mg pulsed nebulization and a slotted-tube atom- 
trap for the speciation of tm. The detection hmit 
for this system was 200 ng of Sn; preconcen- 
tration allowed detection of the 20 rig/l tri- 
butyltin concentration taken by the U K. 
Department of the Environment (DOE) as the 
limit for TBT in water. In later work,‘* tri- 
butyltm ions were determined by HPLC and 
fluorimetric detection with morm m a micellar 
solution. The sample was preconcentrated on an 
ODS column to give a detection limit of 16 ng 
of Sn. Here we present a further development of 
the HPLC-FAAS technique utihzmg hydride 
generation to improve the sensitivity still further 
and allow the determmatton of tributyltm at 
well below the DOE target of 20 rig/l (7 3 rig/l 
Sn) in ambient waters 

In recent years the hydride-generation 
method for the determmation of certam metal- 
loid elements, notably arsenic and selemum, 
has proved extremely popular The hydride IS 
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generated by chemical reduction, entramed m a 
current of inert gas, and led mto the observation 
zone, where it is decomposed by heat to form 
the atomic vapour Several methods have been 
based on this prmciple, but differ m the means 
of reduction and atomization I3 

The use of hydride generation after separ- 
ation by HPLC has been reported by several 
groups of workers For example, arsemte, arsen- 
ate and the mono- and dimethylarsemc species, 
may be separated by reversed-phase HPLC 
on an ion-exchange column and then pumped 
with sodium tetrahydroborate solution and 
hydrochloric acid mto a gas/hquid separator. 
The hydrides produced may then be swept 
mto an atom cell for flame atomic-absorption 
spectrometry, flame atomic-fluorescence spec- 
trometry or mductively coupled plasma atomic- 
emission spectrometry I4 Unfortunately such a 
simple approach is not applicable to tributyltm 
ions, because tributyltm hydride is a hquid at 
room temperature Thus this approach to the 
speciation of solutions contammg tributyltm 
requu-es further mvestigation. In one such 
study I5 it was found that hydride gener- 
ation coupled with electrothermal atomization 
atomic-absorption spectrometry readily allows 
the determmation of tm m organotm com- 
pounds after mmerahzation, and has the advan- 
tage over gas-liquid chromatographic systems 
for the methyltm series that no redistribution 
reactions take place I6 For tetramethyl- and 
tetraethyltm the response was similar to, but not 

Hydrogenlentramed air 
flame atom cell 

Fig 1 Contmuous-flow system for the generation of 
gaseous hydrides 

identical with, that for morgamc tm, but the 
response for other tm compounds, although 
linearly related to concentration, was a function 
of the thermal stability and volatility of the 
hydrides produced. 

The tributyltin ion is extremely stable and is 
only decomposed under vigorous mmerahzation 
conditions, which are considered unsuitable for 
m-line operation owing to problems of dilution, 
contammation, and dismtegration of pump tub- 
mg. However, m-line ultraviolet photolysis of 
organic matter is an established technique for 
the decomposition of organic species’7 and was 
selected for the present work to convert the 
tributyltm compounds mto morgamc tm(IV) 
species, and thus allow a contmuous-flow 
hydride-generator to be used for the deter- 
mination of both the morgamc and organic tm 
species present 

EXPERIMENTAL 

Apparatus 

The contmuous-flow hydride-generation sys- 
tem and atom cell are shown m Fig 1. Two 
small peristaltic pumps (Mmipump, Schuco 
Scientific) were used to pump the sodium tetra- 
hydroborate and sample solutions through a 
6-turn mixmg coil mto the gas/liquid separator 
The separator was fitted with a constant-head 
device. The hydrides were swept by a slow flow 
of nitrogen to the base of the burner, where 
they were mixed with a slow flow of hydrogen 
prior to decomposition m the flame. Full 
details of this continuous-flow system are given 
elsewhere I8 

The burner consisted of a borosihcate glass 
tube (8 5 mm 1 d , 100 mm long) with inverted 
“V” side-arms to act as gas inlets. It was 
positioned vertically m the spectrometer, replac- 
mg the conventional burner/nebuhzer assembly. 
The atomic-absorption spectrometer (Pye Um- 
cam model SP192), was fitted with a tm hollow- 
cathode lamp and the 286.3-nm tm line was 
used The observation height was 10 mm above 
the burner top. The output from the spec- 
trometer was displayed on a chart recorder (Pye 
Unicam model AR25) 

The tin species were separated by use of a 
solvent delivery system (Pye Umcam model 
PU4010) equipped with an mlector (Waters 
Associates, model U6K) with either a l-ml 
or loo-p1 sample loop, and connected to a 
Whatman Partisil- 1 0-SCX analytical column 
(10 pm particle size, 25 cm x 4 6 mm) Samples 
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Aif h HPLC column 

9 Injector 

Rg 2 SchematIc diagram of the analytlcal system 

were injected directly mto the column with a 
loo-p1 syringe (Scientific Glass Engineering). 

Reagents 

Unless otherwise stated, all reagents were of 
analytical reagent grade. 

A solution of 1 g of sodium tetrahydroborate 
(G.P.R., Fisons Scientific) m 100 ml of O.lM 
sodium hydroxide was used as the reductant; 
tt was usable for 2-3 days. 

A standard tin(IV) stock solution (100 pg/ml 
Sn) was prepared by dissolvmg granulated tm 
m concentrated sulphuric acid and diluting 
the solution appropriately.” Working standard 
solutions were prepared daily from the stock 
solution. 

Tnbutyltin chloride (TBTC, Aldrich) was 
used as a solution m methanol. 

Preservation of standards 

It has been shown*O that tin(IV) tons are 
rapidly adsorbed onto glass surfaces but not 
onto polyethylene. The reverse is true for 
organotm compounds, especially the R3 SnX 
compounds, soluttons of which are stable for up 
to 1 year when stored m borosilicate glass.*’ All 

standards were therefore stored m the appropri- 
ate type of container. 

Ultraviolet photolysis system 

Tributyltin was decomposed m an m-lme 
irradiation coil of the type used m an automatic 
dissolved organic carbon analyser.” A 25-m 
long coil (of fused-silica capillary) (1 5 mm 1.d.) 
was wound on a glass former wtth a diameter 
large enough for an ultraviolet lamp (Englehard 
Hanovia) to be inserted m the centre of the co11 
One end of the coil was connected to the outlet 
of the HPLC column, and the other to the inlet 
of the hydride generator, thus allowmg con- 
tinuous-flow operation A schematic diagram is 
shown in Fig 2 

RESULTS AND DISCUSSION 

Imttal studies showed that though the system 
would convert tnbutyltm mto a form of tm 
suitable for producing a volatile hydride, it 
needed vartous modifications for optimal per- 
formance One of the mam problems resulted 
from the wide bore (1.5 mm) of the fused-silica 
coil, which allowed back-diffuston of the 
sample. This was overcome by segmentmg the 
flow through the coil with au bubbles in a 
manner similar to that proposed by Skeggs.** It 
was found, however, that the size of the bubbles 
was also important* tf too large they tended to 

break up, and if too small they left pockets of 
solution behind and hence allowed mixmg A 
bubble with a length 2-3 times the bore of the 
tubing appeared to be ideal. 

To optlmtze the system the HPLC instrument 
was disconnected and the sample was supplied 
to the rest of the apparatus by means of 
a peristaltic pump. The optimum conditions 
found by varying the acid and sodium tetra- 
hydroborate solution flow-rates to the hydride 
generator, the flow-rate of nitrogen carrier gas, 
and the pH for decomposition of tributyltm m 
the coil, are summarized m Table 1. 

Table 1 shows that the optimum pH for the 
irradiation step IS lower than the pH that would 
be achieved by mixing the acid and reductant 
streams recommended as optimal for efficiency 
of hydride generation. It has been reported*) 
that the response for tm decreases if the acid 
concentration in the hydride generator exceeds 
0.7M. However, from the kmetic curve plotted 
to find the efficiency of decomposttlon m the co11 
(Fig. 3) tt was noted that the signal for tm 
originally present as TBT+ in a solution at pH 1 
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Table I Optimum conditions for the hydride-generation determmatlon of 
trlbutvltm ions after Dhotolvsis 

Hydrtde generator 
Acid 

Flow-rate 
Reductant 

Flow-rate 
Carrier-gas flow-rate 

Photolysrs of sample 
pH <I for maximum yield 

0 2M HCI 
1 5 ml/mm 
1% solution of NaBH, m 0 IM NaOH 
1 8 ml/mm 
120 ml/mm 

was only 84% of that for the same amount of 
morgamc tm(IV) at the same pH. The possible 
use of pH adjustment for further improvement 
was considered, but not mcorporated mto the 
system, because it was thought likely that the 
resulting sample dtlution would counteract any 
increase of the 84% conversion already ob- 
tamed. To ensure maximum conversion m 
20 mm it was essential to keep the inside of the 
fused-silica coil clean by occasionally flushing it 
with concentrated hydrochlortc acid to remove 
any deposits of SnO,, which would impair the 
irradiation process (they would also account 
for at least part of the mcompleteness of 
conversion) 

The optimum pH for the decomposition m 
the irradiated coil reflects the variation m the 
forms of tm in solutton, as shown m Fig 4. The 
soluble forms would be expected to be Sn4+ 
species at low pH, and stannate tons at high pH 
In the neutral region, less soluble tm species 
such as Sn(OH), will exist. Thus the efficiency of 
the photolysis will probably depend on the 
solubihty of the tm species present, so acidic 
conditions were mamtamed m all later work. 

Once these parameters had been optimtzed, 
the chromatograph was reconnected. Ideally a 
completely aqueous elution system would be 
employed to minimize absorption m the ultra- 

60 r- 

50 - Sn (IV) 

TBTC 

0 2 4 6 8 10 12 14 16 1820 2224 2628 

Time (mm) 

Fig 3 Photolysls of TBTC as a function of time, for a 
IOO-ng/ml (as Sn) solution at pH 1 The Sn(IV) signal 

corresponds to IOO-ng/ml Sn standard solution 

violet region by the organic solvent However, 
the HPLC system we have reported previously 
for tin speciation,” consisting of a cation- 
exchange column and a mobile phase of 80.20 
v/v methanol/O 1M ammomum acetate, was 
found to give acceptable results. A detection 
limit of 2 0 ng of tm was obtained with this 
system, z e , two orders of magnitude better than 
before. A typical chromatogram (100 ~1 mjec- 
non of a solution containing 500 pg/ml Sn4+ 
and 250 pgg/ml TBTC) is shown m Fig. 5. It 
should be noted that the chromatography takes 
only 6 min for the separation, the extra time 
needed for the complete chromatogram to be 
obtained being due to the time the sample 
spends m the photolysts coil However when a 
series of samples is to be analysed, mjecttons 
may be made m the conventional way, r.e , every 
6 mm, the results from each mjection followmg 
consecutively on the chromatographic record 

Finally the technique was tested for the deter- 
mmation of tin species m a sample of harbour 
water. The organotm compounds were quanti- 
tatively extracted from 1 litre of sample mto 
chloroform,” and after evaporatton of the 
chloroform, were redissolved m 10 ml of 
methanol for injection into the HPLC column. 
This procedure gives a concentration factor of 
100 The results obtained are shown in Fig. 6. 
The peaks for Sn4+ and TBT+ were identified by 
co-injection of appropriate spikes, and the level 

Sn(OH)i- 

+A 

_/ 

c. 

A+ 

0 1234567 8 9 10 11 12 1314 

PH 

Fig 4 Effect of sample pH on the signal for a TBTC 
solution passed through the pyrolysis coil 
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.Sn4+ 

TBTC 

A 

i 
0 2 4 6 6 10 12 14 16 16 20 22 24 26 26 

Mm 

Fig 5 Typlcal chromatogram obtamed by use of hydnde 
generatlon after photolysls, InJectIon of 100 ~1 of solution 

contammg 500 pg/l Sn4+ and 250 pg/l TBT+ 

Sn4+1 

I 
DBT(7) 

0 2 4 6 

Mm 

Fig 6 Chromatogram obtained from InJectIon of 100 ~1 of 
methanol solution derived by IOO-fold preconcentratlon 

from 1 htre of harbour water 

of TBT+ was found to be 0.20 pg/l. m the 
orrgmal sample. The thud species was not 
identified at the time, but later work Indicated 
that tt was probably dtbutyltm. 

CONCLUSIONS 

The use of a photolysls co11 has been shown 
to enable the sensttive technique of m-line hy- 
dride generatton to be extended to the determl- 
nation of species (such as trtbutyltin) that do not 
themselves form volatile hydrides 

The chromatograms obtained have well 
defined peaks, mdtcatmg good resolution and 
the absence of carry-over between samples. The 
detection limrt of 2 ng of Sn is the lowest yet 

reported for the determination of tm spectes by 
directly coupled HPLC-AAS. The technique 
has been applied here for the determmatton of 
organotm compounds, but it is obviously poten- 
tially useful for many other hydride-forming 
elements, such as arsemc, which can occur 
m forms which do not readily yield volattle 
hydrides. 
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Summary-Cadmmm, lead and copper were determmed m synthetm sea-water, drmkmg water and the 
NBS 1643b Trace Elements m Water standard reference material at pg/l levels by flame atomm-absorptton 
spectrometry after on-hne preconcentratton by sorbent extractlon with a flow-mjectton system Bonded 
sthca wtth octadecyl functIona groups packed m a mmro column of 100 ~1 capacity was used to collect 
d~ethylammonmm dlethyldlthlocarbamate complexes of the heavy metals m the aqueous samples The 
sample loadmg time was 20 set at a flow-rate of 3 3 ml/mm Ethanol or methanol was used to elute the 
adsorbed analytes mto the spectrometer The sample loading rate, elutlon rate and pH were optimized 
Enrichment factors of 19-25 for Cd, Pb and Cu were achieved at sampling frequencies of 120/hr wtth 
preclstons of 1 4, 1 0 and 1 3% rsd (n = II), respecttvely The detectlon hmus (3~) for Cd. Pb and Cu 
were 0 3, 3 and 0 2 pg/l , respectively Determmatlon of Cd, Pb and Cu m NBS SRM 1643b showed good 
agreement with the certnied values Recoveries of Cd and Pb added to sea-water were 95 and 102%, 
respecttvely 

On-line separation and preconcentratton have 
evolved mto two of the most prominent contrt- 
butions of the flow-mlection (FI) technique to 
atomic spectrometry Conventional procedures 
for separation and preconcentratton, mcludmg 
ion-exchange, adsorption, solvent extraction, 
precipitatton etc , although effective, are often 
extremely tedious, consume large quantittes of 
sample and reagent, and are vulnerable to con- 
tammatton. The FI approach, m contrast, can 
offer a highly efficient and economtcal technique 
which is capable of separating interfering 
matrices, producing 20-30-fold enhancement m 
sensitivity, with about 1 ml of sample, at 
sampling frequencies of 120 samples/hr m flame- 
atomic absorption spectrometry (FAAS).‘-2 The 
malortty of work conducted m this area has 
been associated with preconcentratton on 
packed columns either by ton-exchange or by 
adsorption. Solvent extraction on-line precon- 
centration for FAAS has also been shown to be 
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Shenyang, China 

ton leave from Institute of Rock and Mmeral Analysis, 
Beijing, China 
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very efficient.3*4 Its rather limited populanty 
might be due to the more complicated exper- 
imental set-up, the relatively short lifetime of 
the separation membranes and the need for 
stricter control of expenmental parameters than 
for column techniques. Recent publications by 
Karlberg’ and Ruzicka and ArndaP have shown 
that sorbent extraction may be used as an 
alternative to solvent extraction m FI systems. 
Sorbent extraction can be performed on packed 
columns, analogously to procedures established 
for ion-exchange preconcentration, with all the 
specificity of well accepted solvent extraction 
separation procedures. Sorbent extraction 1s 
achieved with a hydrophobic sorbent solid 
phase which collects analyte complexes formed 
m the aqueous phase. The metal complexes are 
later eluted by an organic solvent which 1s not 
necessarily immisctble with water, thus provtd- 
mg more flextblhty to the technique Ruzicka 
and ArndaV have demonstrated the outstand- 
mg versatility of preconcentration by on-line 
sorbent extraction for FAAS, and predicted 
a promtsmg future for this combmation. Of 
the three chelating systems they studied, the 
one based on diethyldithiocarbamate (DDC) 
appears to be the most broadly applicable to 
heavy metals m various sample matrices. The 
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DDC complexes have been studied thoroughly, 
and detailed mformatlon on their behavlour 1s 
readily accessible m the literature.9,‘0 Ruzlcka 
and Arndal used a bonded slhca sorbent with 
octadecyl functional groups (C,,) to collect the 
complexes, followed by elutlon with ethanol or 
methanol 6 A lo-pgg/l detection limit was re- 
ported for Pb with 80 set preconcentratlon, and 
an estimated sampling frequency of 20-30/hr. 

In the work reported here, the performance of 
the DDC-C,,-ethanol scheme of sorbent extrac- 
tion preconcentratlon for FAAS was further 
improved by using an efficient on-line column 
preconcentratlon system reported prevlously’*2 
for ion-exchange preconcentratlon by FAAS. 
The method was applied successfully to the 
determination of Cd, Pb and Cu m various 
water samples 

EXPERIMENTAL 

Perkm-Elmer models 3030 and 2100 atomlc- 
absorption spectrometers equipped with deu- 
termm-arc background correction were used 
throughout Hollow-cathode lamps were used 
for the determination of lead, cadmium and 
copper at their primary resonance lines at 283.3, 
228 8 and 324.7 nm respectively Flame con- 
ditions slightly leaner than recommended were 
chosen, to compensate for the effect of the 
organic solvents which were introduced during 
elutlon and acted as an additional fuel. Flow 
spoilers were used m the spray chambers, for all 
measurements 

With the 3030 instrument, the graphlte- 
furnace mode was used m order to study the FI 
peak with high time-resolution. Peaks were 
recorded by a Perkn-Elmer model 56 strip- 
chart recorder and printed by a model PR-100 
printer The time constant for peak-height 
evaluation was 0 2 set, with a measurmg time of 
10 set mltlated by the actuation of the injector 
for column elution. 

The 2100 instrument was operated m the FI 
mode Peaks, peak heights and statistical data 
were printed by an Epson EX-800 printer. 

Two FI systems were used The first, used 
with the 3030 instrument, was a Blfok 8410 
modular FI system with two 4-channel 40 rpm 
peristaltic pumps Tygon tubes were used for 
sample loading and for propelling the complex- 
ing reagent. A Perkin-Elmer Series 2 HPLC 
pump was used to propel the ethanol eluent. 
A modified Blfok/Tecator V- 100 sample injector 
described previously,’ with its by-passes 

blocked but with three additional ports on the 
rotor instead of two, was used throughout 
The second system was a prototype of the 
Perkm-Elmer model FIAS-200 FI unit for 
atomic spectrometry, which was coupled to the 
2100 instrument, and employed the same sample 
inJector as the first system SIllcone rubber tubes 
were used for propelling ethanol and methanol, 
and Tygon tubes were used for all other sol- 
utions. The FI on-line column preconcentratlon 
manifold used is illustrated m Fig 1 The micro 
sorbent-extraction columns were made from 
sections of plastic Eppendorf pipette tips with 5 
mm id. at the top end and 4 mm 1 d at the 
other, and packed tightly over a length of 5 mm 
with &-bonded silica, 40-63-pm particle size 
(J. T Baker, “Bakerbond”) The packing was 
kept m place by small plugs of plastic foam The 
upper end of the column was sealed by a small 
section of silicone rubber tubing pushed mto the 
column To mmimlze dispersion, the column 
was arranged m the manifold so that the sample 
and reagent stream flowed from the narrower 
end of the column to the broader, and the 
eluent flowed through it m the reverse direction 
The column was connected to the injector, and 
the injector to the nebuhzer, with 0 35 mm 
1 d. PTFE tubing A 10 cm length of straight 
tubing or a 25 cm length of three-dlmenslonally 
dlsonented knotted reactor (made as described 
previously’) was used for the latter connection 
Similar sensltlvltles were obtained with both 

, Samk=Loadw Ethano, m 

mllmln 

Ethanol 15 
Elutlon 

Fig 1 FI mamfold for on-hne sorbent extraction column 
preconcentratlon P, , P,--pumps, V-Injector valve, C- 
comcal column packed with C,, sorbent, W-waste, R- 
reactlon co11,O 5 mm I d , 4 cm long, T--transport conduit, 
0 35 mm Ed , 25 cm long knotted reactor, AAS-flame 

atomic-absorption spectrometer 
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but the knotted reactor connection gave slightly 
better precision. The FI instruments were pro- 
grammed for a 20 set loading period and a 10 
set elution pertod. The sample loading rate was 
3.3 ml/min. DDC solution (0.5 mg/ml) was 
introduced at 0.4 ml/mm and mixed with 
the acidified sample (pH 2) at a confluence 
point on a “chemifold” (integrated connector 
block). The optimum elution rate was found 
to be 2.5 ml/mm. At first the solvent used for 
elutton (ethanol or methanol) was contmuously 
pumped mto the nebulizer to mamtam constant 
flame conditions. Later it was found that stop- 
pmg the organic solvent flow during the sample 
loading period had no detrimental effect on the 
overall performance The pump for the solvent 
was therefore programmed to stop after the 
elution period and to resume action 5 set before 
the next elution. All eluttons were done wtth a 
free nebulizer uptake rate optimized for the 
analyte m alcoholic solution (correspondmg to 
7 2 ml/mm for aqueous solutions) Identical 
results were obtained for the two FI systems, 
with the same manifold. 

All reagents were of analytical-reagent grade 
and demmerahzed water was used throughout. 
The diethylammonmm diethyldithiocarbamate 
(Merck) solution (0.5 mg/ml) was prepared by 
dtssolvmg the reagent m an aqueous O.OlM 
acetic acid/O 02M ammonia mixture (pH 9.2) 
Standard solutions of cadmium, lead and cop- 
per were prepared by dilutmg 1000 mg/ml. stock 
solutions (Merck, Tttrisol) and acidified to pH 
2 with nitric acid A synthetic sea-water matrix 
contammg 35000 mg/l. sodium chloride, 1300 
mg/l magnesium, 400 mg/l., calcium was pre- 
pared (with magnesium chonde and calcium 
nitrate) and acidified to pH 2 after spiking wtth 
the analytes. Ethanol and methanol (Merck) 
were degassed before use to prevent the for- 
mation of air bubbles m the stream during 
elution, which would degrade the precision. 

RESULTS AND DISCUSSION 

Optlmlzatlon of the on-line preconcentratlon 
system 

The design of the on-line sorbent extraction 
preconcentration system was based on that 
of a high-efficiency, low sample-consumption 
on-line ion-exchange preconcentration FAAS 
system which had provided good performance 
for the determmation of trace metals in water.‘.’ 
The system was modified as described m the 
experimental section, to meet the special 

requirements and conditions of the sorbent 
extraction approach 

First, the mterrmttent mtroduction of water 
between elutions (which was previously used to 
remove the acid eluate from the spray chamber 
m order to muumize corrosion) was no longer 
necessary Instead, it was found beneficial to 
precondition the flame before the elution, by 
mtroducmg the organic solvent during the 
sample loading phase, for at least 5 set prior to 
initiation of the readout. The orgamc solvent 
flow may be dtscontmued for the precedmg 
part of the loading phase m order to save 
reagent An extra channel was drilled m the 
rotor of the injector to provide this capability 
(see Fig. 1) 

Secondly, the column design had to be 
modified because of the smaller particle size 
(40-63 pm) of the sorbent material used m this 
study. When the C,, sorbent was packed m a 
conical column identical to the 65-~1 column 
described by Fang and Welz,’ excessive pressure 
developed m the system at the normal flow-rates 
used for sample loadmg, causing leakages at 
the connections. It was also difficult to increase 
the sample loading rate above 1 ml/mm because 
of hmitations m the peristaltic pumps, which are 
designed for relatively low-pressure systems. 
The diameter of the column was therefore 
increased by using a wider section of the 
Eppendorf pipette tip, and a packing thickness 
of only 5 mm This modification has proved to 
permit trouble-free operation at a 3 3 ml/mm 
sample loading rate for over 500 repeated mlec- 
tions Such modifications may not be necessary 
if larger particle sizes of the C,* sorbent, as 
used by Ruzicka and AmdaY (150 pm), are 
employed However, the smaller particle size 
may favour more efficient sorption and elution 
of the metal chelates and may be one of the 
reasons for the better performance obtained 
m this study, m spite of the larger disperston 
effects m the larger columns It should be noted 
that the sample loadmg rate of 3 3 ml/mm m 
this study, which was limited by the column 
packing, was considerably lower than that of 
4.8 ml/mm used for ion-exchange preconcen- 
tration.’ This was one of the reasons for the 
lower concentration efficiency of the present 
system compared to that of ion-exchange sys- 
tems (see following sections) Larger particle 
sizes will lead to higher flow-rates and may be 
expected to more than compensate for the loss 
in enrichment factor associated with their less 
favorable kinetic properties. 
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Table 1 The effects of reactlon cod configuration and length 
on the enrichment factor for Cd (10 pg/l.), Pb (200 pg/l ) 
and Cu (50 rg/l ), PTFE tubmg (0 5 mm I d ) was used 

throughout 

Reaction co11 Enrvzhment factor 

Configuratlon Length, cm Cd Pb Cu 

Straight 4 25 20 19 
Straight 24 22 18 18 
Knotted 24 185 16 16 5 

Thirdly, the dimensions and configuration of 
the reaction coil between the confluence point 
of the sample and reagent soluttons and the 
mlector which mcorporated the sorbent column 
were found to have a stgmficant effect on the 
enrichment factor for analytes such as lead and 
cadmium (see Table 1) This is a phenomenon 
which has not been observed m ton-exchange 
preconcentration and may be associated with 
kinetic aspects of the adsorptton of the metal 
chelates on the sorbent. The shortest connection 
(4 cm, 0.5 mm 1.d ) with the shortest residence 
time produced the highest enrichment factor. 
The differences m results for the straight 24 cm, 
0.5 mm 1 d. reaction condutt and the knotted’s8 
reactor made from the same tubmg imply that, 
as well as the reaction time, the mixmg con- 
dttions have a substantial influence on the 
enrichment factor It seemed quite surprising 
that the more complete radial mixing m the 
knotted reactor should lead to inferior results 
The phenomenon seems to favour the assump- 
tion that the metal chelates should be formed 
shortly before their sorption and that sample 
and reagent should not be allowed to be m 
contact for any longer period of time. However, 
the studies conducted thus far are not sufficient 
to provide a satisfactory explanation and more 
work will be necessary for the eluctdatton of 

Elut~on Flow-rate ml/mm 

Fig 2 Effect of elutlon flow-rate on peak absorbance (A) 
and preclslon (P) for on-hne sorbent extractlon preconcen- 
tratlon of copper (50 rg/l ) with the FI mamfold m Fig 1, 

loadmg period 20 set 

thus phenomenon. Nevertheless, the confluence 
point for sample and reagent was placed as close 
as possible to the mlector m order to achieve the 
best enrichment factors. 

The exclusion of a washmg step between 
sample loading and elution has been proved to 
be beneficial m on-line preconcentration with 
ion-exchange columns. ” This procedure was 
equally effective m this work with the sorbent 
extraction preconcentration system. The apph- 
canon of the method to the determination of 
trace elements in sea-water (as representative of 
a concentrated and complex matrix) was quite 
successful (see section on performance). 

Efects of experimental parameters on the per- 
formance of sorbent extraction preconcentratlon 

The effect of eluent flow-rate on peak ab- 
sorbance and prectston for the measurements of 
50 pg/l. Cu are shown m Fig. 2. It can be seen 
that, as was the case with on-line ion-exchange 
preconcentration, the peak absorbance re- 
mained essentially constant for eluent flow-rates 
ranging from 1 3 to 4 ml/min, tmplymg higher 
elution and nebuhzation efficiencies at the lower 
flow-rates, but the preciston was considerably 
degraded at elution flow-rates below 1.6 ml/mm 
Another unfavourable aspect of the lower flow- 
rates was that the elutton peak was broader, 
which meant that it took longer to complete the 
elution, thus reducing the samplmg frequency 
and concentration efficiency CE (enrichment 
factor x samples per mm). An elution flow-rate 
of 2 5 ml/mm was selected as optimal with 
respect to overall performance and economy of 
reagents. 

DDC reagents have been reported to form 
chelates with metals at high acrdtties.9*‘0 As the 
water samples used m this work are always 
acidified during collection to a pH of 2 or even 
lower, a study on the effects of acidity on the 
preconcentration was undertaken to assess Its 
limits and to mvestigate the necessity for buffer- 
mg the sample solutions. Concentrations of 6 
pg/l. Cd, 200 pg/l. Pb and 50 pg/l. Cu acidified 
to different degrees with mtrtc acid were 
analyzed and the peak absorbances compared to 
those obtained at pH 3 The peak stgnals for 
lead and copper were not influenced at all by the 
acidtty, even by 1M mtric acid (pH 0), whereas 
a 10% lower signal was obtained for cadmium 
under these conditions The acidity hmit 
for cadmium was found to be approximately 
0.8M mtrtc actd (pH O.l), which IS well above 
the acidity of normal water samples It was 
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Table 2 Performance of the on-line sorbent extraction 
preconcentratlon FAAS system sampling frequency 120/hr, 

sample volume 1 4 ml 

Cd Pb Cu 

0 10 20 30 60 

PH 

Concentration, pggll 6 200 50 
Enrichment factor 25 20 19 
CE, EF/mm* 50 40 38 
RSD, % (n = 11) 14 10 13 
Detection hmit (3a), pg/l 03 3 02 
Recovery from sea-water?, % 94-96 98-102 - 
Recovery from tap water$. % 97-102 97-101 - 

*Concentration efficiency = enrichment factor (EF) x sam- 
Fig 3 Effect of sample acidity on the recovery of 6 pg/l ples per mm 
cadmium m demmerahzed water (D) and sea-water (S) with tSplked with 20 rg/l Pb and 10 pg/l Cd 

the manifold m Fig 1. loading period 20 set @piked with 30 rg/l Pb and 3 fig/l Cd 

therefore considered unnecessary to buffer the 
samples during complexation. The buffer sol- 
ution m the DDC reagent was added only for 
the purpose of stabihzmg the reagent, which 
decomposes much faster at lower pH For sea- 
water, however, m contrast to the observations 
for simple aqueous standards, when the pH of 
the sample was lower than 1.5 the recovery for 
cadmium gradually deteriorated to about 20% 
at 0.8M nitric acid (Fig. 3). The difference m 
behaviour m the sea-water matrix might be due 
to the higher ionic strength. The acidity limit for 
determmation of cadmium m sea-water was 
therefore considered to be pH 2. The eluents, 
ethanol and methanol, were found to be quite 
similar m performance. Ethanol was used m 
most of the experiments because of its lower 
toxicity Longer chain alcohols such as n- 
butanol were also tested as eluents but were 
found to give much lower enrichment factors 

Performance of the on-lme sorbent extraction 
preconcentration system 

The enrichment factors, detection limits, pre- 
cisions and sampling frequencies for Cd, Pb and 
Cu, as well as their recoveries m synthetic 
sea-water and tap water by use of the optimized 
on-line sorbent extraction system with FAAS, 
are shown m Table 2. The enrichment factors 
(EF) and sampling frequencies show that the 
CE values of the system, which are the products 
of the two parameters, are m the range 38-50 
EF/mm, sowewhat lower than those achieved 
by preconcentration with a column packed with 
CPG-8Q (8-qumolmol immobilized on porous 
glass) ion-exchanger ‘3’ In addition, it should 
not be overlooked that organic solvent effects in 
the flame produced a signal enhancement factor 
of about 2.2 in the case of sorbent extractton, so 
the actual increase m concentration at the 
peak maximum would be less than 12-fold at 

sampling frequencies of 120 hr, corresponding 
to a CE value of only 17-23 EF/min The lower 
CE is due to the slower release of the complexed 
metals from the sorbent mto the organic sol- 
vent, compared to the elution of complexed 
heavy metals by strong acids from chelating 
ion-exchange columns Nevertheless, the detec- 
tion limits obtained for the two techniques were 
quite similar. Recovery studies m sea-water and 
tap water for the analytes Cd and Pb, which 
may be susceptible to interferences also show a 
better tolerance of interferences, with the sor- 
bent extraction approach. This is best illustrated 
by the recoveries of cadmium m a sea-water 
matrix. With on-line ton-exchange preconcen- 
tration with CPG-8Q columns no satisfactory 
recoveries could be obtained, owing to compe- 
tition m complex formation by the relatively 
high concentration of magnesium. The best 
recovery obtained was 73%. Only after a 1.2 
drlution of the sea-water sample was it possible 
to come close to 90% recovery.’ The Cd-DDC 
complex shows much higher stability even at 
very low pH, and DDC does not form stable 
chelates with the alkaline and alkaline-earth 
metals even at low acidity, hence excludmg the 
possibility of their interference However, the 
competition for adsorption sites on the sorbent 
by other heavy metals m the sample, which also 
form stable DDC chelates, has to be considered 
more carefully 

The tolerance for co-existing heavy metals 
was examined by adding relatively high concen- 
trations of Pb and Cu to 100 pg/l. Cd. Interfer- 
ences begin to be sigmficant (84% recovery) m 
a solution contammg 4 mg/l each of Pb and Cu, 
which is not likely to be encountered except m 
waste water samples, and 96% recovery was 
obtained at half these mterferent concen- 
trations The interference effects could be par- 
tially or completely overcome by using larger 
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I 
Fig 4 Recorder traces for on-line sorbcnt extractlon pre- 
concentration of 0 1 fig/l Cd standard solution (B) and 0 1 
mg/l Cd m synthetic sea-water (C) with the FI matufold m 
Fig 1, compared to the trace for 2 mg/l Cd standard 
solution with conventlonal asplratlon (A) Sample uptake 
rate 7 2 ml/mm Preconcentratlon (loadmg) pertod 20 set 

columns, at the expense of lower enrichment 
factors, as is also the case for ion-exchange 
preconcentration.” Alternatively, masking 
agents could be used to form stronger com- 
plexes with the interfering ions However, these 
were not found to be necessary for the water 
samples studied. A recorder trace obtained with 
the 3030 instrument m the determination of 0.1 
mg/l. cadmium m sea-water by on-line sorbent 
extraction preconcentration FAAS is compared 
m Fig. 4 with the signals for 0.1 mg/l. Cd m a 
simple aqueous standard and a signal obtained 
by conventtonal asptratton of a 2 mg/l. Cd 
solution. 

The performance of the on-line sorbent ex- 
traction preconcentration system was further 
tested by analysing NBS standard reference 
material 1643b, Trace Elements m Water. The 
normal sample loading period of 20 set was 
sufficient for the determmatton of cadmium and 
copper but a longer loading period of 60 set 
was required to achieve consistent results for 
lead. The results are shown m Table 3 and the 
time-resolved elution curves are depicted in 
Fig. 5. Substantial background absorbance was 
observed in the cadmium and lead determi- 
nations This was caused by the change in flame 
conditions when a small amount of sample 
matrix, remaining m the column at the end of 
the sample loading period, was flushed mto the 
flame by the organic solvent. This had no effect 

Table 3 Analytlcal results for determmatton of Cd, Pb 
and Cu m NBS SRM 1643b, Trace Elements m Water 

Measured value,* Certified value, 
Element /Kg/l K?cgll 

Cd 19*03 20&l - 
Pb 23 f 0 3t 207kO7 
cu 220*04 223kO4 

*Average of trlphcate determmatlons 
t60 set preconcentratlon period 

005, 

ij Jk 
0 Timesec 10 

$ iOO5) (bJ 
6 

g 
2 
Q 

0 :J\ 
0 Timesec 10 

Fig 5 Elutlon curves and background absorbance (dotted 
hne) for (a) copper, (b) cadmmm and (c) lead m NBS 
SRM 1643b, Trace Elements m Water The absorbances m 

parentheses gwe the scale for the background 

on the peak-height measurements, particularly 
when background correction was used In the 
case of lead (Fig 5c) a stgmficant distortton of 
the elutton curve was clearly visible This was 
most probably caused by an over-correction of 
the background, owing to strong hydroxyl 
bands m the flame, which exhibit a fine 
structure at the wavelength used (283.3 nm) 
This phenomenon disappeared when a different 
wavelength (217 0 nm) was used However, the 
signal distortion was found to have no effect on 
the peak-height absorbance, so the deterrm- 
nation could be done at 283 3 nm, the wave- 
length with the best signal to noise ratio. 

No contammation problems were encoun- 
tered m this study, mainly because a closed 
preconcentration system was used. Owing to the 
small amount of reagent introduced during the 
sample loading, reagent blanks were absent or 
close to the detection limit The reagent grade 
organic solvent used for elution never produced 
any noticeable blank values, because the con- 
tammation therem (if any) did not undergo 
preconcentration 

CONCLUSIONS 

The on-lure sorbent extraction column pre- 
concentration system described in the present 
study has proved to be an extremely efficient 
and versatile means of improvmg the sensttivtty 
and selectivity of FAAS. Detection limits for 
cadmium, lead and copper were improved by a 
factor of 20, with sampling frequencies and 
sample volumes matching those of conventional 
FAAS analysis. 
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The precision and recovery obtained m the Acknowledgements-The authors wish to express their 

analysis of sea-water, and the good agreement thanks to M Sperlmg and B Radzmk for msplrmg dlscus- 

of the analytical results with the recommended “On’ 
values for the standard reference material 1643b 
show the reliability and accuracy of the method. 
The good recovery obtained for cadmium m the 
sea-water sample was partrcularly outstanding, 
because hitherto it has been rather drfficult to 
obtain acceptable recoverres for this element 
with on-line ion-exchange preconcentratron.‘,” 
Further work IS m progress to extend the 
method to the analysis of other samples with 
more complex matrices.. The detection hmrts 
achieved for the analytes studied show that the 
on-line sorbent extraction preconcentration 
FAAS system may be used for the control of 
water quality for environmental purposes, 
which until now could only be accomplished by 
graphite-furnace AAS. 
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CATALYTIC DETERMINATION OF 
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Summary-The oscdlopolarographlc behavlour of Methyl Red m sodium hydroxide medium has been 
studied, and the results show that the wave at -0 79 V IS an irreversible two-electron adsorptlon wave 
A very sensitive and selective catalytic reactlon-oscdlopolarographlc method for the determination of Ru 
down to 3 rig/l IS described,, based on the Ru(III)-catalysed redox reaction of Methyl Red and potassmm 
periodate m hydrochloric acid medium Potassium thlocyanate IS used to quench the reactlon and the 
oscdlopolarography is then performed with so&urn hydroxide as the supporting electrolyte The influence 
of 41 foreign ions has been examined Ruthemum m ore samples has been determined by the method, 
with satisfactory results 

Several polarographlc methods have been 
reported for the determmatlon of trace amounts 
of ruthenlum,‘-9 but their sensitivity or selec- 
tivity 1s not very satisfactory. Many catalytic 
reaction systems ‘O-” have been proposed for 
determining trace amounts of Ru by spectro- 
photometnc, potentlometric and thermometric 
methods, but no catalytic method with oscillo- 
polarographlc detection has yet been published 
for Ru. To develop such a method, some of 
the catalytic reaction systems of Ru were 
examined. The results demonstrate that some of 
the Ru-KIO,-azo-compound systems can be 
utlhzed. In the present work, we investigated 
the Ru(III)-KIO,-Methyl Red system in detail. 
A very sensitive and selective catalytic oscillo- 
polarographlc method for Ru was developed, 
with a detection hmlt of 3 rig/l.. and a determl- 
nation range of 8-220 rig/l.. by the fixed-time 
method 

EXPERIMENTAL 

Apparatus 

A model JP-2 single-sweep osclllopolaro- 
graph (Chendu Instrumental Factory) with a 
three-electrode system [droppmg mercury elec- 
trode (DME), SCE and platinum electrode], was 
used. A thermostat was used to control the 
temperature 

Reagents 

A standard solution of Ru(II1) (100 pgg/ml 
m 2.4M hydrochloric acid) was prepared with 
NH4 RuCl, . Working solutions were prepared 
by dilution of the standard solution shortly 
before use, and also by the procedure used to 
prepare the sample. Solutions of potassium 
periodate (9.0 x lo-‘M, usable for a week) and 
Methyl Red (MR, 5.00 x lo-‘M) were used 

Procedure 

Into a 25-ml graduated test-tube fitted with a 
glass stopper, a known volume of solution 
containing between 0.2 and 5 5 ng of Ru was 
transferred, 2.0 ml of 1 M hydrochloric acid and 
0.40 ml of 9.0 x 10w3M potassium perlodate 
were added, and the solution was diluted accu- 
rately to 10 ml with doubly dlstdled water. The 
tube was placed m the thermostat (at 55 + 0.1’) 
and after about 5 mm, 0 50 ml of 5.00 x lo-‘M 
MR was added, and the stop-watch was started 
while the tube was shaken vigorously to mix the 
solution. The tube was kept m the thermostat 
for 10 mm, then the reaction was stopped by 
addition of 1.0 ml of O.OlM potassium thlo- 
cyanate. The tube was cooled, 7 0 ml of 1M 
sodium hydroxide were added and the solution 
was diluted accurately to 25 ml with water. 
A portion of the solution was transferred mto 
a polarographlc cell and the second derlvatlve 
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peak current, Z; cs, was measured with scanning 
from - 0.40 V m the posmve direction Zi, uncaf 
for the uncatalysed reaction was measured m a 
stmtlar manner The log (Zk uncat/Z;,cs) values for 
a range of Ru concentrattons were plotted as 
a function of Ru concentration to prepare a 
cahbration graph. 

Preparation of ore sampleI 

A 1.0 g sample of ore was weighed accurately 
mto a nickel crucible and mixed with 5 g of 
sodmm peroxtde The mixture was heated at 
700” for about 25 mm, cooled, and extracted 
with water. The solutton was transferred mto a 
dtstillation flask, acidtfied with 10M sulphuric 
acid, and treated with 10 ml of saturated potass- 
ium permanganate solution and 0 20 ml of 200 
mg/ml sodmm chlortde solutton. Ruthenium 
tetroxide was dtsttlled, and absorbed m 10 ml 
of 0 1M sodmm hydroxide. This solution was 
transferred to a loo-ml beaker, treated with 
about 5 ml of 12M hydrochloric acid, then 
evaporated almost to dryness, and cooled 
About 40 ml of water and 5 ml of 12M hydro- 
chloric acid were added, and the mixture was 
boiled for about 2 mm, then cooled and trans- 
ferred to a 500-ml standard flask and diluted to 
the mark with water A suitable ahquot, further 
dtluted if necessary, was analysed 

RESULTS AND DISCUSSION 

Oscdlopolarographlc behavlour of MR 

Tacht” ‘* reported that MR in acid or base 
medium exhibits a d.c. polarographic wave, 
and Ptttonl’9 reported E,,* for Methyl Red, 
but the oscillopolarographic behaviour of MR 
does not seem to have been reported. Our 
experiments show that oscillopolarography is 
more sensitive for MR m sodmm hydroxide 
medium than m hydrochloric acid medium. 
The influence of periodate, todate, chloride and 
thiocyanate on oscillopolarographic measure- 
ment of MR m sodmm hydroxide medium was 
examined at 25”, and no effect was observed. 
Zi is maximal and constant when the sodmm 
hydroxide concentration is 0 05-O 7M, and 
proportional to the MR concentration between 
1 0 x lo-* and 2 5 x 10e5M The electro- 
capillary curve is lower m the presence of 
1.0 x 10m6M MR than m its absence, owmg to 
adsorption of MR on the surface of the DME 
changing the surface tension of the mercury 
drop The anodic and cathodic waves are 
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Fig 1 Cathodic and anodlc waves for 5 00 x 10-6M MR m 

-0 2M NaOH 

shown m Ftg 1, from which - Z,/Z,a = 0 77 and 
AEp = 40 mV, so from AE (mV, 25”) = 58/n, 
n = 1.45 The mean temperature coefficient 1s 
- l.g%/deg m the range 20-40” The wave 
disappears when the surfactants polyvmyl 
alcohol, cetyltrtmethylammonmm bromide, 
TX-10 and TX-100 are added 

These results verify that the wave is a 
2-electron irreversible adsorption wave 

Ru(ZZZ)-KZOCMR catalytic reaction system 

Rysev et al. lo first found that Ru(IV) 
catalysed the decolortzatton reaction of MR 
and potassium periodate, and used it for the 
spectrophotometric determmatton of Ru from 
2.0 x 10m4 to 3 0 x 10e3 pg/ml. In the present 
work, the system was adapted to oscillopolaro- 
graphic analysis and based on the catalyttc effect 
of Ru(III) on the reaction. Because thiocyanate 
can reduce pertodate quickly in hydrochloric 
acid medium and MR exhibits a very sensitive 
oscillopolarographic wave m sodium hydroxide 
medium, potassmm thtocyanate and sodturn 
hydroxide were selected as the quenching 
reagent and the supporting electrolyte, respect- 
ively. Z:, Cs and Zi, ,,ncaf remam constant for 60 mm 
after additton of 1 .O ml of 0 OlM potassium 
thtocyanate 

The overall reaction may be expressed as 

Ru(II1) 
MR + KI04 HCI Products 

Under the chosen condittons, the periodate 
concentration is greater than the MR concen- 
tration, and it is presumed that a pseudo first- 
order reaction (with respect to MR) occurs. 
Since the catalytic and uncatalysed reactions 
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occur simultaneously in the analytical system, 
the rate equation of the overall reaction is 

I’,, = - d[MR]/dt 

= k, [MR] [Ru] + k,, [MR] (1) 

- d[MR]/[MR] = (k,[Ru] + k,,) dt (2) 

where k, and k,, are the rate constants of the 
catalytic and uncatalysed reactions, respectively, 
for use of a fixed concentration of periodate and 
hydrochloric acid. Integration of equation (2) 
gives 

- hiOW, cs = (ZcJRu] + k,,)t + 1ogB (3) 

where B = [MR], cS, the initial concentratron of 
MR m the catalytic reaction solution. When 
[Ru] = 0, only the uncatalysed reaction taken 
place, and equation (3) has the form 

- hs[MNt, un = k,, t + 1ogB (4) 

where [MRI, un is the concentration of MR m 
the uncatalysed-reaction solution at time t 
Combmmg (3) and (4), we obtain 

logWRIt, un/WRlt, ,,I = k WI t (5) 

Since Zi = k’[MR], where k’ is a constant 
equation (5) may be rewritten as 

hdI;lt, ../[I;l,, d = kc [Rul t (6) 

Equation (6) suggests that the best method 
of calibration is to plot the logarithmic term 
against the ruthenmm concentration, with the 
other variables and the reaction time and 
temperature held constant for the given system. 

Eflects of varrables 

The effect of the concentrations of periodate, 
MR and hydrochloric acid, and the reaction 
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time and temperature on the rate (expressed as 
the loganthmic term) of the indicator reaction 
was studied. The logarithmic term increases 
with time up to 20 min. A fixed reaction time 
of 10 min was chosen for use, giving a good 
compromise between high sensitivity and short 
analysis time. Figures 2-5 show that 1 4 x 
10e4M periodate, 0.08M hydrochlonc acid and 
1.00 x 10e6M MR m the final solution and a 
reaction temperature of 55” are best, so these 
values were chosen as optimal 

Eflect of foreign ions 

The influence of 41 foreign tons on the system 
was examined with 4 0 x 10Fs pg/ml Ru. The 
results are summarized in Table 1, and show 
that the catalytic-reaction oscillopolarographic 
method has high selectivity. The tolerance limit 
is that gtvmg not more than +5% error. 

Calibration graph 

The two types of working solution gave 
very similar calibration plots. The relationship 

Table 1 Influence of foreign Ions on determmatlon of 
40 n&l Ru 

Tolerance ratlo 
[Ionl/IRul Ion added 

4x 106 so:-, ClO,- 
4x 105 
1 x 10’ 

IO,, CIO,, NO,, PO:- 
I-, Br-, N](H), Zn(II), Se(lV), Mo(VI), 
W(VI), Ca(II), Mg(II), Ba(II), Pb(II), 
La(III), Sb(III) 

lx 10’ Cr(VI), SI(IV) 
4x lo) Fe(III), Co(I1) 
3x 10’ Hg(II), Te(IV), As(III), Cu(I1) 
I x IO’ Tl(IV), Ag(I), TI(I), Mn(lI), BI(III), 

Sn(IV), Cd(H) 
5 x 102 V(V), Os(IV), Pt(lV), Pd(II), Au(III) 
1 x 102 Rh(III) 

40 Ir(IV) 
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Fig 4 Effect of MR concentration on the log term 
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Fig 5 Influence of temperature on the log term 

Table 2 Analysis results and recovery 

Sample 

Content (%) 
Ru added, Ru found, Recovery, 

ng “g % This method Reference method*” 

- 1 25 - 0 00625 
- 1 28 0 00640 0 0064 
- Ore I 1 28 - 0 00640 
1 2 18 90 
2 3 06 89 5 
3 4 15 96 

- 051 0 00255 
0 55 - 0 00275 00031 

Ore II OS 
0 56 - 
1 00 92 

1 1 50 96 
2 2 48 97 

between log(Zi, ,,,/I;, ,,) and Ru concentratton 
m the final solution is linear from 8.0 x 10e6 
to 2.20 x 10m4 pg/ml The relative standard 
deviation for 4.0 x lOA5 pg/ml Ru was 4.7% (10 
replicates). The detection hmtt was 3 x 10m6 

pgg/ml. 

Analysu of samples 

The method was applied to analysrs of ore 
samples, which were also analysed by the 
catalytic Ru-Ce(IV)-As(II1) spectrophoto- 
metric method.” Recovery of standard addthons 
of Ru to the sample was also determined. The 
results are given in Table 2. 

CONCLUSION 10 

With respect to sensttivtty, working range 
and selectivity, the method is superior to the 
catalytic spectrophotometric method lo The 
method is the most sensitive oscillopolaro- 
graphic method for Ru and also one of the most 
senstttve catalytic methods at present 
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CATALYTIC KINETIC DETERMINATION OF 
ULTRATRACE AMOUNTS OF RUTHENIUM(II1) BASED 

ON THE OXIDATION OF BENZYLAMINE BY ALKALINE 
HEXACYANOFERRATE(II1) 

SURENDRA PRASAD* and FREM C NIGAM 

Department of Chemistry, Indian Instnute of Technology, Kanpur 208016, Indta 

(Received 19 July 1989 Rewed 31 December 1990 Accepted 16 January 1991) 

Summary-A kmettc method 1s proposed for the determmatton of ruthemum(II1) by means of its catalytic 
effect on the oxtdatlon of benzylamme by hexacyanoferrate(II1) m alkaline medium The reaction IS 
followed spectrophotometrlcally by measuring the decrease m the absorbance of hexacyanoferrate(II1) at 
420 nm Under the optimum experimental condmons ruthemum(II1) can be determined m the range 
lo-121 ng/ml with an average error of 1 7% and maximum relative standard devtatlon of 1 3% The 
influence of many potential mterferents has been examined and the method has been tested for 
determmatlon of ruthenmm(II1) m synthetic mixtures The method 1s convenient, reliable and rapid 

Ruthenium and its chloro-complexes, particu- 
larly m the tervalent oxidation state, have be- 
come of Interest m recent years because of their 
use m homogeneous and heterogeneous cataly- 
sis of the oxidation of a wide range of organic 
substrates.‘-4 Despite the large number of 
reactions which are catalysed by ruthenmm,5 
only a few have been used for determining 
traces of ruthenium, mostly m its higher oxi- 
dation states, because of their poor selectivity. 
Ruthenmm(VII1) has been determined by Wor- 
thington and Pardue by its catalytic effect on 
the Ce(IV)-As(II1) reaction The catalytic effect 
of Ru(II1) on the oxidation of Indigo Carmine 
by iodate has been used for the determmation of 
ruthemum m synthetic mixtures 3 Viiias et al.’ 
were the first to propose the use of an activator, 
VIZ. iodide, m the selective determmation 
of Ru(II1) by its catalytic effect on thep-ethoxy- 
chrysoidine-periodate reaction, but for high 
sensitivity the reaction has to be performed at 
45”. 

In the present paper we report a rapid and 
simple kinetic method for the determination 
of Ru(III), based on its catalysis of the oxi- 
dation of benzylamme by alkaline hexa- 
cyanoferrate(II1). The method permits the 
determination of Ru(II1) concentrattons down 
to 10 ng/ml with good accuracy and repro- 
ducibihty We have tested the method for the 

*Author for correspondence 

determmatlon of Ru(II1) in synthetic mixtures 
and shown it to be sensitive and selective. 

EXPERIMENTAL 

Reagents 

Redistilled water was used throughout for 
preparation of solutions. A 0.04M stock sol- 
ution of benzylamme (analytical grade, Sigma) 
that had been purified by distillation under 
reduced pressure was prepared A 0.04M stock 
solution of potassium hexacyanoferrate(II1) 
(analytical grade, SDS) was prepared, and 
standardized iodometrically,* it was stored m 
dark amber-coloured bottles and diluted to the 
required concentration just before use Sodmm 
hydroxide and perchloric acid were used to 
adJust the pH to the desired value Standard 
B.D H buffers were used for standardtzation of 
the pH-meter Sodium perchlorate (purum, 
Fluka) was used to maintain the ionic strength 
at 0.5M A stock solution of ruthenium(II1) 
(5 x 10m3M) was prepared by dissolvmg the 
appropriate amount of rutheruum trichloride 
(RuCl, * 3Hz0, Johnson Matthey) m 1 M hydro- 
chloric acid,9 working solutions were prepared 
immediately before use, by dilution as required 
All other reagents used were of certified analyti- 
cal-reagent grade. 

Instrumentation 

A Shimadzu double-beam spectropho- 
tometer, model UV-240, equipped with l-cm 
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path-length fused-silica cells and an automatic 
digital recorder, was used for recording spectral 
changes and absorbances. The cell compart- 
ment was kept at a constant temperature of 
35.0 + 0.1” by ctrculation of water from a Rem1 
Ultra Cryostat model C-702 thermostatic bath. 
All pH measurements were made on an Ehco 
digital pH-meter, model LI-120, fitted with an 
Ehco CL-51 combined glass and saturated 
calomel electrode. The glassware used was 
scrupulously cleaned to eliminate any traces of 
metal ions from the glass surface. The cells were 
cleaned after use, by tmmerston m nitric acid 
(1 + 1) for 15 mm to remove traces of ruthemum 
adsorbed on their walls. 

Procedure 
Adjust all the sample soluttons to pH 

10 5 f 0.1 and brmg them to the same tempera- 
ture by immersion m a thermostat at 35.0 f 0 lo 
for 30 mm. 

To a lo-ml glass-stoppered standard flask 
(kept m the thermostat) add 2 0 ml each of 
2.0 x 10m3M potassium hexacyanoferrate(II1) 
and 4 x lo-‘M sodium hydroxide in that order, 
followed by 2.0 ml of 4 x lo-‘-4.8 x 10W6M 
ruthemum(II1) immediately before the run, to 
avotd any possible mteractton between these 
reagents. Inmate the reaction by mjectmg 2.0 ml 
of 4 x lo-)M benzylamme solution. Shake 
the mixture and transfer a portion to a l-cm 
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Fig 1 Repetltwe scan of the reactlon mixture durmg a typlcal kmetlc run [Fe(CN)i-] = 4 x 10m4M, 
[benzylamme] = 1 x IO-‘M, [Ru’+] = 1 x 10-6M, [NaOH] = I x IO-*M, pH = 10 5 f 0 1, I = 0 5M 

(NaClO,), temp = 35 0 k 0 I” 
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path-length cell m a temperature-controlled cell- 
compartment at 35.0 k 0.1” Measure the 
change m the hexacyanoferrate(II1) absorbance 
at 420 nm (6 = 1020 l.mole-‘.cm-‘) after 
exactly 5 mm. Plot the change m absorbance 
vs. Ru(II1) concentration. Analyse samples 
similarly. 

RESULTS AND DISCUSSION 

The calibration obtained by the fixed-time 
method (with a 5-mm reaction time) is linear 
between 10 and 121 ng/ml Ru(III), and non- 
linear at higher concentrations. Linear plots can 
also be obtained with fixed-time mtervals longer 
or shorter than 5 mm, but the relative errors are 
larger. 

The oxidation of benzylamme by alkaline 
hexacyanoferrate(II1) is slow but IS catalysed by 
ruthemum(II1). The kmetics and mechanism of 
this reaction have been reported by Nath and 
Smgh ‘O After some valid approximations the 
rate expression for the catalysed reaction was 
reported as 

d[Fe(CN)i- ] kK, K, [Substrate] [Ru3+ ] - 
dt = 1 + K,[OH-] 

(1) 

where k IS the rate constant for formation of the 
benzylamme oxidation product from the inter- 
mediate Ru-benzylamme complex, and K, and 
K2 are the stability constants of the reactive Ru 
species and of the intermediate Ru-benzylamme 
complex, respectively 

Thus with other conditions fixed, the rate 
of disappearance of hexacyanoferrate(II1) is 
linearly related to the Ru(II1) concentration. 
The spectral changes occurrmg during a typical 
kinetic run are shown m Fig 1, and confirm the 
coexistence of [Fe(CN),13- and [Fe(CN),14- 
during the reaction, and formation of the latter 
as assumed m the proposed mechanism ‘O 

The detection limit was evaluated according 
to the method of Tanaka” by using the ex- 
pression 

x, = x,, + ts,,$ (2) 

where _I?,, is the average and Sa, the standard 
deviation of the blank values, and t 1s a con- 
stant, Sa, IS taken as R/d,, l/d, being the factor 
for obtammg S from the range R Tanaka 
recommends using t = 3; l/d, is 0.59 when the 
range of three blank measurements is used 
The sensitivity, expressed as the slope of the 
calibration function, was sufficiently high 
(1.98 x 10’ 1 mole), and it can be improved by 

Table 1 Effect of dwerse Ions on the determmatlon of 
7 x lo-‘M ruthemum(II1) 

Llmitmg molar 
concentration ratlo, 

([Interfermg ion]/ 
Ions added lWW1) 
NO;, S@-, acetate, tartrate, 1200* 
oxalate, citrate, $O:-, C10, 
Cr(III), La(III), Bl(III), Mg(II), 
K(I), Mo(VI) 

Cu(II), Co(II), N1(11), Cd(II), 
Zn(II), Mn(II), Hg(II), Pd(I1) 

570 

Fe(III), Ce(III), Rh(III), Pt(IV) 

Br-, BrO;, CN- 

Ce(IV), Ag(1) 

EDTA(Na, salt), Os(VIII), 
Ir(III), I- 

200 

50 

20 

10 

*Maxrmum ratlo tested 

increasing the time interval to 7 minutes or 
more, but loss m precision. The relative stan- 
dard deviation for triplicate determination 
ranges from 0 1 to 1.3% and the error from -4 
to + 1 7% in the ruthemum concentration range 
lo-121 ng/ml 

The selectivity was tested by studymg possible 
interferences m the kinetic determmation of 
7 x lo-‘M ruthemum(II1). Table 1 shows the 
tolerance ratios to ruthemum. The tolerance 
limit is taken as the concentration which causes 
an error of no more than 24% m ruthemum 
determmation. Surasitt and Sandell12 have de- 
scribed methods for conversion of osmmm mto 
Os(VII1) with retention of ruthemum as Ru(II1) 

Appkcatron to determination of ruthemum(III) m 
synthetic mixtures 

To establish the rehabihty and applicability 
of the proposed method, recovery experiments 
were performed on laboratory mixtures con- 

Table 2 Apphcatlon of the method to synthetic mixtures 

Composltlon of 
the synthetic Ruthemum found, 

Sample mixture, nglml wlml 

1 Ru(II1) 15 2, Mo(V1) 7580, 158 
Pd(I1) 303, Rh(II1) 758 

2 Ru(II1) 20 2. Rh(II1) 2020 21 0 
Fe(II1) 1000, Os(VII1) 101 

3 Ru(II1) 30 2, Ir(II1) 151 31 I 
Ag(I) 241, Os(VII1) 151, 
Rh(II1) 1027 

4 Ru(II1) 80 9, Os(VII1) 243, 84 9 
Ir(II1) 243, Pd(I1) 404 
Rh(II1) 1617 
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taming other metals. This was done because 
authentic samples containing trace amounts of 
ruthenium were not available. The results are 
shown in Table 2. 

4 

5 

6 
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TRIFLUOROMETHANESULFONATES AS 
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Summary-Some new 9-substituted IO-methylacndmmm tnfluoromethanesulfonate (tnflate) salts have 
been synthesized and shown to react m methanol with the model aromatic and ahphatlc ammes, aniline 
and n-butylamme, to form denvatlves which absorb strongly at 445 and 439 nm, respectively The color 
development IS affected by heat and heating time and by the quantity of acrldmmm trlflate used A 
IO-SO-fold molar excess of the tnflate should be used and the solution heated at 60” for 30mm The 
hneanty and reproductblhty of the assay are improved by the presence of pyrldme (for aniline) and 
trlethylamme (for n-butylamme) m the reaction mixture Beer’s law IS obeyed over the range O-1860 ng/ml 
for aniline and O-1440 ng/ml for n-butylamme, with each of the new reagents The relative error and the 
prcclslon of determination depends on the acndmmm tnflate used 

9-Chloroacridme has been demonstrated by 
Stewart and co-workers to have a number of 
useful applications as an analytical denvatiza- 
tion reagent for the determination of primary 
aromatic amines, both by calorimetry’** and by 
fluorescence quenchmg.3 It has also been shown 
that 9-methoxyacridine IS of comparable value 
as an analytical reagent for primary ahphatic 
amines 4 

These assay methods generally involved heat- 
mg the analytical solution for various time 
periods with excess of acrtdme reagent m order 
to achieve reproducible results. Investigation 
of ways to further enhance the reactivity of 
the 9-position of the acridme nng toward 
nucleophiles such as ammes, and thus make 
these acridine reagents significantly more 
useful as derrvatization agents, has led us to 
synthesize some new 9-substituted lo-methyl- 
acridinium trifluoromethanesulfonate (tnflate) 
salts (Table 1). 

The goal of this study was to investigate the 
reaction of these new 9-substituted lo-methyl- 
acridimum salts, featuring highly labile leaving 
groups at C-9, with aniline and n-butylamme 
as model aromatic and aliphatic primary 
amines. Spectrophotometric applications of 
these reactions are reported here 

*Author for correspondence 

EXPERIMENTAL 

Materials 

9-Chloroacndme and triethylamme were ob- 
tained from Eastman Kodak, Rochester, NY. 
6,9-Dichloro-2-methoxyacridine, methyl tri- 
fluoromethanesulfonate (methyl triflate), ani- 
line, and n-butylamme were purchased from 
Aldrich Chemical Co., Milwaukee, WI. 9- 
Methoxy and 9-ethoxy acridines were prepared 
from 9chloroacridine by a reported method.’ 
Aniline and n-butylamine were distilled prior 
to use. Absolute methanol and acetomtrile 
were supplied by J. T. Baker Chemical Co., 
PhillIpsburg, NJ. All other chemicals were 
obtained commercially and used as received. 

Apparatus 

Ultraviolet spectra and single-wavelength 
measurements were recorded with a Beckman 
Model DU-7 UV/VIS spectrophotometer inter- 
faced to a PE Model 7500 computer equipped 
with a Hewlett-Packard 2-pen plotter. 

Melting points were determined in open cap- 
illary tubes with a Hoover Um-melt apparatus, 
and were uncorrected. Proton NMR spectra 
were obtained with a JEOL FX90-Q spec- 
trometer. Infrared spectra (KBr discs) were 
recorded with a Perkm-Elmer Model 684 IR 
Spectrophotometer also Interfaced with the PE 
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Table I 9-Substituted IO-Methylacndmmm tnfluoromethanesulfonates (tnflates) 

.z&RS 

LH3 
8 

'&SO, 

Compound R’ R2 R’ Formula* mp, “C Yield, % 

1 --cl -H -H C,,H,,CIF,NO,S 221-9 94 
2 --Cl --Cl -OCH, C,,H,zC~zF,NO,S 23841 62 
3 -OCH, -H -H C,,H,,F,NV 193-5 46 
4 --OCH,CH, -H -H C,,H,bF,NQS 125-7 61 

*The mlcroanalysls results were wlthm + 0 2% of the calculated values for C, H, N 

7500 computer. Microanalyses were performed 
by Atlantic Microlab, Inc., Atlanta, GA. 

Syntheses of acndmlum tr@ates 

9-Chloro- lo-methylacndinium t@ate (1). In 
an oven-dried flask, 9-chloroacndme (6.07 g) 
was dissolved m 60 ml of dichloromethane 
with sttrrmg, at ambient temperature. After the 
addition of 1 0 ml of methyl tnflate, a dark 
turbidity appeared, mstantaneously followed 
by a copious, bright yellow precipitate. After 
continued stirrmg at ambient temperature for 
3 hr, the reaction mixture was filtered and the 
crystals were washed with cold dichloromethane 
and dried under vacuum. 

6,9-Dlchloro-2-methoxy-IO-methylacrrdmrum 
trljate (2) 6,9-Dichloro-2-methoxyacrldlne (5.0 
g) was dissolved m 150 ml of dichloromethane 
with stirring in an oven-dried flask at ambient 
temperature, and 2 5 ml of methyl triflate was 
added The mixture was stirred for 30 mm and 
the fine yellow crystalline deposit produced was 
then collected by filtration. The mother liquor 
was further concentrated under reduced press- 
ure and a second crop of crystals was collected. 
The two lots of crystals were combined, washed 
with cold dichloromethane and dried under 
vacuum 

9-Methoxy-lo-methylacrrdmlum trlflate (3). 
In an oven-dried flask, 9-methoxyacridine 
(2 0 g) was dissolved m 40 ml of dichloro- 
methane and 2.5 ml of methyl t&ate were 
added. Precipitation took place after stirring 
of the reaction mixture for 4-5 hr at ambient 
temperature The reaction mixture was filtered 
and the brilhant yellow crystals collected were 
washed with cold, dried tetrahydrofuran. The 
mother liquor was further concentrated by mild 
heating (45”) to yield additional crystals. 

9-Ethoxy- IO-methylacrtdmwm tr$ate (4). 9- 
Ethoxyacridme (2 0 g) was dtssolved m 20 ml of 

dichloromethane and methyl triflate (1 5 ml) 
was added The reaction mixture was stirred at 
ambient temperature for 2 hr, an additional 1 5 
ml of methyl tnflate were added, and the mtx- 
ture was refluxed for another hour The reaction 
mixture was filtered and the brilliant yellow 
crystals were washed with cold tetrahydrofuran 
and dried under vacuum 

Preparation of stock solutions 

Stock solutions were prepared by dissolvmg 
weighed quantities of each acrtdmmm tnflate 
m absolute methanol. Final concentrations of 
lo-*M for 1, 2 x IO-*M for 2, 5 x IO-*it4 
for 3, and 3 x lo-*M for 4 were obtained. 
Prior to dilution to volume with methanol, 
pyridine (for amhne assay) or triethylamme 
(for n-butylamine assay) was added to give 
a concentration of 50 ,ul/ml in the stock sol- 
ution. Stock solutions (10m3M) of aniline and 
n-butylamme were also prepared m absolute 
methanol. 

Preparation of calibration graphs 

Into l-ml standard flasks equipped with 
ground-glass stoppers were placed 200~,ul ah- 
quots of acridinium triflate/pyridme or acri- 
dinium triflate/tnethylamme stock solution, 0, 
25,50, 100 and 200 ~1 of aniline or n-butylamine 
stock solutton (as appropriate) were added and 
the solutions were mixed on a Vortex mixer for 
30 sec. Enough methanol was added to give a 
total volume of about 400 ~1 in each flask The 
flasks were tightly stoppered, and placed m a 
shaking water-bath at 60” for 30 mm. After 
cooling, the mixtures were transferred quantt- 
tatively to lo-ml standard flasks and diluted to 
volume with absolute methanol, and their ab- 
sorbances were read at 445 nm for the amhne 
mixtures and 439 nm for the n-butylamme 
mixtures 
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Assay procedure 

A 200+1 ahquot of approximately 10e3M 
amme solution was mixed with 200 ~1 of the 
appropriate acridmium tnflate/pyridine or acri- 
dmmm triflate/triethylamine stock solution m a 
l-ml standard flask, shaken on the Vortex 
shaker for 30 set, then heated etc. as described 
above. The concentration of amine was calcu- 
lated from the absorbance and the calibration 
data 

RESULTS AND DISCUSSION 

The acridmmm tnflates were prepared by 
adding a slight excess of methyl Mate to a 
solution of the substituted acridme m 
dichloromethane and stirring for various time 
periods. One of the tnflates (compound 4) 
also required refluxmg of the dichloromethane 
solution. Table 2 presents a summary of selected 
spectral properties of these new compounds. 

Aromatic nucleophihc substitution is en- 
hanced m structures which contam an electro- 
negative heteroatom,6 and is further enhanced 
when the heteroatom is rendered quaternary 
by alkylation ’ This ease of nucleophihc sub- 
stitution can be harnessed for the purposes of 
analytical chemistry when the 9-position of the 

acridme rmg bears a facile leaving group. The 
reactions of aniline and n-butylamme with each 
of the acridinium Mates were observed to be 
more spontaneous than the corresponding reac- 
tion with tertiary acridines previously reported 
by this laboratory. ‘d Absorption spectra of the 
reaction products of amhne and n-butylamme 
with 9-chloro- 1 0-methylacndmmm triflate are 
shown m Fig. 1, along with the reagent blank 
spectra The reaction conditions were optimized 
by a series of umvariate experiments designed to 
select the best ratio of acridmmm tnflate to 
analyte, reaction temperature and of reaction 
time, m that order. 

Up to 50-fold excess of each acridmmm tnfl- 
ate was reacted with aniline and n-butylamme 
at ambient temperature, the absorbance being 
measured at 30-mm intervals. It was found 
that different molar excesses of the various 
acridmmm Mates were needed for the aniline 
assay, but a 30-fold excess of each reagent was 
suitable for the n-butylamine determmation. 
For amlme, a IO-fold excess of compound 1, 
20-fold excess of compound 2, 50-fold excess of 
compound 3, and a 30-fold excess of compound 
4 were necessary for best results. 

Next, reaction temperatures of 25,40, 50 and 
60” were mvestigated with the optimized excess 

Table 2 Selected spectral propertles of 9-substituted IO-methylacndmmm 
trdluoromethanesulfonates 

UltravIolet &,,, Infrared band, 
Compound nm cm-’ NMR 

1 426 (4 05 x 10)) 
401 (5 77 x 103) 
363 (1 61 x 104) 
261 (9 52 x 104) 

2 418 (6 02 x 10)) 
377(1 50 x 104) 
277 (7 09 x 104) 

3 398 (6 50 x 10)) 
352 (9 18 x IO’) 
260(8 61 x 104) 

4 399(7 12 x 103) 
351 (8 60 x 103) 
260(8 21 x 104) 

3 105 (NR:) 
1605 (arom) 
1571 (arom) 
1378 (C-F) 
1190 (sulfonate) 
1030 (sulfonate) 
767 (C-Cl) 

3 104 (NR: ) 
1621 (arom) 
1574 (arom) 
1380 (C-F) 
1287 (O&I,) 
1162 (sulfonate) 
632 (C-Cl) 

3110(NR:) 
1615 (arom) 
1582 (arom) 

(C-F) 1373 
1260 (OCH,) 
1157 (sulfonate) 

3120 (NR:) 
1610 (arom) 
1579 (arom) 
1384 (C-F) 
1267 (OCH,) 
1150 (sulfonate) 

4 79 (3H,s,NCH,) 
8 16 (ZH,m,arom) 
8 51 (4H,m,arom) 
8 91 (ZH,m,arom) 

4 12 (3H,s,NCH,) 
4 69 (3H,s,OCH,) 
8 05 (3H,m,arom) 
8 61 (3H,m arom) 

4 62 (3H,s,NCH,) 
4 64 (3H,s,OCH,) 
7 91 (ZH,m,arom) 
8 40 (4H,m,arom) 
8 75 (ZH,m,arom) 

1 69 (3H,t,CH,) 
4 73 (3H,s,NCH,) 
4 90 (2H,m,OCH,) 
7 85 (2H,m,arom) 
8 40 (6H,m arom) 

*Molar absorptwlty (1 mole-’ cm-‘) m parentheses 
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320 400 460 

Wavelength (nm) 

Rg 1 TypIcal absorption spectra of the product of reactlon 
of 10m3M amhne (A) and 10V3M n-butylamme (B) with 
IO-*M 9-chloro-IO-methylacndmmm tnflate, and of the 

reagent blank 

of reagent, and 60” was found to give the best 
preclslon and accuracy Finally, samples with 
optimum reagent composltlon were heated at 
60” for 0, 2.5, 5, 10, 15, 30, 45, and 60 min and 
heating for 30 min was found to give not only 
maximum absorbance but also the best linearity 
of calibration 

It was interesting that though the maximum 
absorbance was obtained within minutes after 
preparation of the analytical solution, the 
linearity and reproducibility were poor until the 
solution had been heated at 60” for 30 min 

It appears necessary to degrade the excess of 
acrldmlum trlflate by heating for a sufficient 
time, to minimize its interference. 

It was found that addition of the tertiary 
amines, pyrldme and tnethylamme, to the acn- 
dunurn t&ate stock solutions aided m lmprov- 
ing the linearity It was hypothesized that the 
reaction of trlflates 1 and 2 with ammes released 
free protons into the reaction solution, which 
probably prevented the nucleophlhc addition 
product from being quickly formed, and that a 
proton-scavenger such as pyrldme or tnethy- 
lamme might be useful to force the reaction to 
proceed at a faster rate. What was discovered, 
however, was that their addition dramatlcally 
improved the linearity even for those reagents 
(i.e., the 9-alkoxy tnflates) with which no 
free protons would be formed m the reaction 
The exact mechanism of the effect of the tertiary 
amines in the acridinium tnflate-amme reaction 
remains unknown Nucleophihc addition of 
the tertiary amme at the 9-position of the 
acrldmlum salt, resulting m m mu generation of 
a 9-quaternary ammonium intermediate, IS an 
interesting posslblhty. Table 3 gives the results 
of a study comparmg the absorbance at 445 nm 
for an analytical sample containing triflate 1, 
aniline, and pyridine, with that of a solution 
contammg only trlflate 1 and amhne Linearity 
of the calibration plot 1s clearly superior when 
pyndme 1s present. Slmllar results were obtained 
with triethylamine for n-butylamme and trlflate 
1. The other trlflates follow the same pattern 
with both ammes 

Table 3 Effect of pyrldme as an addltlve m the 9-chloroacndmmm trlflate procedure for amhne 
determmatlon (heatmg at 60” for 30 mm) 

[Amhne], 
nglml 

0 

230 

930 
1860 

Absorbance at 445 nm 

Pyrldme present Pyrldme absent 

0000 0000 

0 124 0 050 

0 236 0 095 
0 469 0 137 

Lmear regressIon data 

Pyrldme present Pyrldme absent 

slope 0 00024 slope 0 000065 

Intercept 0 029 Intercept 0 0 I3 
r = 0 9888 I = 0 9536 

Table 4 Lmear regresslon data for cahbratlon graphs prepared for amhne with 
each acrldmlum Mate* 

Correlation coefficient 
Acridmmm t&ate Slope Intercept (n = 4) 

1 0 0002 1 0 015 0 9864 
2 0 00025 -0 006 0 9995 
3 0 00027 -0 010 0 9995 
4 0 00019 -0 002 0 9959 

*Concentration of trlflate compounds was m the range I-5 x IO-*M, concen- 
tratlon range of amhne was &I860 ng/ml 
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Table 5 Analysis of spiked aniline samples with each 
acrldmmm tnflate 

Acndmmm Aniline Aniline Error, 
t&ate added, nglml found, ng/ml* % 

1 370 387 k 20 +46 
1400 1380 -+ 110 -14 

2 370 354 f 39 -43 
1400 1312*54 -63 

3 370 371& 57 f03 
1400 1310_+ 81 -64 

4 370 446+82 +20 5 
1400 1586 f 95 +13 3 

*Mean + standard deviation, (n = 3) 

Table 6 Linear regression data for cahbratlon graphs 
prepared for n-butylamme with each tnflate* 

Acndmium Correlation 
tnflate Slope Intercept coefficient 

1 0 00107 0 063 0 9992 
2 0 00071 0 015 0 9988 
3 0 00067 0005 0 9993 
4 0 00012 0 052 0 9952 

*Concentration of trlflate compounds was m the range 
l-5 x IO-‘M, concentration range of n-butylamme was 
O-1440 ng/ml 

Table 7 Analysis of spiked n-butylamme samples with each 
acndmmm tnflate 

Acndmmm n-Butylamme n-Butylamme Error, 
t&ate added, ng/ml found, ng/ml* % 

1 290 253 + 20 -128 
1080 1027 * 36 -49 

2 290 279 k 7 -38 
1080 1048 + 26 -30 

3 290 286 f 40 -14 
1080 1058+ I1 -20 

4 290 225 k 25 -224 
1080 1089 k 260 +08 

*Mean k standard deviation, (n = 3) 

Despite their high reactivity, the acrtdimum 
triflates are chemically stable for up to 18 
months when stored m tightly sealed bottles 
at ambient temperature. However, methanolic 
solutions of the compounds rapidly degenerate 
and must be prepared not more than 10 min 
before use 

Tables 4 and 6 show the linear regression data 
obtained for the acridinium triflates l-4 when 
each is reacted with aniline and n-butylamme at 
60” for 30 min and the absorbances are 
measured at 445 and 439 respectively. nm, 
Tables 5 and 7 give the relative error (i.e., the 

accuracy) and precision data (RSD) for spiked 
samples of amhne and n-butylamine, respect- 
ively, assayed by the method described, with 
each tnflate. All the tnflates except 4 provide 
reasonable accuracy and precision m the deter- 
mination of these model ammes. Triflates 1 and 
2 appear to provide the best overall accuracy 
and precision. In this laboratory, trtflate 1 has 
recently been shown to be applicable for the 
determination of some primary aromatic amme 
type drugs m an on-line HPLC procedure 
where the tnflate is added to the flowing stream 
post-column and derivatization IS achieved m a 
mixmg coil before the detector. In another 
example, triflate 1 was reacted with cycloserme 
in an HPLC pre-column method m which the 
resultmg cycloserine-acridinmm t&ate product 
was separated from the rest of the reaction 
matrix by a silica HPLC column and was 
quantified by measurement of its fluorescence 
intensity 

Even though compound 4 possesses the 
strongest native absorbance m the 439445 nm 
range, interference from the excess of reagent is 
most formidable, even after lengthy heatmg of 
the analytical solution. It may be that this 
interference can only be minimized by use of a 
flowing stream system such as HPLC, where 
reagent and product can potentially be separ- 
ated. 
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Summary-An mchrect determination of ascorbic acid 1s based on extraction of the lodme produced by 
reduction of potassium lodate Beer’s law 1s obeyed over the range 0 024 36 mg/ml ascorbic acid 

The detection and determmatlon of ascorbic 
acid has been reviewed ’ It has been determined 
spectrophotometrlcally with the Fohn phenol 
reagent,’ chloraml,’ sulphonated ferrozme4 and 
a new ferrom type reagent.s The 2,4-dmitro- 
phenylhydrazme and phosphotungstic acid 
methods for spectrophotometrtc determmatlon 
of ascorbic acid have been compared.6 It has 
been determined spectrophotometrically by 
reaction with tetrazohum chloride denvatlves’ 
and by first-denvatlve direct spectrophotometry.s 
The silver-gelatin complex has been used m a 
reductive spectrophotometrlc method.’ Oxld- 
atlon with bromine has been applied kmetlcally, 
spectrophotometncally and tltnmetncally.‘O The 
colour reaction with ferncmmm tnchloroacetate 
has been used for extraction spectrophotom- 
etry. ” Ascorbic acid has been titrated with chlor- 
am1 in the presence of hexamethylenetetramme 
in acetone-water mixture ‘* Heating an ascorbic 
acid solution with acidified ammonium vanadate 
yields a green product which can be measured 
at 680 nm I3 Other spectrophotometrlc methods 
are based on reduction of lron(II1) m presence of 
dlmethylglyoxlme and of the iron(III)-EDTA 
complex m the presence of 2,2’-blpyridyl.‘s 
In our studies, ascorbic acid has been found 
to react with potassium lodate m presence of 
hydrochloric acid to produce a yellow product, 
which on extraction with carbon tetrachlorlde 
gives a pmk solution which can be used for 
spectrophotometrlc determination 

Reagents 
EXPERIMENTAL 

A 10 mg/ml ascorbic acid solution, a O.lM 
potassium iodate solution and O.OlM hydro- 

chlorlc acid were prepared with conductlvlty 
water 

Procedure 

To a known volume of solution contammg 
0 l-l.8 mg of ascorbic acid add 1 ml of O.lM 
potassium lodate followed by 1 ml of O.OlM 
hydrochlonc acid. Shake the solution with 5 ml 
of carbon tetrachlorlde for a few minutes and 
separate the organic layer. Dry it over anhydrous 
sodium sulphate and measure its absorbance at 
520 nm against carbon tetrachlorlde 

Analysis of formulations 

Weigh several tablets mdlvldually, grmd 
them to a powder and mix it. Slmllarly weigh 
and mix the contents of several capsules Weigh 
an amount of sample equivalent to about 50 mg 
of ascorbic acid, stir it with 30 ml of conduc- 
tivity water, let stand for 15 mm, filter off the 
residue on a Whatman No. 42 paper and wash 
it with water Dilute the filtrate and washings to 
volume in a 50-ml standard flask and proceed as 
above. 

Determmation of ascorbic acid m urine 

To 40 ml of urine sample add 10 ml of 20% 
metaphosphonc acid and analyse for ascorbic 
acid by the procedure above. 

Determination of ascorbic acid m frurt Juices 

Squeeze the Juice from the fruit, add 50 ml of 
20% trichloroacetlc acid solution to a known 
volume of the juice to prevent oxidation of the 
ascorbic acid, centnfuge, and mix the super- 
natant liquid with 10 ml of 3% metaphosphonc 
acid solution and filter. Dilute the filtrate to a 
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suitable total volume and analyse a l-ml aliquot 1 ml of O.lM potassium iodate and 1 ml of 
as above. O.OlM hydrochlonc acid are adequate for the 

determmation. Beer’s law 1s obeyed over the 

RESULTS AND DISCUSSION range 0. l-l .8 mg of ascorbic acid in the organic 

Determrnatron of ascorbic acrd 
phase 

Results for the determination of ascorbic acid 
The absorption spectrum of the yellow extract m pharmaceutical preparations, urme and fruit 

in carbon tetrachloride has a maximum at 520 juices are given in Tables 1 and 2 and are 
nm. In an optimization study it was found that compared with those obtained by reference 

Table 1 Results for determmatlon of ascorbic acid m pharmaceutical preparations 

Drug 

Llvogen 

Hematnn 

Sukcee 

Rarlcal 

Chewcee 
Beslton 

Becosules 

Cdatm 

Present Companson 
Nommal composltlon, method,* method, 

*g *g CV ,t% mg Reference 

75 ascorbic acid 76 03 71 18 
1 50 fohc acid 
150 ferrous fumarate 

10 vltamm B,, 
5 vltamm B, 
5 vltamm B, 

1 50 vltamm B, 
5 0 calcium pentothenate 
45 mcotmamlde 

25 0 dried yeast 
25 ascorbic acid 23 04 20 18 

0 5 fohc acid 
100 ferrous succinate 
2 5 vltamm B,, 
15 mcotmamlde 

500 ascorbic acid 498 01 493 12 
0 3 fohc acid 

ferrous calcium 
500 citrate complex 

2 vltamm B, 
1 vltamm B, 
1 vltamm B,, 

35 ascorbic acid 34 05 - - 
500 ferrous cal at 

2 calcmm pentothenate 
1 5 vitamin B, 

1 vitamin B, 
2 vitamin B, 

10 mcotmamlde 
0 3 fohc acid 

2000 IU vitamin A 
150 IU vltamm D3 

vitamin B,, 
500 ascorbic acid 497 01 510 12 
300 ascorbic acad 315 01 318 12 

10 vitamin B, 
10 vltamm B, 
2 vltamm B, 

100 nracmamlde 
50 calcmm pantothenate 
1 5 fohc acid 

4 pg vitamin B,* 
300 ascorbic acid 306 01 310 12 

10 vitamin B, 
10 vltamm B, 
3 vitamm B, 
5 pg vitamin B,, 

50 macmamlde 
12 5 calcium pantothenate 
1 0 fohc acid 
150 ascorbic actd 144 02 142 12 

10 sodium hydrogen sulfite 

*Average of SIX determmatlons 
Woefficient of variation 
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Table 2 Determmatlon of ascorbc acid rn unne and frmt 
JUlCeS 

Ascorbic acid found,* mg/IlKI ml 

Sample 

Unne 
Tomato 
Lemon 
Oranee 

Ahquot, Present Comparison 
ml method method 

2 19 5 19 
1 105 103 
1 150 151 
1 114 115 

*Average of three determmatlons 

methods Species such as fohc acid, ferrous 
fumarate, vitamms B, , B,, B,, B,, , mcotmamide 
and calcium pentothenate, that are commonly 
present m the pharmaceutical preparations, do 
not affect the results. 

Hurka gave an early review of organic com- 
pounds which can be determined by oxidation 
with potassium iodate,16 and Erdey et al.” have 
reported that iodate oxtdizes ascorbic acid m 
moderately acidic medium and if present m 
excess is reduced to iodine, which can be 
extracted mto carbon tetrachlonde The reaction 
may be regarded as the composite result of 
reduction to iodide, followed by the well known 
iodtde/todate reaction to yield iodine. 

IO; + 3C,H,O, + I- + 3C,H,O, + 3H,O 

51- + IO; + 6H+ + 31, + 3H,O 

1 

2 

3 
4 

5 

6 

7 

8 

9 
10 

I1 

12 

13 

14 

15 
16 
17 

18 
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Summary-Three colorlmetrlc methods for the determmatlon of manganese m freshwaters have been 
Investigated and compared wtth the atomic-absorption spectrometry (AAS) method Two of the methods, 
UIZ the formaldoxlme (FAD) and pyrldylazonaphthol (PAN) methods were found to yield poor 
cahbratlon curves upon standardization, and to have high average errors for the estlmatlon of manganese 
concentrations m standard solutions The FAD method, when apphed to freshwater samples, was found 
to be subject to an interfering UV absorbance which could not be negated successfully by a reagent blank, 
the method thus tended to gve high estimations at low concentrations of manganese, but the results 
obtained also appear to be very sensitive to the nature of the freshwater matrix On the other hand the 
PAN method was found to gve very high estimations for the concentration of manganese, m both 
standard solutions and m freshwater samples, owing to the nature of the absorbance of the hgand used 
for manganese determmatlon This method also appears to be affected by the freshwater matnx, leadmg 
to gross overestimation of manganese levels A third method, based on a porphyrin hgand [T-(CCP)P], 
was found to give results comparable with those of the AAS method m estlmatmg the soluble manganese 
content m freshwaters 

Standard Methods for the Analysis of Water 
and Wastewater descrtbes only one colortmetric 
method for the determmation of manganese 
m water.’ Thts method is based on the 
persulphate oxidation of lower oxidatton states 
of manganese to the purple permanganate 
ion However, the molar absorpttvuy of 
MnO; is only about 2 4 x lo3 1 .mole-’ .cm-‘, 
and even with the use of 5-cm spectrophoto- 
metric cells, the lower level of manganese 
detectable by this method is only approximately 

40 Irg/l. 
Although World Health Orgamzatton limits 

for manganese in potable water have been put 
at 100 pg/l., many water authorittes find that 
manganese levels m excess of 50 pg/l. m reticu- 
lation systems can lead to problems associated 
with black deposits m pipes and, consequently, 
black water from taps 

The two colortmetric methods that have 
found wide usage for the determmation of 
manganese m freshwater, down to a concen- 
tration of 15 pg/l., are those employmg either 
formaldoxime (FAD) or 1-(2’-pyridylazo)-2- 
naphthol (PAN) as reagent. Both techniques 
have a mmimum detectable concentration of 
manganese of roughly 15 pg/l., but the work 
reported here indicates that both methods have 

difficulties m yielding accurate results for 
manganese m dam waters. 

In an earlier papeZ we reported upon the 
development of a very successful colortmetrtc 
method for the deterrnmation of manganese, 
based on the use of the reagent a,p,y,G- 
tetrakis(4-carboxyphenyl)porphme [T(CCP)P], 
which we have comprehensively tested for down 
to 10 pg/l. manganese m dam waters, and which 
can be used either for batch analysts m the 
laboratory, or in an autoanalyser unit 

The work here reported demonstrates the 
clear superiortty of the T(CCP)P method over 
both the FAD and PAN methods of manganese 
determmation, and demonstrates how well us 
results correlate with those obtamed by atomic- 
absorption spectrometry (AAS), for manganese 
determmation m freshwaters 

EXPERIMENTAL 

Sampling and sample pretreatment 

Dam waters were sampled by use of a 
portable double-ended PVC cyhndrical depth- 
sampler manufactured by Research Instruments 
MFG of Canada Samples were transferred mto 
polythene bottles which had been prevtously 
twice washed with 2M tutric acid and then 
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thoroughly washed with reagent-grade water It 
should be noted that although samples for AAS 
analysis were stored at pH < 2 prior to analysis, 
samples to be analysed by other techmques were 
not necessarily acidified upon collectton, unless 
the sample was to be analysed for total 
manganese. 

Immediately after collection, samples were 
filtered through 0 45-pm cellulose acetate 
membranes (Sartorms) with a Sartorms 
polycarbonate SM 16510 filter holder and a 
Nalgene Mityvac (Newark, U S.A.) hand 
vacuum pump 

The reproducibility of the filtration technique 
was found to be approximately 4% m terms of 
manganese concentration found m the filtrates 
and the residues retained ’ On two different 
days, ten replicate samples were drawn from the 
depth samples, filtered, and analysed for manga- 
nese by AAS, with the results shown m Table 1 

Colorlmetrlc methods 

All reagents used were of analytical grade 
unless otherwise specified All distilled water 
was further purified by passage through a 
“Mill1-Q” purification umt (Waters), this is here- 
after termed reagent-grade water. A Hewlett- 
Packard HP8540 spectrometer was used for 
taking spectra and measuring absorbances 

Formaldoxlme (FAD) method The FAD re- 
agent was prepared by mixing hydroxylamine 
hydrochloride (8.0 g) m reagent-grade water 
(50 ml) with formaldehyde solution (30% w/w, 
4 ml) and making up to 100 ml with reagent- 
grade water The EDTA reagent was prepared 
by dissolving the disodmm salt (9.3 g) m 
reagent-grade water (100 ml) 

To 20 ml of water sample (m a 25-ml standard 
flask) were added FAD reagent (1 ml) and 
ammonia solution (15% w/w, 1 ml). After mix- 

Table I Reproduclblhty of the effect of 0 45-pm filtration 
on ten duphcate samples drawn from dam water on two 
different days, as evidenced by manganese analyses per- 

formed by AAS 

Mean, 
nglml 

Day 1 
Filterable Mn 
Residual Mn 
Total Mn 

965 
360 

1325 
Day 2 
FIlterable Mn 714 
Residual Mn 565 
Total Mn 1279 

Standard 
devlatlon, 

nglml 

Relative 
standard 
devlatlon, 

% 

25 26 
9 24 

19 14 

2 03 
3 05 
5 04 

mg and being allowed to stand for 2 mm, the 
sample solution was treated with EDTA reagent 
(1 ml) and hydroxylamme hydrochloride sol- 
ution (10% w/w, 2 ml). The absorbance of the 
red-brown solution was measured at 450 nm 
after 10 mm, against a reagent blank 

Pyrzdylazonaphthol (PAN) method. A buffer 
solution of pH 9 2 was prepared by mixing 2M 
ammonia solution (30 ml) and 2M ammomum 
chloride solution (70 ml) and dilutmg to 1 htre 
with reagent-grade water 

To 10 ml of water sample (in a 25-ml standard 
flask) were added sodium ascorbate (10 mg), 
triethanolamme solution (20% v/v, 1 ml), buffer 
solution (1 ml), Triton X-100 solution (20% v/v, 
1 ml), potassium cyanide solution (5% w/w, 0 5 
ml) and PAN solutton (10 mg/ml m methanol, 
ml), with mixing after each addition The mix- 
ture was made up to volume with reagent-grade 
water and the absorbance of the red-orange 
solution was measured at 562nm agamst a 
reagent blank. 

Porphyrm [T-(4-CP)P] method T-(CCP)P 
was prepared by refluxmg a propionic acid 
solution of 4-carboxybenzaldehyde and pyrrole 
(both 0 24M) for 6 hr. Upon cooling, purple 
crystals of T-(CCP)P separated out; these were 
recrystallized by dissolutton in warm methanol 
followed by filtration under gravity, cooling, 
and imttation of crystallization by addition of 
the mimmum amount of chloroform needed 
The 2 x 10m4M reagent solution was prepared 
by dissolvmg the porphyrin (79.1 mg) m 0 1M 
sodium hydroxide (5 ml) and diluting to 500 ml 
with reagent-grade water and stormg m an 
amber glass bottle. Cadmium chloride solution, 
6 x 10m4M, was prepared by dissolvmg 0.0505 g 
of CdCl, in 500 ml of reagent-grade water. A 
buffer solution of pH 8.0, which was 0 15M with 
respect to imidazole, was prepared by adding 
successively 0.025M sodium tetraborate (50 ml), 
O.lM hydrochloric acid (20 ml) and imtdazole 
(1.02 g m 25 ml of water), the pH, adjusted to 
8 0 by addition of O.lM hydrochloric acid, and 
diluting to volume m a lOO-ml standard flask. 

To the water sample (20 ml for O-100 pg/l 
manganese) m a 25-ml standard flask with its 
outside pamted black (except for the area 
around the graduation mark), were successively 
added cadmium chloride solution (1 ml), buffer 
(1 ml) and T-(CCP)P solution (3 ml) The 
mixture was made up to volume with reagent- 
grade water, and the absorbance of the green- 
brown solution measured at 468 nm after 5 mm, 
against a reagent blank 
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Atomrc-absorption spectrometry 

Water samples for analysis were always 
acidified to pH < 2 by dropwise addition of 
concentrated hydrochlonc acid. Analysis 
measurements were done on a Vartan AA875 
spectrometer at wavelengths of either 279.5 or 
403 1 nm, using an oxidtzmg au/acetylene 
flame Manganese standards up to 1000 pg/l 
were prepared by suitable dilution of an Aldrich 
1000 mg/l atomic-absorptton standard sol- 
ution. As the range of concentrations was large, 
two calibration graphs were prepared, covermg 
the ranges O-100 and 100-1000 pug/l., their 
correlation coefficients are given in Table 2. 

RESULTS AND DISCUSSION 

Formaldoxlme (FAD) method 

The method widely used is that described by 
Abdullah,4 which mcludes the addition of 
ascorbic acid to remove iron interference We 
have found that at the 450 nm wavelength used, 
the rate of decrease m absorbance with time 
mtroduces a large error when batch analyses are 
undertaken m which there are variable times 
between mixing of reagents and the taking of 
spectrophotometrtc readings (see Fig 1) We 
believe that the mstability of the Mn-FAD 
complex, m the presence of ascorbic acid, 1s due 
to the reducing nature of the latter. The 
Mn-FAD complex is reported to be a SIX- 
coordinate Mn(IV) compound,5 which would be 
amenable to reductive decomposttion, resulting 
m destruction of the complex and decrease m 
the absorbance at 450 nm. 

The method of Goto et al.6 was used m the 
work described here, as the colour developed m 
this method 1s relatively stable with time (see 
Fig 1) The method of Henriksen,’ which m- 

Method 

4 Abdullah's 
-D Goto's 

!:f /Icy . . . . . ;” . . . . . . 

0 10 20 30 40 50 60 

Time from reagent mlxlng (minutes) 

Fig 1 Comparison of colour stab&y for the two methods 
of manganese determmatlon by the formaldoxlme method 

volves the addition of iron(I1) to assist m re- 
moval of the Fe-FAD interference by use of an 
EDTA-hydroxylamme mixture, gave no im- 
provement m results for the range of manganese 
concentrations studied. 

The value of both the Goto et al and Henrik- 
sen methods may, of course, depend on the level 
of iron present m the sample under analysis 
Iron concentrattons m the dam waters sampled 
were of the same order of magnitude as those of 
manganese, i.e., from < 10 pg/l. to 1 mg/l 

A guide to the preciston of any calorimetric 
method can be found m the correlatton co- 
efficients, which represent the adherence to the 
Beer-Lambert law over a given analyte concen- 
tration range. The accuracy can be best Judged 
by comparing experimentally determined results 
either with known values, or with the results 
obtained by a reference technique, which m this 
case was the AAS method. Table 2 gives a 
comparison of the correlation coefficients and 
average absolute errors for the three colorimet- 
ric techniques and the AAS method, over two 
analyte concentration ranges 

For the O-100 pg/l. range the FAD method 
shows poor hneartty. Over this range the aver- 
age error for an unknown manganese concen- 
tration is 11% However, for the 100-1000 pg/l. 

range the average error improves sigmficantly to 
3.8% It is reasonable to conclude that the 
accuracy of the FAD method is doubtful over 
the O-100 pg/l range, without any additional 
sources of interference associated with real 
sample analysis 

Based on results obtained over a twelve- 
month period for filtered (0.45 pm membranes) 
water samples collected from two dams m 
south-east Queensland, it was found that the 
FAD method gave higher results than AAS for 
manganese concentrations < 100 pg/l., but 
lower results than AAS for manganese concen- 
trations > 100 pg/l. We believe that these dtffer- 
ences are related to both the nature of the dam 
water matrix and the changes m manganese 
spectation with time and depth of sampling. The 
posstbihty that the (variable) presence of iron m 
the samples analysed could lead to the dis- 
crepancies m the results obtained by the two 
analytical methods could not be substantiated, 
no correlatton could be observed between iron 
concentratton and discrepancy. 

Figure 2 shows a typical spectrum obtained 
with the FAD method for a dam water sample 
For this sample the manganese concentration 
found by AAS was below the AAS detection 
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Fig 2 Spectrum obtamed when a North Pme Dam water 
sample, contammg no AAS-determmable manganese, IS 
analysed by the FAD method, with a reagent blank m the 

reference beam 

limit for manganese quoted by the instrument 
manufacturers,* the FAD method gave 13 pg/l. 
The feature to note is the prominent peak at 260 
nm Its cause 1s not known, but It occurs m all 
spectra for dam water samples, varying both m 
wavelength of absorption maximum and m ab- 
sorbance We believe that the peak IS probably 
associated with humlc materials m the dam 
water matrix, which, dependmg on their 
chemical nature, absorb m the 250-300 nm 
region 9 

Humlc material vanes, both in concentration 
and nature, with dam water depth, which 
accounts for the vartablhty m wavelength and 
absorbance values between samples This high 
absorbance m the ultraviolet region greatly 
increases the apparent manganese concentration 
determined by the FAD method. We conclude 
that for natural water samples contammg humlc 
matter (especially in cases of low concentration 
of manganese) the FAD method, which lacks 
sensltlvlty, ~111 tend to overestimate the manga- 
nese concentration significantly. 

To provide a reagent blank which successfully 
negates the ultraviolet absorbance of the humic 
material, thereby removing the interference m 
the manganese determination m the visible 
region, would require the preparation of 
different blanks, constituted from the raw water 
being analysed, for each analysis, as the dam 
water matrix constltutlon changes with depth. 
Such an approach 1s lmpractlcal for a large 
number of samples and the method IS not 
amenable to automatlon 

The reason why the FAD method underestl- 
mates manganese concentrations above 100 
pg/l. 1s not known 
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Pyrldylazonaphthol (PAN) method 

The complex formed between manganese and 
PAN IS not soluble m aqueous solution, so 
various methods of extraction mto organic 
phases prior to spectrophotometrlc reading 
have been proposed. ‘OJ’ The method used m this 
work avoided this tiresome step by adaptation 
of the method of Goto et al.,” which uses a 
synthetic surfactant, Triton X-100, to avold the 
need for extraction. Although these workers 
propose the use of sodmm ascorbate to keep the 
manganese complex m the bivalent state, which 
stops dlscoloratlon of the complex, we have 
found that the Mn-(PAN) colour IS stable for at 
least 2 hr and that the use of sodium ascorbate 
IS not necessary m analysis of the waters studied 
here 

Table 2 indicates that the preclslon and accu- 
racy of the PAN method m the present work 
were poor over the manganese concentration 
range O-100 pg/l., with an average error of 11% 
for a set of 10 samples contammg a known 
manganese concentration The plot of ab- 
sorbance against manganese concentration was 
markedly non-linear, with an obvious scatter of 
points (see Fig 3). This suggests that the 
method IS useless for low manganese concen- 
trations. For the 100-1000 pg/l range better 
linearity was observed, the average error for 
known manganese concentrations being 7.2%, 
but even at these concentrations such a large 
error makes the PAN method unacceptable. 

The major failure of the method arose from 
the nature of the spectrum close to the peak (at 
562 nm) used for manganese determination 
Figure 4 shows the spectrum of PAN m reagent- 
grade water, measured against a reagent-grade 

Table 2 Correlation coefficrents of cahbratlon curves and 
average percentage errors for the four analysis methods used 

to determine manganese m standard solutions 

[Mnl, WOO pggll [Mn], 100-1000 pggll 

Linear Average Linear Average 
correlation error, correlation error,* 

Method coefficient % coefficient % 

FAD 0 9882 II 0 9983 3 98 
PAN 0 9844 II 09931 72 
T-(CCP)P 0 9996 20 0 9999 04 
AAS 0 9999 15 0 9999 05 

*Average error (%) m Mn determmatlon was obtamed by 
preparmg a set of 10 samples contammg known amounts 
of manganese and determmmg the concentration by 
usmg previously prepared cahbratlon curves for both the 
colorlmetrlc and AAS methods The average errors m 
these analyses were than calculated 
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[MN U-vm) 
Fig 3 Plot of absorbance against manganese concentration, 
for standard solutions (0 &Cl 1 mg/l ) analysed by the PAN 
method (with a reagent blank m the reference beam), 

showing the non-hneanty of the cahbratlon data 

water blank at pH 9.2; two mam features are 
discernible (a large peak at about 470 nm and 
a shoulder at about 400 nm) but no peak is seen 
at 562 nm. 

Absorptton bands at 440,470 and 495 nm are 
said to arise from the successive dissociations of 
the ligand.” 

H,PAN+&HPAN+Hi 

HPAN ” *PAN-+H+ 

where pK, for dissociation of a proton from the 
pyndimum group m the protonated reagent is 
2.9, and pK, for dissociation of the phenol 
proton is 11.6. H, PAN+ gives a broad band at 
400-450 nm, HPAN a band at about 470 nm 
with a shoulder at 400 nm, and PAN- gives a 
peak at 495 nm. 

When manganese is added to a PAN solution 
at pH 9 2 a peak at 562 nm appears (Fig. 5) 

40 

35 L 
30 

8 
r 25 

2 

b 20 

;: 15 
a 

10 

05 iA 

00 
300 350 400 450 500 550 600 650 700 750 600 

Wavelength (nm) 

Fig 4 Spectrum of PAN hgand solution at a concentration 
eqmvalent to that of a reagent blank, with reagent-grade 

water m the reference beam 
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Fig 5 Spectrum of a PAN hgand solution at a concen- 
tratlon equivalent to that of a reagent blank, to which has 
been added 10 ml of 1 mg/l Mn2+ solutlon, with reagent- 

grade water m the reference beam 

presumably by the formation of [Mn(PAN),], m 
which both PAN moieties have lost their disso- 
ciable protons. 

If the reagent-grade water reference used to 
obtain Fig 5 was replaced by the reagent blank 
(containing PAN) described m the experimental 
section, the peak at 562 nm became much more 
easily distinguishable from the shorter wave- 
length peaks (Fig 6) as the reagent blank then 
cancelled out the peaks due to the uncomplexed 
hgand. However, a further peak was apparent at 
about 525 nm, and its amplitude indicated that 
it was associated with the Mn-PAN complex 
and thus was not negated by the reagent blank. 
A similar double peak appears m the spectrum 
of Mn-PAN m ether solution.‘4.‘5 It seems likely 
that this strong peak at 525 nm may affect the 
Mn-PAN absorbance measured at 562 nm, 
which is used to determine the manganese 
concentration 

The problem is exemplified by reference to 
Fig 7, m which the PAN signal at 562 nm (for 
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Rg 6 Spectrum of a PAN hgand solution at a concen- 
tration equivalent to that of a reagent blank, to which has 
been added 10 ml of 1 mg/l Mn2+ solution, with a reagent 

blank m the reference beam 
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Fig 7 Spectrum obtamed when a North Pme Dam sample, 
contammg 62 pg/l AAS-determmable manganese, 1s 
analysed by the PAN method with a reagent blank m the 

reference beam 

a sample of filtered North Pme Dam water 
(taken at the 9-m level) appears only as a 
shoulder and gives a manganese result of 220 
pg/l. whereas the value found by AAS was only 
62 pg/l. Such a large error cannot be entirely 
attributed to the poor calibration curve 
associated with the PAN method. It would 
appear that the water matrix is affecting the 
PAN hgand, resulting m a greatly overestimated 
manganese concentration. 

Two sets of analyses of ten samples collected 
on two different days, at 3-m intervals from the 
surface down to 21 m (including samples at 10 
and 11 m) showed that the PAN method con- 
sistently gave higher results than the AAS 
method On average, the PAN results were 
about three times those obtained by AAS, with 
the largest relative errors at the lowest manga- 
nese values. 

The PAN method is not amenable to auto- 
mation, as the msoluble nature of the Mn-PAN 
complex results in significant build-up on the 
walls of the flow-through cells often used m 
Auto-Analyzer or FIA systems. 

Porphyrm [T-(4-CP)P] method 

The method used was that of Ishu et al., who 
used the porphyrin hgand to determine manga- 
nese in tea leaves I6 The porphyrm, being a 
macrocychc hgand, gives complexes of high 
stability and appears to be more selective than 
either FAD of PAN, as no masking agents are 
required when it is used Furthermore, the 
water-soluble nature of the Mn-[T-(4-CP)P] 
complex results in a method which is simple, 
rapid, mexpenstve and amenable to Auto- 
Analyzer operation.2 The selectivity of the T-(4- 
CP)P ligand is no doubt linked to the process by 
which the manganese complex is formed. At pH 

8, Cd’+ is complexed by the porphyrm hgand m 
preference to Mn2+, presumably for kmetic 
reasons. However, the higher stabihty constant 
of the Mn-[T-(4-CP)P] complex results m 
exchange of the Cd’+ for Mn’+, although the 
exchange reaction is very slow Imidazole is 
employed as a catalyst, allowmg the exchange 
reaction to go to completion withm 5 mm The 
Mn(I1) complex formed IS oxidized to an 
Mn(II1) complex by dissolved oxygen.16 The 
result is a very selective method for determmmg 
Mn2+ m solution 

A further advantage of the method is that the 
molar absorptivity of the Mn-[T-(4-CP)P] 
complex is 7 6 x lo4 1 mole-‘.cm-‘, greater 
than that of either the Mn-PAN (4 6 x lo4 
1 mole-‘.cm-‘)orMn-FADcomplex(1 6 x lo4 
1 mole-‘.cm-‘) The sensitivity of the por- 
phyrin method is thus superior to that of either 
of the other two methods, and the peak used for 
manganese determmation is far less prone to 
dam water matrix interference, such as that 
found with the FAD method 

Figure 8 shows the spectra obtained during 
the exchange process. The significant feature is 
the large bathochromic shift between the Soret 
bands of the T-(4-CP)P ligand, the Cd(II)-[T- 
(CCP)P] complex and the Mn(III)-[T(4-CP)P] 
complex, which allows measurement of the 
Mn(III)-[T-(4-CP)P] band without possible m- 
terference from neighbourmg absorbance peaks, 
which was found to be a major drawback of the 
PAN method 

Table 2 illustrates the precision and accuracy 
of the T-(CCP)P method for both manganese 
concentration ranges studied It can be seen that 
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Fig 8 - Spectrum of a T-(4-CP)P hgand solution at a 
concentration eqmvalent to that of a reagent blank 
Spectrum of the same solution to which has been added I 
ml of 6 x 10-4M Cd2+ - - - - Spectrum of the hgand/Cd2+ 
solution to which has been added IO ml of 1 mg/l Mn’+ 
solution Reagent-grade water IS used m the reference beam 

throughout 
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T+ble 3 Results for manganese determmatlons by the three 
colorlmetrlc methods and AAS for filtered water samples 

from North Pme Dam 

Sample Manganese concentration, pggll 
depth, 

m FAD PAN T-(CCP)P AAS 

0 0 06 0 20 0047 0 056 
3 0 02 0 03 0014 0 016 
6 001 0 02 <o 010 <o 003 
8 0 003 co 010 0007 
9 0 04 0 16 0 024 0 034 

10 0 02 0 03 0017 0016 
I1 0 02 0 03 <o 010 0012 
15 0 08 0 20 0071 0 065 
18 0 09 0 24 0 100 0 105 
21 0 12 0 26 0 126 0 127 

the correlation coefficients and average errors m 
manganese determination by the T-(CCP)P 
method are very similar to those for the AAS 
method 

CONCLUSIONS 

The results m Table 3 allow comparison of 
the three calorimetric methods with each other 
and with the AAS method for filtered dam water 
samples. It is clear that the T-(4XP)P and AAS 
results are m excellent agreement though with a 
general tendency of the former results to be 
lower. The FAD method also gives results in 
relatively good agreement with AAS. On the 
other hand the discrepancy between results ob- 

tained by the PAN method and those of the 
three other analytical techniques is only too 
obvious; the use of this hgand gives gross over- 
estimation of the manganese present m dam 
water samples 
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Summary-A selective and sensitive method for the extraction and spectrophotometnc determmatton of 
vanadium(V) m microgram quantrttes ts described The molar absorpttvtty of the yellow vanadmm(w 
caffetc acid-Ahquat 336 extract IS 1 3 x lo4 1 mole-’ cm-’ at 370nm The method IS compared with 
the atomic-absorption spectrometrtc method and applied to the trace determmatron of vanadium m steel, 
alloys, a rock and envtronmental samples 

Caffeic acid (I) IS a versatile reagent used m 
organic, morgamc and pharmaceutical analy- 
sis.‘” In acidic medium it forms a stable yellow 
complex with vanadium(V) which can be 
extracted with tsoamyl alcohol. This paper de- 
scribes the extraction of the vanadmm(V)- 
caffetc acid complex with the liquid ton- 
exchanger Ahquat 336, which can be applied to 
the determmation of microgram amounts of the 
metal. The spectrophotometric method devel- 
oped has been compared with the AAS method 

CH = CHCOOH 

e 0 OH 

OH 

EXPERIMENTAL 

Reagents 

All chemicals used were of guaranteed 
reagent (Merck) or AnalaR (BDH) grade. 
Vanadium(V) stock solution was prepared by 
dissolvmg 0 0585 g of ammomum metavanadate 
m 500 ml of doubly distilled water and stan- 
dardized spectrophotometrically.4 It was further 
diluted as required. A 1 mg/ml caffeic acid sol- 
ution was prepared m methanol 

Buffer solutions m the pH range 2.0-6.0 were 
prepared from mixtures of 0 1M sodium citrate 
and 0 1M hydrochloric acid, or 0.2M sodmm 
acetate and 0 2M acetic acid.’ 

Amberlite LA-l (N-dodecyltrialkylamme, 
Rohm and Hass, Philadelphia), Ahquat 336 
(tricaprylmethylammonium chloride, Fluka) 
and trioctylamme (Fluka) were dissolved m 
suitable diluents m various proporttons 

Apparatus 

A VSU 2 P spectrophotometer (Carl Zeiss, 

Jena) with matched fused-silica cells was used 
for spectral measurements. A GBC 901 atomic- 
absorptton spectrometer equipped with a va- 
nadium hollow-cathode lamp was used. The 
318.4 nm vanadium lme and a nitrous ox- 
ide-acetylene flame were used. 

Dlssolutlon of samples 

General analytical procedures- for brmgmg 
the samples mto solution were followed. In all 
cases, complete oxidation to vanadmm(V) was 
ensured by adding 0.05M potassium permanga- 
nate dropwise to the solution until a light pink 
colour persisted for l-2 mm 

Rock samples. A 0 5-g sample was transferred 
into a lOO-ml Teflon beaker and a mixture of 
concentrated hydrofluortc acid (10 ml), sul- 
phuric acid (15 ml) and nitric acid (5 ml) was 
added. The mixture was then digested on a 

649 
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steam-bath for 2-3 hr, diluted with water and 
filtered The residue was washed and the filtrate 
and washings were finally diluted to volume in 
a IOO-ml standard flask with distilled water. 

Steel samples A 1 O-g sample was transferred 
mto a 150-ml borostlicate glass beaker and 25 
ml of concentrated hydrochlortc acid were 
added, followed by drgestron on a sand-bath for 
1 hr and evaporatron to dryness The residue 
was dtssolved m 10-15 ml of concentrated hy- 
drochlorrc acid along with 0.5 g of ammonium 
persulphate The solutton was diluted and 
filtered, and finally diluted to volume m a 
loo-ml standard flask with distilled water. 

Plant samples. A known weight of sample 
( N 100 g) was ashed, and 10 g of the ash was 
transferred into a 250-ml borosilicate glass 
beaker and digested on a sand-bath with 100 ml 
of concentrated hydrochloric acid and 20 ml of 
concentrated nitric acid for about 1 hr. The hot 
solutron was centrifuged, and the supernatant 
hqurd was decanted from any siliceous matter. 
The residue was washed with 10 ml of O.lM 
hydrochlortc acid and the combined solutron 
was evaporated to dryness. The residue was 
taken up m O.lM hydrochlortc acid and accu- 
rately diluted to 100 ml with distilled water. 

Sol1 samples. A l-2 g sample of the dried sol1 
was digested with 50 ml of concentrated hydro- 
chloric acid and 10 ml of concentrated nttrtc 
acid for 1 hr on a sand-bath, then the solutton 
was evaporated to dryness The residue was 
boiled with 50 ml of 0 1 M hydrochlortc acid and 
filtered, then the filtrate and washings were 
evaporated to dryness and the residue was taken 
up and the solutron diluted accurately to 100 ml 
with O.lM hydrochlortc acid. 

Blood samples. A 2-ml blood sample was 
digested with 20 ml of concentrated hydro- 
chloric acid and 0.25 g of ammomum persul- 
phate for 1 hr, then the mixture was diluted and 
filtered The filtrate and washings were evapor- 
ated to dryness and the residue was taken up 
and the solutron dtluted to volume m a 25-ml 
standard flask with 0 1M hydrochloric acid 

Water samples A known volume of sample 
was evaporated to dryness and the residue was 
treated m the same way as plant ash. 

Drssolution of Nb205 and Ta,05 

Nrobium. Niobium oxide (1.79 g) was fused 
with 10.0 g of potassium brsulphate and the 
cooled melt was dissolved m 1M tartartc acid; 
the solutron was diluted to 500 ml. The final 

Table 1 Effect of pH on the extraction 
of 49 pg of vanadium(V) with caffelc 
acid and Ahquat 336 (condltlons as m 

procedure) 

PH 
Extraction. 

Absorbance % 

30 0 060 120 
32 0 180 36 0 
35 0 360 72 0 
39 0500 99 9 
40 0 550 99 9 
42 0 500 99 9 
45 0 250 49 9 
50 0 050 100 
60 0 020 40 

concentratton (2.5 mg/ml) of mobturn was de- 
termined spectrophotometrrcally.9 

Tantalum. Tantalum oxide (2.99 g) was fused 
with 10.0 g of potassium bisulphate and the 
cooled melt was dissolved m 1M ammomum 
oxalate; the solutton was diluted to 250 ml. The 
final concentration of tantalum (9 8 mg/ml) was 
determined gravimetrically.” 

Procedure 

A suttable ahquot of sample solutton contam- 
mg 2.5-125 pg of vanadium was transferred 
mto a 60-ml separatory funnel, 5 ml of I-mg/ml 
caffeic acid solutton were added and the pH was 
adjusted untially with alkah and finally with 
buffer to 4 0. The mixture was shaken gently 
with 5 ml of a lo-mg/ml solutron of Aliquat 336 
m isoamyl alcohol for about 1 mm The organic 
extract was collected and dried over anhydrous 
sodmm sulphate and finally diluted to volume 
with rsoamyl alcohol m a 25-ml standard flask. 
The absorbance was measured at 370 nm 
against a reagent blank. 

For AAS measurements, the same extraction 
procedure was applied and the extracts were 
analysed by the EPA method” either directly or 
after back-extraction of the vanadtum mto 
O.OlM nitric acid 

Table 2 Effect of various dlluents on the extractlon of 49 pg 
of vanadium(V) at pH 4 with 5 ml of I-mg/ml caffelc acid 
solutlon and 5 ml of Ahquat 336 solution (concentration 

A, 10 mg/ml, B, 20 mg/ml, C, 30 mg/ml) 

ExtractIon, % 

Dlluent A B C 

Isoamyl alcohol 99 9 99 9 99 9 
Benzene 102 100 102 
Toluene 20 20 20 
Hexane 15 15 15 
Chloroform 05 05 05 
Isobutyl methyl ketone 30 0 30 0 30 0 
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Table 3 Effect of different hqmd amon-exchangers on 
the extractlon of 49 pg of vanadmm(V) at pH 4 with 5 ml 
of I-mg/ml caffelc acid solution and 5 ml of IO-mg/ml 

exchanger solution 

ExtractIon, 
LIqmd amon-exchanger Dlluent % 

Ahquat 336 Isoamyl alcohol 99 9 
Benzene 102 

Amberhte LA-I Isoamyl alcohol 60 5 
Benzene 66 

Tnoctylamme Isoamyl alcohol 48 9 
Benzene 35 

RESULTS AND DISCUSSION 

The yellow vanadmm(V)-caffeic acid com- 
plex is readily extracted mto a IO-mg/ml sol- 
ution of Aliquat 336 m isoamyl alcohol from an 
aqueous medium of pH 4.0 The species ex- 
tracted has maximum absorbance at 370 nm. 
The reagent blank does not show appreciable 
absorbance at this wavelength. The molar ab- 
sorpttvity is 1.3 x lo4 1 mole-’ cm-‘. The sys- 
tem obeys Beer’s law m the range 0.1-5.0 ppm 
vanadium at 370 nm and the optimum range 
(Ringbom plot) 1s 0.1-4.8 ppm. 

Eflect of experimental variables 

The vanadium(V) complex was found to be 
completely extracted mto tsoamyl alcohol over 
the pH range 3.9-4.2 (Table 1) and 5 ml of 
I-mg/ml caffetc acid solution was found to be 
sufficient for complex formation A larger excess 
of reagent has no adverse effect 

The optimum concentration of Ahquat 336 
was studied by varying the concentration from 
10 to 60 mg/ml m isoamyl alcohol. The extrac- 
tion was quantitative over this range and 5 ml 
of IO-mg/ml solution was adopted for use 
Various solvents for the Ahquat 336 were tested 
(Table 2). Isoamyl alcohol was found to be the 
most suitable. Aliquat 336 was selected as the 
liquid-amon exchanger, since it was found that 
of the three reagents tested (Table 3) tt was the 
only one that gave complete extraction It 

Table 4 Determmatlon of vanadium m NBS and BCS 
standard samples 

Vanadium 
Certified found by 

vanadium present 
value, method,* 

No Sample % % 

67 Manganese steel (NBS) 0 17-O 19 0 185 + 0 010 
117 Farrotltamum (NBS) 005-008 0062+0020 
132 Steel 160-I 68 169+002 
224 Cr-V Steel (BCS) 0 240 024kOOl 
241/l High Speed Steel (BCS) I 570 157*002 

*Mean + standard deviation (8 determmatlons) 

Table 5 Vanadium m natural materials 

Sample 

Potato sample 1 
Potato sample 2 
Onion sample I 
Onion sample 2 
Carrots 
Spinach 
Cabbage 
Unnpe mango skm 
Ripe mango skm 
Tobacco 
Corn leaves 
Tomato 
Rice 
Peas (leaves) 
Effluent It 
Effluent IIt 
Blood sample1 
MS-Q 
DV-I§ 
DV-1115 
SolIt 

Vanadium 
found,* 
PPm 

5 72kOO5 
682kOO9 
745+005 
683&002 
3 55*002 
635kOO2 
5 75fO02 
154+003 
355*001 
205kOO1 
110*001 
155+001 
100+001 
075;002 
120+004 
008+002 
0022+002 
33OkO2 
320+02 
330*0 1 

0 08+002 

No of 

mmations 

10 
8 

10 
10 
8 
8 

10 
9 

10 
9 
9 
9 

10 
12 
8 

10 
10 
8 
8 
8 

20 

AAS, 
ppm 

5 74 
6 84 
7 43 
6 82 
3 55 
6 33 
5 76 
I 55 
3 55 
204 
I 10 
1 55 
I 01 
0 77 
I 18 
0 07 
0021 

332 
318 
333 

0 07 

*Mean + standard deviation 
tSamples from Nandesarl Industrial Area of Baroda 
SWhole blood samples from adult males 
@ampIes from Mussones phosphate deposits 

was found that a second extraction was not 
necessary 

Eflects of dwerse ions 

Solutions containing a fixed concentratton 
(1.32 ppm) of vanadium(V) and various 
amounts of a potentially interfering ion were 
extracted as described in the procedure. Barium, 
cadmium, calcium, cobalt(II), copper( 
nickel, titanium(IV) and tungstate can be toler- 
ated up to 40 mg in the determination of 33 pg 
of vanadium. Mercury(I1) and manganese(I1) 
can be tolerated up to 50 mg, aluminium, lead 
and uranyl ion up to 60 mg. Tantalum and 
molybdenum interfere at 200 pg, and niobium 
at 225 pg, but m the presence of oxalate and 
tartrate as masking agents can be tolerated m 
amounts up to 40 mg, and so can zirconium. 
However, molybdenum interfered m the atomic- 
absorption determmatton of 33 pug of vanadmm 
m the presence of 40 mg of Na, Ca, Mg, Cu, Ni, 
Zn, Pb, Cr, Al, Bt, MO or Sb 

Determrnation of vanadium m various samples 

The present method was compared with an 
AAS method with a reported detection hmit of 
0.2 ppm for vanadium.” Chrommm(VI), tron- 
(III), tm(IV) and molybdenum(V1) suppressed 
the absorption sertously for the dtrect determt- 
nation but they did not interfere after extraction 
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of vanadium with the caffeic acid and Aliquat 5 
336. 

The results for the analysis of standard 6 
samples for vanadium are given m Table 4, and 
for rock, soil, blood samples erc in Table 5. The 7 

values are m good agreement with those 
obtained by AAS. 

8 
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PRECIPITATION AND EXTRACTION OF SOME 
BIVALENT METAL IONS WITH 

BIS(DIPHENYLPHOSPHINYL)METHANE AND 
PERCHLORATE 
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Instttute for Chemtcal Research, Kyoto Umverstty, UJI, Kyoto 611, Japan 
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Summary-The solvent extraction of alkaline-earth and some btvalent transttton metal tons such as Co2+, 
Ni2+, Cu2+, Zn2+ and Cd2+ wtth the brdentate phosphme oxide compound, bts(dtphenylphosphmyl)- 
methane (BDPPM), and perchlorate into 1,Zdtchloroethane has been mvesttgated When benzene 1s used 
as the solvent, the complexes consrstmg of metal ton, BDPPM and perchlorate are not extracted but are 
prectpttated at the hqutd-hqutd interface The prectpttates have been isolated and theu composrttons 
determined 

The spec’fictty of the adduct format’on re- 
actions of the bidentate neutral ligands, bis(di- 
phenylphosphmyl)methane (BDPPM) and its 
ethane analogue, has been examined by investi- 
gation of the synergistic extraction of alkahne- 
earth,’ rare-earth* and some bivalent’ metal 
ions. In the synergistic extraction of alkaline- 
earth metal ions with acylpyrazolone derivatives 
and BDPPM into benzene,’ it was found that 
when sodmm perchlorate was present, a prec’pi- 
tate appeared at the benzene-water interface, 
and the metal ions were not detectable in either 
the organic or the aqueous phase. A similar 
reaction was observed m the synergistic extrac- 
tion of some b’valent metals mto benzene with 
1 -phenyl-3-methyl-4-benzoyl-5-pyrazolone and 
BDPPM.3 These prec’p’tation reactions suggest 
that ion-associat’on complexes cons’stmg of 
metal ion, BDPPM and perchlorate are formed, 
and precipitated because of their low solubility 
m both the benzene and water phases. Th’s 
suggests that the complexes might be extractable 
mto a more polar organic solvent. The possible 
use of BDPPM as a solvatmg extractant is 
mterestmg, since BDPPM is expected to be a 
more powerful ligand than 1, IO-phenanthroline 
( phen),4 tr’octylphosphine oxide (TOPO)s and 
tributyl phosphate (TBP),6 owing to its strong 

*Author for correspondence 
tPresent address Krmoto Electrtc Co , Ltd ,3-l Funahasht- 

cho, Tennop-ku, Osaka 543, Japan 

complex-formation ability and the high hydro- 
phobtcity.7-‘0 This possibihty was examined m 
the present work. 

BDPPM 

EXPERIMENTAL 

Reagents 

BDPPM”*12 was prepared by oxtdation of 
bis(diphenylphosphino)methane (Aldrich) with 
dilute hydrogen peroxide solution and purified 
by recrystallization from toluene. All other re- 
agents were reagent-grade and used without 
further purification. 

Apparatus 

Metal-ion concentrations were measured 
with a Hitachi 180-70 polarized Zeeman atomic- 
absorption spectrophotometer and a Japan 
Jarrel Ash ICAP- inductively coupled 
argon-plasma emission spectrophotometer. A 
Shimadzu W- 180 double-beam spectropho- 
tometer was used for spectrophotometnc 
measurements. Infrared spectra were taken with 
a Hitachi 260-50 infrared spectrophotometer 
The pH measurements were performed with a 
Hitachi-Horiba F-7ss pH-meter, equipped with 
a combination glass electrode. 
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Extraction of perchlorlc acrd 

A 5-ml portion of 1M perchloric acid was 
equilibrated at 25 + 1°C m a 30-ml centrifuge 
tube with an equal volume of an organic solvent 
containing the requu-ed amount of BDPPM, 
for 1 hr The acid concentration m the aqueous 
phase was measured by titration with sodium 
hydroxide The acid content m the organic 
phase was measured by titration after back- 
extraction mto water The sum of the perchlor- 
ate concentrations m the two phases agreed well 
with the mtttal concentratton 

Preclpltation reaction 

The precipitatton reaction was examined m a 
similar way. A lo-ml portion of an aqueous 
phase containing the metal ion and sodium 
perchlorate was shaken with an equal volume 
of O.OlM BDPPM solution m benzene, at 
25 _+ 1°C for 1 hr. The pH of the aqueous phase 
was adJusted to ca. 2 0 with hydrochlortc acid. 
The aqueous phase was filtered and the concen- 
tration of metal ion m tt was measured by 
atomic-absorption spectrometry or ICP atomic- 
emission spectrometry. The amount of metal 
ion in the precipitate was obtained by subtract- 
ing the metal concentratton found in the 
aqueous phase from that mmally taken. 

Determination of composltlon of the precipitates 

The precipitates were collected by filtration, 
washed with water and dried under reduced 
pressure. A dtchloroethane (DCE) solution of 
the precipitate was shaken with dilute hydro- 
chloric acid and the amount of metal ion 
extracted into the aqueous phase was measured. 
The amount of BDPPM m the DCE solution 
was measured spectrophotometrically, and so 
was the amount of perchlorate in the aqueous 
solution, after extraction into chlorobenzene 
with Crystal Violet I3 

Extraction of metal Ions 

A 5-ml portion of O.OlM hydrochloric acid 
(pH 2 0) contaming l-2 x 10m5M metal ton and 
the required amount of sodium perchlorate was 
equilibrated with an equal volume of O.OlM 
BDPPM solutton in DCE for 1 hr at 25 f 1°C. 
The ionic strength was adjusted by addition of 
sodium nitrate to the aqueous phase to keep the 
sum of [NaClO,] and [NaNO,] at 0 1M. After 
phase separation, the concentration of the metal 
ton in the aqueous phase was measured. The 
concentration of metal ion m the organic phase 
was determined m the same way after stripping 

with dilute hydrochlortc acid The sum of the 
metal concentrations m the two phases agreed 
well with the initial concentration 

RESULTS AND DISCUSSION 

Extraction of perchloric acid 

The equthbrmm for extraction of a metal ion 
(M”+) or perchlortc acid (Mn+ = H+) and the 
extraction constant, &,, can be expressed as 

M”+ + nClO- + sBDPPM 4 (0) 

=M(BDPPM),(ClQ), (0) (1) 

[M(BDPPM), (ClQ )nlw 
” = [M ‘1 [ClO; l”[BDPPM]“,, (2) 

where subscript (0) denotes a species m the 
organic phase and s is the number of BDPPM 
molecules m one “molecule” of the extracted 
species The distributton of perchlortc acid is 
shown in Fig 1, as a function of log 
[BDPPM],,,. The slopes of the straight portion 
of the plots is found to be very close to 2, 
indicating that two moles of BDPPM react 
with one mole of perchloric actd to form an 
H(BDPPM),(ClO,) ton-pair. The extraction 
constants were calculated by use of equation (2). 
The values of log KX are 2.27 for DCE, 1 90 for 
benzene and 0.20 for chloroform. A similar 
trend in the effect of the organic solvent on the 
K,, value has been reported for the extraction of 
some acids with TOP0 “~‘5 The poor extraction 
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mto chloroform suggests a strong hydrogen- 
bonding mteractton of chloroform and the ex- 
tractant, as suggested m the literature I4 Is The 
devratron from the straight line at lower 
[BDPPM],,, m the DCE system might be due to 
dtssoctatron of the complex, because the dlelec- 
trtc constant of DCE is fairly large (10.36 at 
25”), and in such condittons dtssocratton of the 
ton-pair could be considered dominant, es- 
pecially when both the cation and the amon are 
singly charged and bulky, and the concentratton 
IS low I6 The dlssoctatlon would be regarded as 

H(BDPPM), (ClO,) 

= H( BDPPM),:,, + ClO,, (3) 

Alternatively, the devtatton could be the re- 
sult of extraction of H(BDPPM)(ClO,) when 
the BDPPM concentration is very low 

Preclpltatlon 

The precipitation reactions of metal ions 
with BDPPM and perchlorate are illustrated m 
Figs 2 and 3, as a function of log [ClO,] The 
prectpitatton reaction sets m suddenly when the 
perchlorate concentration exceeds a certain 
value, and the metal complexes are then prectp- 
ltated completely. As [ClO,] increases, the alka- 
line-earth metal tons are precipitated m the 
order Ba’+, Sr2+, Ca2+, Mg’+, r.e., the largest 
ton first and the smallest last. The bivalent 
transition metal tons are precipitated m the 
order Cd’+, Zn2+ Co*+, Cu*+, Nt’+. 

The compostttons of the precipitates isolated 
are summarized m Table 1. The infrared absorp- 
tion spectra of the complexes were measured by 
the KBr method and the characteristic bands 

, ‘“l~/o-.-“-*-l 

Fig 2 Prectpltatton of blvalent transltlon metals with 
BDPPM, as a function of log [ClO,] BDPPM 0 OIM m 

benzene, pH ca 2 0 

I 5 

d 
Sr Ca 
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log [ClO,l 
Rg 3 Preclpltatlon of alkaline-earth metals with BDPPM, 
as a function of log [ClO,] BDPPM 0 OlM m benzene, pH 

ca 20 

attributed to the P=O group are also given m 
Table 1. The mole ratios for M : BDPPM ClO, 
were found to be close to 1.4.2 for strontium 
and barium, and 1.3.2 for the other metals. The 
composrtlon of the magnesium complex could 
not be expressed as the ratio of small whole 
numbers. The “theorettcal” carbon and hydro- 
gen contents were calculated from the proposed 
molecular formulae The calculated values ex- 
hibit satisfactory agreement with the values 
found except for the Cd complex The values 
found for the Mg complex are close to those for 
a 1:3:2 complex. The apparent deviation from 
simple stotchtometry IS probably due m part to 
impurity m the precipitates, 
was made to purify them. 

Extraction of metal ions 

Various organic solvents 
The metal ions examined 

since no attempt 

were examined 
are extractable 

into 1,Zdichloroethane (DCE) with BDPPM 
and perchlorate and can be stripped mto 
water. Although the precipitates conststmg of 
BDPPM, the metal ton and perchlorate are 
soluble m chloroform, no extractton mto 
chloroform was observed under the condtttons 
used. The complexes are completely extracted 
mto nitrobenzene, but the metal tons cannot be 
back-extracted mto water. A precipitate was 
observed at the benzene-water Interface when 
the phases were separated by centrlfugatton 
This precipitate dissolved if the aqueous phase 
was removed and the benzene phase replaced by 
the same volume of O.OlM hydrochloric acid 
and the phases were shaken; this occurred be- 
cause equilibrium (1) IS shifted to the left m the 
absence of perchlorate in the aqueous phase 
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Table 1 CornpositIon of the metal complexes 

M BDPPM CIO, C H 

Mg - 60 3 445 
Ca 1 292 194 60 4 441 
Sr 1 408 2 10 61 6 4 50 
Ba 1418204 59 6 4 46 

co 1 3 05 I 97 59 6 4 51 
NI 1 3 12 171 59 3 4 39 
CU 1 3 27 2 04 59 I 4 38 
Zn 1 3 22 I 99 59 0 4 34 
Cd 1313 198 56 9 4 42 

Found, % 

2 

1 

n 

0” 0 

-1 

-2 

Calcd , % 

C H 
P=O band, 

cm-’ 

61 18* 4 52’ 
60 53 4 47 
61 53 4 54 
60 00 4 43 

59 78 441 
59 79 442 
59 59 440 
59 52 440 
57 73 4 26 

1175 
1175 
1190 
1190 

1165 
1165 
1150 
1170 
1160 

*Values for 1 3 2 complex 

The same amount of metal ton as added mitially 
was found m this new aqueous phase. Hydro- 
carbons such as cyclohexane are not suitable for 
use with BDPPM because of its low solubihty in 
them. Accordmgly, DCE was selected as the 
organic phase m the mvesttgation of solvent 
extractton 

The extraction of metal ions mto DCE with 
BDPPM, as a function of [ClO,], is illustrated 
m Figs 4 and 5 The orders of efficiency of 
extraction of metal tons are Cd2+ > Zn2+ > 
Co2+ > Cu2+ > Ni*+ and Ca2+ > Ba2+, Mg2+ > 
Sr2+ The extraction order m Fig 4 1s the same 
as that of precipitation shown m Fig 2 The 
order of precipttatton of alkaline-earth metal 
ions (Fig 3) is also the order m which their ionic 
radii decrease, but not the order of extraction 
shown m Fig 5 This could be considered to 
mdtcate that the extractabthty of these metals is 

I 
/ 

1 I 

-3 -2 -1 

log (Cl041 
Ftg 4 Extraction of blvalent transItIon metals with Rg 5 ExtractIon of alkalme-earth metals with BDPPM, 

BDPPM, as a function of log [CIO,] BDPPM 0 OlM m as a function of log [CIO,] BDPPM 0 OlM m DCE, 

DCE, [NaCIO,] + [NaNO,] = 0 IM, pH ca 2 0 [NaClO,] + [NaNO,] = 0 IM, pH ca 2 0 

not simply governed by formation of a complex 
cation with BDPPM and distnbutton of the 
ion-pair with perchlorate mto the organic phase. 
As can be seen in Table 1, the characteristtc 
bands attributed to the P=O group m the 
complexes are observed at 115&l 190 cm-’ The 
decrease m wave number from that of BDPPM 
(1200 cm-‘) could be considered to correspond 
to the stability of the BDPPM complex How- 
ever the order of the extraction and precipi- 
tation reactions (Figs. 2-5) cannot be accounted 
for only in terms of the stab&y of the complex 
(as derived from Table 1) For example, Cu2+ 
forms very stable complexes with many chelat- 
mg reagents and these are readily extracted mto 
an organic phase Its BDPPM complex absorbs 
at 1150 cm-’ (Table 1) suggesting that this 
complex 1s the most stable of those examined In 
practice, however, of the transition metals 
tested, copper is one of the most dtfficult to 
extract or precipitate in this system as also IS 
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F 

-1 

0 Ba 
/ 

0 

0 
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-3 -2 -1 

log [Cl041 



ExtractIon with bls(dlphenylphosphmyl)methane and perchlorate 657 

nickel. This suggests that the copper and nickel 
complexes may differ from the others m 
structure. 

It is difficult to explain the extraction behav- 
ior of the alkaline-earth metals. As suggested 
by the wave numbers for the P-0 bands 
(Table l), the stability of the complexes m- 
creases as the ionic radn of the metals decrease, 
as expected, but the extraction order is not that 
of the stabihties or of the iomc radu. In any 
event, it is notable that the alkaline-earth 
metals, which are among the least extractable 
bivalent elements, are readily and quantitatively 
extracted 

The slopes of the straight portion of the plots 
m Figs 4 and 5 are found to be 1 5-1.8. If the 
extraction equihbrmm is truly described by 
equation (l), a logarithmic plot of the distri- 
bution ratio of the metal ions, log D, us log 
[ClO;], for [BDPPM], constant, should be a 
straight lme with slope of 2 Any decrease m 
perchlorate concentration m the aqueous phase 
(owing to extraction with BDPPM) is negligible, 
since the extraction constant IS not large enough 
for the degree of extraction to be sigmficant 
under the conditions set m Figs. 4 and 5 An 
experiment on the extraction of sodium with 
BDPPM and perchlorate indicated that de- 
crease m the concentration of perchlorate and 
BDPPM, caused by the extraction of sodium, is 
negligible. The lower value of the slope is again 
attributable to dissociation m the organic phase 

M(BDPPM),(ClO&, 

=M(BDPPM),(ClO,);+. + nClO,,, (4) 

The metal ions studied m the present work 
were not extracted with TOPO, a monodentate 
neutral ligand, under the same conditions as 
for BDPPM This greater extractabihty with 
BDPPM could be attributed to its chelating 
ability and the highly hydrophobic nature of the 
ion-pair formed with perchlorate. 

BDPPM has some advantages over NJ- 
bidentate hgands such as l,lO-phenanthrohne 
(phen) or 2,2’-bipyridyl, as follows. The extrac- 
tion of “hard metals”, such as the alkaline-earth 
and rare-earth metals, as ion-pairs of their 
complexes with phen, is not satisfactory, prob- 

ably owing to the very low stability of the 
chelates. Further, such extraction with phen is 
impossible m acidic media, because of proton- 
ation of the mtrogen atoms m phen In contrast, 
the extraction of alkaline-earth metals (and 
others) with BDPPM and perchlorate is satis- 
factory, and the distribution of BDPPM does 
not depend on the pH, unlike that of phen or 
2,2’-bipyridyl. It IS therefore possible to use the 
BDPPM system at increased acidity provided 
that this is not so high that extraction of 
H(BDPPM), CIO, takes place and decreases the 
concentration of free BDPPM This type of 
extraction system could be considered to be 
analogous to that employmg phenanthrolme or 
crown ethers, namely extraction with a solvatmg 
reagent It is expected that the BDPPM could 
be more widely applied, owmg to its strong 
co-ordmatmg ability and hydrophobic nature. 
It may also be expected to give greater selec- 
tivity than that of conventional extraction 
systems 
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Summary-The classlcal Dumas apparatus has been mochfied The generally recommended oxidants CuO 
and V,O, were found to give relatively Ingh blank values and were therefore replaced by Cu,O The 
preparation of the Cu,O IS descnb-cd It IS an exceptionally smtable oxidant for the Dumas analysis of 
the Group Va mtrldes as well as manganese mtrldes and molybdenum mtndes because it does not release 
oxygen mto the gas phase The reaction of the Group IVa nitrides as well as of CrN with CuO and Cu,O 
is, however, not completely quantitative at 1000-I 150” m reasonable reactlon times The results of the 
Dumas analysis of a Group IVa mtnde should be corrected by measurmg the mtrogen content of the 
residue (e g , by hot extraction) The relative standard devlatlons do not exceed 0 38% The nitrogen 
contents (% w/w) of the residues range from <O 001% for Mo,N + MoN to 0 54% for Cr,N + CrN 
BN, Sl,N, and AlN could not be de-composed with copper oxides under the condltlons used AIN could 
be analysed by adding V,O,, but the rsd was 0 55% and the nitrogen content m the residue was 0 52% 
w/w Neither BN nor Sl,N, could be analysed by ad&ion of V,O, 

Transition-metal (mono)mtndes exist over an 
extended range of homogeneity of up to 10-30 
atom% N ’ In this homogeneity region the 
solid-state propertles (e.g , lattice parameter, 
superconduction transition temperature, mlcro- 
hardness) show a substantial dependence on the 
chemical composltlon. An accurate chemical 
analysis for the main constituents as well as the 
impurities is therefore not only of considerable 
interest in itself, but is essential if the variation 
of physlcal propertles with composltlon within 
the homogeneity region is to be studled. 

In the Dumas analysis the sample 1s oxidized 
and the nitrogen evolved is measured volumetn- 
tally. It IS one of the methods with the greatest 
accuracy and preclslon. In recent years lm- 
proved equipment has been constructed which 
permits determination of nitrogen by gas chro- 
matography (GC) with an error not exceedmg 
about 1 atom%. This Dumas-GC technique 
appears to be the most accurate technique that 
1s suitable for automatlon.2*3 The conditions for 
automatic Dumas-GC analysis of refractory 
transition-metal nitrides have been studied only 
recently,4 and the mam disadvantages are the 
low sample loads and the relatively low de- 
composition temperatures that can be used. In 
addition, this technique needs well characterized 
standards. 

The most accurate modlficatlon of the Dumas 
technique at present still appears to be the 
method described by Kern and Brauer.5 These 
authors heated titanium, moblum and tantalum 
nitrides m a stream of pure CO2 with CuO or 
CuO + Cu,O (for moblum nitrides) as the 0x1- 
dant. They obtained excellent accuracy Their 
method, however, has several experlmental dls- 
advantages such as low measured volumes of 
nitrogen (and thus low sample loads) as well as 
complicated CO2 storage, sample heatmg and 
temperature control, makmg the apparatus 
difficult to handle. 

Several modlficatlons have been suggested for 
the oxidation or decomposition of the sample m 
the Dumas analysls,6’2 but all have given gener- 
ally less precise results. However, no studies 
have been made of the nitrogen contents of 
the residues (reacted nitride + copper oxides) 
to determine whether or not the reaction 1s 
quantitative 

The present study was performed m order to 
update the classical techmque described by 
Kern and Brauer’ and to mvestlgate whether 
the combustion procedure is quantitative. For 
the latter purpose the reaction products were 
analysed by hot extractlon. An Improved tech- 
nique for the Dumas analysis was also used. The 
apparatus allowed easier and faster handlmg 
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and produced data with an accuracy of the same 
order of magnitude as that given by the Kern 
and Brauer method, when corrected for the 
nitrogen contents of the residues (determined by 
hot extraction). 

EXPERIMENTAL 

Oxidant requwements and preparatron of Cu20 

It has been stated that there is no need for an 
additional oxidant, since CO1 reacts with all 
transitton-metal mtrtdes quantttatively, setting 
free all combined nitrogen.‘&‘* This reaction, 
however, leads to the conversion of CO* mto 
CO, the removal of which would complicate the 
experimental arrangements and present an ad- 
ditional source of error 

CuO and VzO, have been recommended as 
oxidants We have tested them, and found that 
both substances gave such high blank values 
that they led to unreliable results. Therefore we 
also performed blank tests with Cu,O and 
investigated the reaction of this compound 
during analysts. Cu,O IS an excellent oxidant 
which gives a blank value below the mtrometer’s 
determmation limit of 0 005 ml 

The replacement of CuO by Cu,O does not 
sigmficantly alter the conditions of thermodyn- 
amic equihbrmm During the analysis Cu,O is 
reduced according to 

cu,o- 2cu+@, 

AG ,400 = 65 69 kJ/mole13 

and CuO according to 

cue- cu + fOz 

AG ,400 = 32 22 kJ/mole 

where AG ,400 1s the free-energy change at 1400 K. 
In order to decide whether an admixed mtride 

can be oxidized by reaction with copper oxtde, 
it is necessary to check whether the free energy 
of the reaction products is lower than the free 
energy of the mtridecopper oxide mixture. 
Only m the latter case will the reaction proceed 
(negative free-energy change) as required for the 
Dumas analysis 

The stabihties of the nitride and the oxide (TiO 
is chosen as the least stable titamum oxide) are 

Ti + iN?--+ TIN 

AG ,4oo = - 205.02 kJ/mole 

TI + ;O, - TIO 

AG 1400 = - 387.44 kJ/mole 

Hence, the free-energy change of the oxidatton 
reaction with Cu,O 1s 

TIN + Cu, O- TiO + 2Cu + +N, 

AG ,400 = - 116.73 kJ/mole 

and of that with CuO 

TIN + CuO --+TIO + Cu + ;N1 

AG,, = - 150 20 kJ/mole 

It is obvious that the free-energy change of the 
total reaction 1s largely influenced by the dtffer- 
ence between the free-energy changes of the 
mtridatton and oxtdation reactions Hence the 
oxtdation reaction should proceed completely to 
the right u-respective of the oxidatton state of 
the copper m the oxide used Since the nitrides 
are all thermochemically less stable than the 
oxides, these considerations are valid for any 
compound with respect to the Dumas analysts 

Some of the oxides and nitrides (e.g , TiO and 
TIN) form solid solutions Therefore a thermo- 
chemical model which mtroduces the partial 
molar free-energy values would more nearly 
represent the true situatton, especially when the 
mtrogen contents m the reaction products are of 
interest. However, the pertinent data are not 
available for the oxynitride systems and-as 
discussed below-the amount of residual mtro- 
gen is influenced more by kmetlc effects (oxygen 
diffusion) than by equihbrmm condttions 

For use m the Dumas analysis Cu,O was 
prepared m the followmg way. a porcelain boat 
containing CuO was placed m a fused-sthca 
tube, one end of which had been sealed and the 
other connected to a rotary pump. The sthca 
tube was then evacuated and the end with the 
boat was heated to 900” for 2 hr, after whtch the 
internal oxygen pressure had dropped to 
6 x lo-’ mbar. The sthca tube wtth the sample 
was then allowed to cool to room temperature 
outside the furnace but still under vacuum. The 
product so obtamed was purple and consisted of 
single-phase Cu,O (as shown by X-ray diffrac- 
tion) The compositton was checked by weigh- 
mg before and after vacuum heating as well as 
by reduction of Cu,O to Cu by heating m 
hydrogen 

Apparatus and procedure 

The apparatus and the procedure are essen- 
tially the same as described by Kern and 
Brauer,5 but with a few modtficattons m the 
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construction of the apparatus. 

Instead of two separate heated nets of 
Cu and CuO, one partially oxidized 
“Cu-C&O” net was used 
The high-purity CO, was supplied from a 
cyhnder so that the flow-rate could be easily 
adjusted. 
An electric furnace with three indepen- 
dently adjustable heating zones was used. 
A water-jacketed nitrometer was used to 
keep the measured nitrogen at constant 
temperature The maximum nitrogen vol- 
ume which could be determined was m- 
creased to 10 ml 
Piram- and Bourdon-type manometers were 
introduced 

The entire apparatus was made of glass or metal 
lines and lomts The leakage rate could be kept 
very low. In several trial runs for test purposes 
a vacuum of better than lo-* mbar could be 
maintained over a period of several days. The 
apparatus 1s illustrated m Fig. 1 

RESULTS AND DISCUSSION 

Table 1 lists the nitrogen contents of the 
nitrides analysed with a 3-lo-fold amount of 

Cu,O. The temperatures applied for the 
analyses are also given. It can be seen that in 
several cases excellent preciston was obtained. 
To check the completeness of the reaction 
between the mtride and copper(I)ox the 
nitrogen contents of the residues from the 
nitrogen analyses (reacted nitride + Cu,O) were 
determmed by hot extraction These contents, 
which refer to the amount of nitride, are also 
listed m Table 1 Smce the compounds are m 
most cases not stotchiometric, the correspond- 
mg theoretical nitrogen contents are not listed. 
Obviously the Group Va and molybdenum 
nitrides react quantitatively. The nitrogen 
contents of these residues were very low. In 
contrast, the nitrogen values of the residues of 
the Group IVa metal nitrides are somewhat 
higher The lengths of the reaction times (and 
analysis times) for the latter are also longer. 
This can be attributed to the substantial mflu- 
ence of kmetic parameters (diffusion rate of 
oxygen) on the oxidation reaction and to a 
minor extent to the greater stability of Group 
IVa mtndes as compared to Group Va nitrides 
It IS clear that the melting process occurring 
during the reaction of both VN and NbN with 
Cu, 0 as well as the sublimation of MOO, during 
the reaction of MoN or Mo,N with Cu,O 

i,l n 

Fig 1 Design of a modified Dumas apparatus for the analysis of transltlon metal mtrldes 1, Cu hne for 
CO2 (PIram and Bourdon manometers not shown), 2, hne to the pump, 3, stopcock, open durmg flushmg 
and analysis, 4, stopcock, open dunng evacuation, 5, cap, for loading and unloading the sample, 6, 
fused-slhca tube (tube furnace not shown), 7, two-way stopcock, 8, mtrometer (---- mercury level), 9, 
connection to levelhng bottle, IO, water-jacket on mtrometer, 11, thermometer, 12, stopcock, open for 

renewing the KOH solution 
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Table 1 Analysis condltlons and results for the samples mvestlgated 

Weight per Heatmg Time for Relative N m Total relative 
analysis, temperature, analysis, N foundt, std devn , resldue$, Total N. std devn , 

Sample* % “C t?llFI % w/w % % w/w % w/w % 

TIN 20-30 1050 40 22 11 0 2, 0 12(l) 22 33 0 3, 
ZrN SO-70 1050 40 1193 0 1, 0 16 (2) 1209 0 3, 
HfN 90-120 1050 40 7 23 0 30 0 18(l) 7 41 0 4, 
VN 20-30 1000 25 1728 0 1, <o 001 (1) 1728 0 1” 
NbN 50-70 1000 25 1203 0 2, 0 005 ii) 1204 0 2; 
TaN 90-120 1050 30 700 0 2, 0015(3) 7 02 0 3, 
CrN 30-40 1150 180 11 87 0 3; 0 54(i)’ 12 41 0 3; 
MoN 60-80 800 15 9 76 0 10 <o 001 (1) 9 76 0 ‘I 
MnN 30-40 1000 25 9 13 0 1, 009(l) 9 22 0 22 

AlN§ IO-15 1100 60 33 3 0 5, 0 52 (2) 33 8 06, 

*TIN NbN, 6-MeN,_,, TaN, c-TaN, CrN, Cr,N + &CrN, MoN, Mo,N + MON. MnN, Mn?N,_, 
tValues obtamed from 5-7 determmatlons 
tRefers to the mtnde. content can be dlrectlv added to the Dumas value, standard devlatlon m parentheses (value obtamed 

from 3 determmailons) refers to last d&t 
§Analysed by use of 150 mg of V,O, 

increases the rate of the oxidative attack. How- 
ever, TaN and Mn*N, _ x (no occurrence of a 
liquid phase during the analysts) also react 
faster than the Group IVa nitrides. The latter 
are known to form dense oxide layers which 
protect them from further oxidation. 

The role of oxygen diffusion within the 
solid-solid reaction mixture becomes more ob- 
vious m the case of CrN. Because of the for- 
mation of a dense chromium oxide layer on the 
particle surfaces, CrN cannot be quantitatively 
decomposed at temperatures up to 1150” within 
reasonable reaction times For higher reaction 
temperatures the fused-silica tube must be re- 
placed by a fully dense ceramic tube 

The mtrides AlN, S&N, and BN react even 
more sluggishly with copper oxides. Replace- 
ment of Cu,O by VzOs (which is liquid at the 
reaction temperatures) brought some improve- 
ment, but only for AlN. The nitrogen content of 
the residue was 0 52% by weight (relative to AlN). 

As observed from a comparison between the 
behaviour of Cu,O and V, 05, the entire oxygen 
content from copper(I)ox is available for the 
oxidation whereas only a small part of that in 
vanadium(V)ox (probably about one mole 
of oxygen per mole of oxide, depending on the 
temperature) is available under the conditions 
prevailmg for the Dumas analysis performed 
here Because of the sometimes violent reaction 
of vanadium(V)ox with transition-metal 
rutrides (e.g., with HM, but not with ZrN) a 
blank value for V20, cannot be given with the 
desired accuracy. Also, with different amounts 
and kinds of samples, different maximum reac- 
tion temperatures are reached, which influence 
the amount of oxygen released mto the CO2 
atmosphere. 

In order to obtain figures for the accuracy of 
the Dumas modification applied here, the m- 
trides would have to be measured by other 
methods of nitrogen determination We ob- 
served that the vanadium content of VN, _ r, 
determined by oxidation as well as by titration,‘4 
together with the nitrogen value from the pre- 
sent Dumas analysis adds up to 100 + 0.1% 
Similar results were obtamed for TIN, when the 
nitrogen content of the residue was taken mto 
consideration. Thus it can be concluded that m 
such cases, where the decomposition is practi- 
cally quantitative, the error is of the same order 
of magnitude as the precision For the Group 
IVa nitrides the nitrogen content m the residue 
must be added to the Dumas value (Table 1) 

CONCLUSIONS 

In the present study an improved techmque 
for the Dumas analysis was used The apparatus 
allowed more convenient handlmg and pro- 
duced data with an accuracy of the same order 
of magnitude as that reported by Kern and 
Brauer.s It is recommended as a reference ap- 
paratus for use with determmation techniques 
which require well-characterized standards 
(Dumas-GC, hot extraction) However, as can 
be seen from the analysis of the reaction 
products, attention must be paid to the fact that 
m certain cases a small, but certamly 
quantifiable, nitrogen content remains, which 
has not hitherto been taken mto consideration 
m the literature. 
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NON-AQUEOUS CERIMETRIC DETERMINATION OF 
DITHIOCARBAMATES AND ITS APPLICATION TO 

THE DETERMINATION OF AMINES 

D K SHARMA* and R D SHARMA 

Department of Chemistry, Hlmachal Pradesh Umverslty, Summer H111, Shlmla-171005, India 

(Recerved 22 May 1990, Reused 14 November 1990 Accepted 21 November 1990) 

Summary-A non-aqueous tltnmetrlc method for determmatlon of dlthlocarbamates with cermm(IV), IS 
described The compounds are titrated at room temperature, with visual and potentlometnc end-pomt 
detection In visual tltratlons, the reagent serves as self-Indicator and turns the solution yellow at the 
end-point Methyl Red can also be used as the Indicator The method has been applied to the 
determmatlon of ammes after their quantltatlve conversion mto drthlocarbamates by reaction with carbon 
dlsulphlde The proposed method 1s accurate to + 0 8% with a relative standard devlatlon of f 0 7% 

Non-aqueous redox methods are frequently 
used for determmation of orgamc compounds 
which are msoluble m water, or react with it 
through hydrolysis or redox reactions. The 
scope of these methods can be further extended 
to the determmation of compounds which tend 
to react with the media of aqueous redox 
titrations or yield products which interfere with 
determmations m aqueous media. 

Dithiocarbamates find extensive use as agri- 
cultural fungicides and as vulcanization acceler- 
ators m the rubber industry These compounds 
are easily oxidized to the correspondmg thmram 
disulphtdes (I), but conventional oxidimetnc 
methods cannot be used for then- determi- 
nation, owing to their tendency to undergo 
decomposition with acids” (which serve as 
the media for a variety of redox titrations) and 
also to interference by their water-msoluble 
oxidation products3T4 (I) in neutral aqueous 
media. These problems can be overcome if 
non-aqueous redox methods are used for the 
determmation 

2RR’N-C-S- 

-+ RR’N-C-S-S-C-NR’R + 2e- (I) 

! 1 

Ammomum hexamtratocerate(IV) is a suit- 
able oxidimetric reagent in acetomtrile media. 

*Author for correspondence 

It has a standard potential of 0.755 V US. an 
Ag/AgNO, reference electrode.s Rao and 
Murthy6 found the solution of the oxidant to 
be relatively stable, no decrease m titre being 
observed over several days. The present work 
uses this reagent (m acetomtrile) for titration 
of dithiocarbamates m acetonitnledimethyl- 
formamide media, with visual or potentiometnc 
end-point detectton The acetonitnle solution of 
the reagent is orange-red and imparts a distinct 
yellow colour to the solution at the end-point 
Alternatively, Methyl Red may be used as an 
indicator. The potentiometnc titrations are per- 
formed with a platinum and modified calomel 
electrode assembly. 

The ease with which carbon disulphide quan- 
titatively transforms primary and secondary 
ammes mto the correspondmg monoalkyl- 
ammomum monoalkyl dithiocarbamates (II) 
and dialkylammomum dialkyldithiocarbamates’ 
(III), respectively, in acetomtrile medium, and 

2RNH2 + CS2 + RHN CS S- . (NH3 R)+ (II) 

2RzNH+CSI-+R2N.CS.S-.(NHzRz)+ (III) 

the simplicity and reliability of the titration of 
dithiocarbamates with ammomum hexamtrato- 
cerate(IV) m aceton~trile-dimethylformamide, 
prompted us to extend the method to the deter- 
mination of ammes. Excess of carbon disulphide 
does not interfere m any way. The amount of 
parent amme is stoichiometrically related to 
the amount of dithiocarbamate produced. The 
proposed methods have significant advantages 
over the acidimetric methods commonly 

665 
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employed for the determination of ammes. 
First, the ammes can be determined m the 
presence of basic compounds that might mter- 
fere m an acidimetric determmation. Secondly, 
as tertiary ammes cannot react with carbon 
disulphide, the methods can be extended to the 
determination of primary or secondary ammes 
m the presence of tertiary ammes. 

EXPERIMENTAL 

Apparatus 

Potentiometnc titrations were performed 
wtth a Toshmwal CL06A type potentiometer 
with a bright platinum wire as indicator elec- 
trode and a modified calomel electrode (satu- 
rated methanolic potassium chloride solution) 
as reference. 

Reagents 

Acetonztrile. Purified by distilhng twice from 
phosphorus pentoxide (5 g/l.). 

Dimethylformamlde. Purified by storing over 
anhydrous analytical grade sodium carbonate 
for 2 days, decanting and distilling. The fraction 
distilled at 148.5-149.5” was collected m 
coloured bottles 

Carbon dwlphlde. The Baker analysed 
product, esttmated chromatographically to be 
100% pure, was used as recetved. 

Ammonwm hexanztratocerate(IV), 0.04M 
solutron m acetomtrtle Prepared by dissolvmg a 
little more than the calculated amount of the 
oxidant (Fluka) m acetomtrile and standardized 
by titration with standard ferrous ammomum 
sulphate solution m the presence of dilute 
sulphuric acid, with ferroin as indicator. 

Methyl Red. A I-mg/ml solution in dimethyl- 
formamide 

Dzthrocarbamates. Sodium dtethyldithiocar- 
bamate was recrystallized before use. The 
sodium salts of methyl, ethyl, n-propyl, n-butyl, 
isobutyl, dimethyl, dt-n-propyl, di-n-butyl, and 
dibenzyl dithiocarbamic acids were prepared 
and purified by known methods.8-” Alkylam- 
momum alkyldithiocarbamates were prepared 
by the method of Anschutz’2,‘3 by mixing the 
primary or secondary ammes with carbon 
disulphide m dry diethyl ether. Monoalkyl- 
ammonium monoalkyl dithtocarbamates, 
RHN.CS S- .(NH3R)+ with R = methyl, 
ethyl, n-propyl, n-butyl and n-pentyl, and 
dialkylammomum dialkyl dithiocarbamates, 
R,N.CS.S-.(NH2R2)+, with R=methyl, 
ethyl, n-propyl and n-butyl, were prepared and 

kept in a vacuum desiccator The purity of each 
dithiocarbamate was checked by non-aqueous 
titration with iodine monobromide I4 

Amines. Methylamine (40% aqueous 
solution), ethylamine (50% aqueous solution), 
dimethylamme (40% aqueous solution) and 
diethylamme (60% aqueous solution) were used 
as received. n-Propylamme, n-butylamme, n- 
pentylamme, di-n-propylamme, di-n-butyl- 
amine, dibenzylamme and tsobutylamme 
(Fluka) were distilled before use 

Procedures 

Determmatron of dlthlocarbamates. Dissolve a 
known weight of the dithtocarbamate m an 
accurately known volume of acetomtrile, and 
transfer a known volume (contammg 5-10 mg 
of the dithiocarbamate) mto a titration vessel, 
dilute to 10 ml with acetomtrile and add 20 ml 
of dimethylformamide. Titrate the solution at 
room temperature (N 23”) with the ammomum 
hexamtratocerate(IV) solution (m acetomtnle). 
In visual titrations, the end-point is shown by a 
pale yellow colour imparted to the solution by 
the first drop of the oxidant added m excess. The 
colour is stable for about 1 mm. Alternatively 
use 3 drops of Methyl Red indicator, the red 
solution turns yellow at the end-point In poten- 
tiometric titrations, sharp jumps m potential are 
obtamed at the equivalence point Typical re- 
sults are given m Table 1 The results obtained 
m visual titrations with or without indicator 

Table 1 Determmatlon of dlthlocarbamates 

Amount found*, mg 

Visual Potentiometrlc 
Dlthlocarbamates method method 

Sodwn salts 
Methyl 
Ethyl 
n-Propyl 
n-Butyl 
Isobutvl 

7 94 k 0 035 7 95 rf: 0 032 
805+0042 796*0028 
808+0051 806*0048 
79220040 8 05 k 0 030 
7 94 f 0 038 795,0032 

Dlmetiyl 806kOO48 8 03 f 0 039 
Dlethvl 7 95 + 0 052 802+0050 
DI-n-propyl 7 93 : 0 042 
Dl-n-butyl 8 07 k 0 038 
Dlbenzyl 7 96 + 0 052 

Mono /dlalkylammomum salts 
Methyl 806kOO48 
Ethyl 7 94 + 0 052 
n-Propyl 7 95 & 0 037 
n-Butyl 8 05 f 0 036 
Dlmethyl 7 92 f 0 050 
Dlethyl 8 08 f 0 038 
Dl-n-propyl 806&0044 
DI-n-butvl 7 92 + 0 048 

79670029 
7 95 k 0 032 
805iOO41 

7 96 f 0 036 
805&-0037 
7 96 + 0 037 
7 95 * 0 030 
8 04 + 0 048 
7 94 k 0 028 
8 05 k 0 040 
7 95 It 0 032 

*Mean k standard devlatlon of 10 replicates, each contam- 
mg 8 00 mg of sample 
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Table 2 Determmatlon of ammes 

Amount found*, mg 

Visual Potentlometnc 
Amme method method 

Methyl 594kOO32 605*0028 
Ethyl 606*0040 596*0037 
n-Propyl 604*0038 595*0032 
n-Butyl 594+0048 596&0028 
n-Pentyl 595&0042 6 04 f 0 039 
n-Hexyl 606*0047 5 95 * 0 037 
Dlmethyl 594+0050 597kOO42 
Dlethyl 596kOO44 597&0042 
Dl-n-propyl 5 97 * 0 040 604+0032 
Dl-n-butyl 6 05 + 0 050 603+0036 

*Mean k standard devlatlon of 10 replicates, each con- 
tammg 6 00 mg of amme 

agreed so well that only results obtamed without 
indicator are given 

Determrnatlon of ammes 

Prepare a solutton of a known weight of 
amme m a known volume of acetonitnle, trans- 
fer a suitable fraction (containing 6-8 mg of 
amme) into a trtratron vessel, add one drop of 
carbon drsulphrde and dtlute to 10 ml with 
acetomtrile Add 20 ml of dtmethylformamide 
and titrate as for dtthtocarbamates. Typical 
results are given m Table 2 

RESULTS AND DISCUSSION 

The method commonly employed for the 
determmatton of dtthtocarbamates mvolves 
hydrolysing them with hot mineral acids to the 
correspondmg ammes and carbon disulphide, 
either of which may be determined. Usually 
carbon disulphtde 1s selected and measured by 
the xanthate method,15 i.e., the gas is absorbed 
in alcoholic potassium hydroxide solution and 
the resulting xanthate titrated with iodine in 
neutral solution. The hydrolysis method is quite 
laborious and time-consummg. Special appar- 

Table 3 Results of single titrations of ten mdepen- 
dent samples of a pnmary amme (n-butylamme) 

Amount found, mg 

Amount taken, Visual Potentiometric 
mg method method 

60 5 94 5 96 
72 7 14 7 15 
84 8 46 8 32 
96 9 65 964 

108 10 80 10 86 
120 1190 11 92 
144 14 30 14 52 
156 1575 15 72 
168 1664 1670 
180 18 12 1790 

Table 4 Results of smgle titrations of ten 
Independent samples of a secondary amme 

(dl-n-propylamme) 

Amount found, mg 

Amount taken, Visual Potentiometric 
w method method 

52 5 25 5 20 
65 6 45 654 
78 7 86 7 15 
91 9 18 9 02 

117 11 61 11 78 
130 13 10 1306 
156 1548 15 72 
169 16 75 16 98 
18 2 1832 18 10 
19 5 19 32 1962 

atus IS required, and the experimental con- 
ditions must be closely adhered to for the 
evolution of carbon dlsulphide to be quantrtat- 
tve. Hence there 1s a need for methods which are 
accurate, precise, sample and rapid. The oxtdr- 
metric method described here meets these re- 
quirements and has been found useful for the 
determination of dtthtocarbamates The overall 
standard devlatrons calculated from the pooled 
results of all the vtsual and potenttometric 
tttrattons performed with 8-mg samples of each 
dtthiocarbamate were 0 044 and 0.066 mg, 
respectively and the correspondmg values for 
20-mg samples were 0.036 and 0.057 mg, only 
the results for the 8-mg samples are gtven in 
Table 1. The scope of the method was extended 
to determinatton of ammes, and the overall 
standard devtattons for all the visual and poten- 
ttometric titrations performed with 6-mg 
samples of each primary and secondary amine 
were 0.043 and 0.065 mg, respectively, the val- 
ues for 18-mg samples being 0.035 and 0.056 
mg; only the results for the 6-mg samples are 
given, in Table 2. 

The replicate samples of each amine were not 
weighed mdtvtdually, but were aliquots from a 
bulk solutron. Acrdrmetrtc titrations were also 
performed to confirm that the aliquots con- 
tained the same amount of amme. The quanttta- 
tiveness of the reactton with carbon disulphide 
was verified by use of different amme sample 
sizes. The results are given in Tables 3 and 4. 
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REVERSED-PHASE HPLC DETERMINATION OF SOME 
NOBLE METALS AS THEIR THIAZOLYLAZORESORCINOL 

CHELATES 
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Summary-The first use of 4-(2-thuuolylaxo)resorcmol (TAR) as a chelatmg reagent m the reversed-phase 
HPLC separatton and determmatlon of OS, Rh and Ru IS reported A precolumn derlvatlzatlon method 
IS used, followed by separation on an octadecyl-bonded s~hca stationary phase wtth a methanol-water 
mobile phase The coloured complexes of OS, Rh, and Ru are completely separated wlthm 8 mm wtth 
a 60 40 v/v methanol-water mtxture @H 4 0, tetrabutylammonmm as counter-ton) The detectton hmtts 
for Rh, Ru and OS at 550 nm are 5, 6 and 17 ng/ml respecttvely Recovertes of 94102% have been 
obtamed for these trace noble metals m analysts of anode shme 

The application of HPLC to the separation and 
determination of metal ions has increased 
rapidly in recent years. The development of 
inorganic HPLC has involved many organic 
chromogenic chromatographic reagents, and in- 
creased the use of many organic chelating 
agents, such as PAR,’ PAN,’ dithizone,3 dithio- 
carbamates,4*5 diacetyldioxime,6 /I-diketones,’ 
and porphyrms.’ However, there is no reported 
use of thiazolylazo reagents in HPLC separ- 
ations. 

The determination of noble metals has long 
been an active field m analytical chemistry. The 
development of HPLC has made it possible to 
separate and determine them in a rapid, sensi- 
tive and effective way. The reversed-phase ion- 
chromatography method originated from the 
separation of Ru-bipyridyl complexes.9 The use 
of PAN” and PAR” as precolumn derivatiza- 
tion agents for separation of platinum group 
metals has been reported. Mueller and Lovett12 
separated Rh and Pd with diethyldithiocarba- 
mate. Gurira and Carr13 separated Co, Be, Rh, 
Cr(III), Pb, Pt and Ru as acetylacetone and 
benzoylacetone complexes. Ebma et aLi separ- 
ated Pt(I1) and Pd(I1) with dimercaptomaleo- 
nitrile. 

Much attention has been paid to the HPLC 
separation and determination of Pt and Pd, but 
fewer reports on OS, Rh, Ru, and Ir have 
appeared. Although other instrumental or 
chemical methods have been utilized for deter- 

*Author for correspondence 

mmation of OS, Rh and Ru, a simple and rapid 
method for analysis of their mixtures has never 
been developed. 

In this work, a thiazolylazo reagent was used 
for the first time as a chelating agent for the 
separation and determination of noble metals 
by a precolumn derivatization method. The 
complexes of OS, Rh and Ru were completely 
separated withm 8 mm on a YQG-C,, column 
with methanol-water mixture as the mobile 
phase. The method was rapid and simple. The 
detection limits were 5, 6 and 17 ng/ml for Rh, 
Ru, and OS, respectively, with measurement at 
550 nm. 

EXPERIMENTAL 

Apparatus 

LC- 10 HPLC equipment (Japan Analytical 
Ind.) was used with a YQG-C,,H,, (ODS) 
column (5 pm particle diameter, 150 x 4.6 mm) 
and an S-3702 UV-VIS detector (AJC, Japan). 

Reagents 

Stock solutions of Os(IV), Rh(II1) and 
Ru(II1) in 1 M hydrochloric acid were prepared 
from (NH.&OSCl,, RhCl, and RuCl,. 4-(2- 
Thiazolylazo)resorcmol (TAR) was synthesized 
according to Hovind” and a 0.5 mg/ml solution 
was prepared by dissolvmg it m absolute alco- 
hol. Tetrabutylammonium bromide (TBABr) 
(analytical grade, Shanghai Chemical Co., 
Shanghai), was used as the ion-pairmg reagent. 
Doubly distilled water was used for all solution 
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preparation. The mobile phase was a 60.40 v/v 
methanol-water mixture containing 1OmM 
TBABr and 1OmM acetate buffer (pH 4.0). 

Procedure 

A 5.0-ml portion of l.OM acetate buffer 
(pH 6.0) and 2.0 ml of 0.5 mg/ml TAR solution 
were mixed with a known volume of the sample 
solution, and the mixture was diluted to 25.00 
ml with water, heated m boiling water for 1 hr, 
then cooled to room temperature before HPLC 
analysis. 

Separation of the complexes and reagent 

For the HPLC analysis, the ODS column was 
equilibrated with methanol-water (60.40 v/v, 
containing 1OmM TBABr and 1OmM acetate 
buffer, pH 4.0). A 20-~1 aliquot of the prepared 
test solution was injected into the ODS column 
and the complexes were eluted at a flow-rate of 
1.0 ml/min. The detection wavelength was 550 
nm, and the sensitivity was set at 0 02 ab- 
sorbance for full scale deflection. The peak areas 
were measured 

RESULTS AND DISCUSSION 

Hovind has reported that Os(IV), Rh(II1) and 
Ru(II1) can be complexed with TAR at pH 6.0 
and lOO”.” At room temperature, Ga(III), 

OS 

0' , 0 

45 50 55 60 65 

MeOH, % 

Fig 1 Effect of MeOH concentration on k’ 1OmM pH 3 19 Rg. 3 Effect of pH on k' MeOH H,O = 50 50 v/v, IOmM 
buffer. IOmM TBABr TBABr 
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Fig 2 Effect of TBABr concentration on k’ 
MeOH H,O = 50 50 v/v, 1OmM pH 3 19 buffer 

In(II1) and V(V) form chelates with TAR at 
pH 5.0, whereas Cu(II), Fe(III), Ni(I1) and 
Co(I1) react with it at pH 6.0. Our experiments 
showed that the OS, Rh, Ru, Cu, Fe, Ni and Co 
complexes are all stable at lOO”, but those of Ga, 
In and V are not. The wavelengths of the 
absorption maxima of the OS, Rh, Ru, Co, Cu, 
Nt and Fe complexes range from 540 to 560 nm 
(OS 560, Rh and Ru 550, Co, Cu, Ni and Fe 540 
nm). The molar absorptivities (6) range from 
093x 104t044x 104l.molee’.cm-‘.Awave- 
length of 550 nm was chosen for the determi- 
nations. 

Separatron of the OS, Rh and Ru complexes 

The effects of methanol, acetone and aceto- 
nitrile on the separation of OS, Rh and Ru, were 
investigated. It was found that aqueous 
methanol was most suitable as the mobile phase. 
Figure 1 shows the effect of the methanol con- 
centration on the capacity factors (k’). Two 
curves were found for Rh, and this may be due 

10 

6 
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k’ 

4 

Ru 

Rh 
CO 

I I I I 
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to different oxidation states or species. The two 
curves comcide when the ratio of methanol to 
water is > 57.43 v/v When the ratio was 60:40, 
Rh gave only one peak on the chromatogram, 
so this eluent composition was selected. 

Tailing of the peaks occurred in the absence 
of TBABr, but the presence of > 5mM TBABr 
resulted m peaks that were sharp and symmet- 
ric, and m stable k’ values, as shown in Fig. 2. 
A TBABr concentratton of 1OmM was chosen. 
Figure 3 shows that Rh should give a single 
peak at about pH 2-2 5, but two peaks at pH 
> 3 Variation of the buffer concentration m the 
range 5--30mM had no effect on the results, and 
1OmM buffer was chosen. 

All three complexes could be separated and 
determmed m 8 mm Linear calibration plots 
were obtained for OS, Rh and Ru, in the 
ranges 0.14-2.28, 0.02-l 00 and 0 05-O 39 
pgg/ml respectively 

Eflect of foreign ions 

The potential interference of numerous ions 
was examined by determmation of 5 0 pg of OS, 

LO 

Rh 

i 

TAR 
0s A 

15 30 

Time, mm 

Fig 4 Separation of OS, Rh, Ru, and Co TAR complexes 
by HPLC MeOH HI0 = 50 50 v/v, IOmM pH 3 19 buffer, 

IOmM TBABr 

Rg 5 Separation of OS, Rh, and Ru TAR complexes by 
HPLC MeOH H,O = 60 40 v/v, IOmM pH 4 0 buffer, 

IOmM TBABr 

Rh or Ru m the presence of each foreign ion 
The amounts (pg) found to be tolerable were as 
follows. V(V), V(IV), Cr(III), Cr(VI), Mn(II), 
Nb, Ta, W, Ga, In, Al, Bi, 100, Zn, Pb, Hg(II), 
Cd, Ag, Pt(II), Pd(II), Au(I), Ir(VI), 60, Fe(III), 
Co(II), Ni, Cu(II), 20. 

The behaviour of cobalt was particularly m- 
terestmg. Figures 1 and 3 show that the peak for 
elution of cobalt will comcide with one or both 
of the rhodmm peaks under certain conditions, 
but at pH 4.0, with 50.50 v/v methanol-water 
mobile phase one of the rhodium peaks will 
be usable for analysis, though with lower 
sensitivity Figures 4 and 5 show separations 
obtamed (under optimum conditions) m the 
presence and absence of cobalt. 

Analysis of an anode &me 

An anode slime from electrolytic refinmg of 
copper was spiked with OS, Rh and Ru and 
analysed for these three metals. The shme 
sample was ground to loo-mesh particle size 

Table 1 Reproduclblhty of retention times 

Retention time, mm 

Complex I 2 3 4 5 

OS-TAR 760 7 60 7 56 7 60 7 62 
Rh-TAR 4 96 4 96 4 96 496 500 
Ru-TAR 6 38 6 38 6 38 6 37 6 37 
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Table 2 Reproduclblhty of peak areas (arbitrary umts) Acknowledgement-This mvestlgatlon was supported by the 

Comnlex 1 2 3 4 5 Natlonal Science Foundation of Chma 

OS-TAR I 08 1 05 1 03 1 07 1 09 
Rh-TAR 10 89 1101 10 61 10 89 1050 
Ru-TAR 4 96 4 94 4 97 5 02 4 96 I 

2 

Table 3 Results of shme analyses 
3 

Added, pg Found, pg 

OS Rh Ru OS Rh Ru 

I 13 4 88 400 7 23 4 65 3 91 
14 25 13 72 

4 88 4 93 
800 I 52 

4 

5 

6 

and dried at 110” for 2 hr A 5 0 g sample 
was gently heated wtth 40 ml of mtrtc acid 
(1 + l), and then filtered The residue was 
heated with concentrated hydrochlorrc-nitrrc 
acid mixture (1 1 v/v) until tt had all dissolved 
The solution was cooled, 1 ml of 100 mg/ml 
sodmm chlortde solution was added, and the 
mixture was evaporated nearly to dryness, then 
washed mto a lOO-ml standard flask, and dt- 
luted to the mark with water A 1 0 ml portion 
was analysed as above The results are shown m 
Table 3. 

1 

8 
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10 
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Summary-The apphcatton of deutermm-palladmm electrodes as generator, mdtcator and reference 
electrodes for the determmatton of orgamc bases m acetone and methyl ethyl ketone has been mvesttgated 
Deutermm dtssolved m palladmm IS oxidized at a potential that IS close to the oxtdatton potential of 
hydrogen m palladmm and more negative than the oxtdatton potentials of the bases tttrated, mdtcator, 
and the solvents used The anodtc oxtdatton of deutermm dtssolved m palladmm proceeds wrth 100% 
current efficiency m the solvents investigated The relative errors for the determmatton of 5 x 10-4M 
soluttons of bases are less than 1% 

Palladium-hydrogen electrodes at which the 
hydrogen IS contmually generated have been 
used for pH measurements’ and m acid-base 
titrations m water and non-aqueous solvents.* 
Palladium wires previously saturated with hy- 
drogen by electrolysrs of water have been used 
as indicator and reference electrodes m the 
trtratron of bases3 and phenol4 m non-aqueous 
solvents and as generator electrodes m coulo- 
metric-potentrometrtc titrations m water and 
non-aqueous solvents. 5-7 Recent work by Fler- 
schmann and Pans’ prompted interest m the 
deuterium-palladmm electrode and this paper 
describes its apphcatrons as generator, indicator 
and reference electrodes in the coulometrrc 
titration of bases in acetone and methyl ethyl 
ketone. 

EXPERIMENTAL 

Reagents 

Analytical-reagent grade chemrcals (Merck or 
Fluka) were used, but acetone and methyl ethyl 
ketone were further purified.’ Solutions of bases 
were standardized by titration with hydrogen 
ions generated at an H,/Pd anode with poten- 
trometnc end-point detection by means of the 
couples glass electrode-SCE and H,/Pd,,,- 
SCE. The supportmg electrolyte was 0 1M 
sodmm perchlorate in the appropriate solvent 
A 1 mg/ml solutron of Methyl Red m acetone 
was used as the mdrcator for visual end-pomt 

detection. Deutermm oxrde (99.8% pure, ZGN 
Chemical Radiotsotope Dtvtston) was used for 
the generation of deutermm. 

Apparatus 

The apparatus for titrations with visual end- 
points has been described elsewhere ’ That for 
trtrattons with potentrometrrc end-points IS 
essentially the same as that used before,’ except 
that (a) D2/Pd electrodes were used, (b) the 
cathode compartment (a glass tube wtth a 
porosity-4 glass smter at the end) was inserted 
through the top of the cell instead of being 
integral with it, and (c) the reference electrode 
was a D,-saturated Pd wtre m a 0 1M sodmm 
perchlorate solution m the appropriate solvent. 
The reference electrode was contained m a tube 
similar to the cathode compartment The vol- 
umes of anolyte and catholyte solutron were 50 
and 10 ml respecttvely. 

Procedures 

Visual end-point detectlon. The procedure was 
the same as for titration with protons,’ except 
for the use of a D,/Pd anode giving deuterium 
ions. Two or three drops of mdtcator and 
0.6-l ml of base solutron were added to the 
anolyte solution (ca 5 ml) for titration 

Potentiometrlc end-pornt detectlon. The pro- 
cedure was the same as for titration with pro- 
tons,’ except that deuterium ions were generated 
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V (vs SCE) 

Fig 1 Changes of current density with anodlc potential 
(relative to the reference SCE) m acetone/sodmm perchlor- 
ate media (I) H, m palladmm, (2) D, m palladium, (3) 

N,N-dlphenylguamdme, (4) Methyl Red, (5) solvent 

from the D,/Pd anode End-points were calcu- 
lated from the second derivative curve 

RESULTS AND DISCUSSION 

The D,lPd electrode as the generator electrode 

To check whether deuterium dissolved in 
palladium can be used as a source of deutermm 
ions for the coulometrlc determination of bases 
m ketones, we have recorded current-potential 
curves for the solvent, indicator, titrated bases, 
hydrogen m palladium and deutermm in palla- 
dium. Figure 1 shows the current-potential 
curves for acetone, Methyl Red, NJ-dlphenyl- 
guanidine, hydrogen dissolved in palladium, 
and deuterlum dissolved in palladium. From 
Fig. 1 it is seen that deuterlum dissolved m 
palladium is oxidized at a potential which 1s 
very close to the oxidation potential of hydro- 
gen in palladium and much more negative 
than the oxidation potentials of the other com- 
ponents m the solution. Similar current- 
potential curves were obtained with methyl 
ethyl ketone as the medium. 

The deuterium ions obtained by oxidation of 
deuterium dissolved in palladium were used for 
the titration of N,N-diphenylguanidine and 
brucme in acetone and methyl ethyl ketone, 
respectively, with visual and potentiometric 
end-point detection. The results obtained 
(Table 1) show that the oxidation of deuterium 
is quantitative and proceeds with 100% current 
efficiency. 

The results obtained by the application of the 
D,/Pd electrode as the generator electrode are 
consistent with the results obtained with H,/Pd 

generator electrodes. Therefore, further mvestl- 
gatlons on the behaviour of the D*/Pd electrode 
as reference and indicator electrodes m the 
potentlometflc determination of bases were 
made, with H,/Pd generator electrodes 

D2/Pd mdlcator and reference electrodes 

To investigate the application of D,/Pd mdl- 
cator and reference electrodes, we first followed 
their changes m potential in O.lM sodium per- 
chlorate solutions m the solvents investigated, 
at 25.0”. When the DJPd electrode was used, 
relative to a modified SCE as the indicator 
electrode, the potential changed by 5-8 mV m 
8 hr, but when it was the reference electrode the 
potential changed by only 2-3 mV over the same 
time period. Since one titration lasts 30 mm at 
the most, these changes m potential can be 
neglected 

The behavlour of the DI/Pd electrode as the 
indicator and reference electrodes m acetone 
and methyl ethyl ketone media was checked by 
titrating several bases of different strengths. The 
titration curves obtained are shown in Fig 2 
The potentials m the course of the titration and 
at the equivalence point were rapidly estab- 
lished. The titration curves obtained with the 
D,/Pd electrode have shapes similar to those 
obtained with glass and H*/Pd indicator elec- 
trodes. The largest Jump at the end-point was 
obtained with the glass electrode, a somewhat 

600 1 

2 200 

0 

-200 
t 

Fig 2 Coulometrlc titration curves for bases m acetone 
(l-4) and methyl ethyl ketone (5-8) with D,/Pd mdl- 
cator and reference electrodes (I) N,N-dlphenyl- 
guamdme (D,/Pd,,,-SCE), (2) N, N-dlphenylguamdme 
(D2 /WI,,-D,/Pd,,), (3) I, 1,3,3-tetramethylguamdme 
(D,/Pd,,,-SCE), (4) brucme (D,/Pd,,,-SCE), (5) N,N- 
dlphenylguamdme (D,/Pd,,,-SCE), (6) ammopynne 
(D,/Pd,,,-SCE), (7) brucme (D,/Pd,,-SCE) and (8) brucme 

(D,/Pd,,,-D,/Pd,,) 
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Table 1 Coulometnc tltratlons of bases by the apphcatlon of the D,/Pd electrode with visual and 
potentlometrlc end-pomt detection (supportmg electrolyte, 0 IM sodmm perchlorate, generatlon current 

5 mA) 

Solvent Base titrated Taken, pg Found*, % End-pomt detection 

Acetone Brucme 6 895 100 I f 0 2 (7)t Methyl Red 
Acetone Brucme 13 895 100 0 f 0 5 (4)t Glass electrode-SCE 
Acetone Brucme 14711 100 1 + 0 1 (3)$ D,/Pd,,-SCE 
Acetone N,N-Dlphenylguamdme 5900 99 8 + 0 2 (7)$ D,/Pd,,,-SCE 
Acetone N, N-Diphenylguamdme 5900 100 1 + 0 I (4)$ D, /Pd,,,-D, /Pd,, 
Acetone Tetramethylguamdme 3 428 100 2 + 0 7 (5)$ D, /Pd,,,-SCE 
Methyl ethyl ketone N,N-Dlphenylguamdme 3 025 99 9 k 0 5 (8)t Methyl Red 
Methyl ethyl ketone N,N-Diphenylguamdme 6 074 100 0 * 0 4 (5)t Glass electrode-SCE 
Methyl ethyl ketone N, N-Dlphenylguamdme 5 918 100 5 * 0 5 (5)$ D,/Pd,,,-SCE 
Methyl ethyl ketone Ammopyrme 7 557 100 1 kO4(5)$ D,/Pd,,,-SCE 
Methyl ethyl ketone Brucme 14 711 100 2 f 0 6 (5)$ D, /Pd,,,-SCE 
Methyl ethyl ketone Brucme 14711 99 8 f 0 4 (3)$ D,/Pd,,,-Dz/Pd,, 

*Mean standard devlatlon for the number of titrations p;lven m brackets 
tH,/Pd generator electrode 
$D,/Pd generator electrode 

smaller Jump was obtained with the DJPd 
electrode and the smallest Jump was given by the 
HJPd electrode. Thus, m the titration of 
5 x 10m4M NJ-dtphenylguanidine m methyl 
ethyl ketone, the potential change at the end- 
point was about 350 mV with the glass elec- 
trode, 250 mV with the D,/Pd electrode and 
about 120 mV with the H,/Pd electrode. The 
results obtained m coulometric titrations of bases 
m O.lM sodmm perchlorate media m acetone 
and methyl ethyl ketone are listed m Table 1. 

On the basis of these results tt may be con- 
cluded that the deutermm-palladmm electrode 
can be successfully applied as the generator, 
mdrcator and reference electrode m the coulo- 
metrtc-potenttometnc determinatton of bases in 
acetone and methyl ethyl ketone 
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Summary-A new kmetlc method for determmatlon of selemum 1s based on its mhlbltory effect on the 
Pd(II)catalysed reactlon between Pyromne G and hypophosphlte Under the optimum expenmental 
condltlons (6 x lo-‘M Pyronme G, 04M hypophosphlte, 0 4 pg/ml W(H), pH 2 8, temperature 
22 0 f 0 2”), Se can be determmed m the concentration range 0 0334 50 pg/ml The method suffers from 
numerous Interferences and IS thus hmlted m apphcatton It has been apphed to the determmatlon of 
selemum m sprmg waters and pharmaceutical preparations 

In an earlier paper we reported on use 
of the Pd(II)-catalysed reduction of Pyro- 
mne G by hypophosphite for kmetic deter- 
mmation of palladmm.’ We found that 
several tons strongly mhibtt this system, and 
have used this to develop sensttive kmettc 
methods for the indirect determination of 
Ag(I), I- and As(II1) ” We now report 
a stmilar application for determination of 
selenium 

The toxicological and physiological sigmfi- 
cance of selenmm3*4 necessitates its determi- 
nation, which is most often achieved by 
spectrophotometric or fluorimetric measure- 
ment of the ptazselenol formed by the reaction 
with an aromatic o-diamme.5 6 

Selemum can also be determmed by catalytic 
methods, such as those based on its catalysis of 
the sulphide reduction of some organic sub- 
strates such as Methylene Blue,‘-” Tohdme 
Blue’* and picrate.13 I4 

Kawashtma and TanakaI have determined 
selenium by its catalysis of the reduction of 
1,4,6,11 -tetra-azanaphthacene with hypophos- 
phorous acid, but this method suffers from 
non-linear cahbratton. A method based on the 
Landolt reactton, zvz the chlorate-chlortde- 
hydrazme sulphate system, has been reportedI 
and methods based on the oxtdattve coupling 
of p -hydrazmobenzenesulphomc acid with l- 
naphthylamme or m -phenylenedtamme have 
been proposed.” I8 The catalytic effect of 
selenium on the reduction of the tetramtro blue 

tetrazohum ion by dtthtothrettol has also been 
used.19 

EXPERIMENTAL 

Apparatus 

Absorbance vs. time (A-t) curves were 
recorded with a Perkm-Elmer 550SE spectro- 
photometer furmshed with l-cm path-length 
cells kept at constant temperature by an MCI11 
Minicryostat. The pH-measurements were made 
with a Radiometer PHM63 pH-meter 

Reagents 

Pyronme G. An aqueous 6 x 10e4M solution 
(0.18 16 g/l.) was prepared from 3,6-bis(dtmethyl- 
ammo)xanthene hydrochlortde (C I. 45005) 

Sodrum hypophosphlte solutron (3M). This 
should be freshly prepared. 

Palladium chloride solutron. Prepared [ 100 
mg/l. PdCl,, which corresponds to 60 pg/ml 
Pd(II)] with 2 x lo-‘M hydrochloric acid 

Selemte stock solution. This contained 500 
pg/ml selenmm and was prepared by dissolvmg 
previously dried Na, SeO, * 5H,O (Merck) in 
water Working standards were prepared by 
dilution with water. 

Brrtton-Robmson bufers These were pre- 
pared for pH values between 1 7 and 4 4. 

Solutions of various metal nitrates and the 
sodmm salts of different acids were prepared for 
the study of mterferents. 
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All solutions were made from analytical- 
grade reagents and doubly distilled water, and 
diluted as required 

Recommended procedure for calrbration 

In a dry spectrophotometer cell place 0 30 ml 
of 6 x 10e4M Pyromne G, 0 50 ml of pH 2.80 
buffer, 0 20 ml of 6.00 pg/ml Pd(I1) solution and 
an accurately measured volume (0 10, 0.15, 
0.20 1 50 ml) of standard Se(IV) solution 
contammg 1 00 ,ug/ml selenium Dilute the 
mixture to 2.60 ml with disttlled water and place 
the cell m a thermostat at 22.0 f 0.2” for 10 mm. 
Then add 0.40 ml of 3M sodium hypophosphtte 
and start the spectrophotometer recorder. 
Homogenize the solution by stirrmg, dry 
the faces of the cell, place it m the spectro- 
photometer compartment and record the ab- 
sorbance at 548 nm as a function of total 
elapsed time. Repeat for volumes of selenium 
solution correspondmg to final concentrattons 
of 0.033-0.50 pgg/ml. Plot the reciprocal of 
the time required for the mitral absorbance 
to decrease by 0 100, against the selenium con- 
centration 

Determrnatlon of selemum in pharmaceuticals 

Heat the sample (0 25-0.50 g) with concen- 
trated hydrochloric acid and evaporate the 
mixture almost to dryness Add some concen- 
trated mtric acid, heat and again evaporate the 
mixture almost to dryness. Cool, take up the 
residue m water, filter, and adjust the pH to 
between 6 and 8 with 1 M sodium hydroxide. All 
the selenium is then present as selemte. Dilute 
this solution to volume with water in a 250-ml 
standard flask and determine the selenium in 
509~1 ahquots, as described for calibration 

Determination of selenium m spring waters 

Remove metal ions from the sample by treat- 
ment with Amberhte IR- 120 ton-exchange resin. 
Use the standard-addition method by use of 
l-ml aliquots of sample plus 0.3, 0 4 or 0 5 ml 
of 1 14 pg/ml selenmm(IV) and apphcation of 
the calibration procedure 

RESULTS AND DISCUSSION 

Previous work had demonstrated that over a 
wide pH range hypophosphite does not reduce 
Pyronme G at an appreciable rate, but that 
Pd(II) is an efficient catalyst for this process. We 
have found that selenite has no effect on the 
H,PO; -Pyronine G system, but a strong inhibi- 

06 
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04 

Rg 1 A-t curves run m the presence of 0 40 pg/ml Pd(l1) 
[PyronmeG]=6xIO-sM,[H,P0,]=04M,pH28.220f 
0 2”, Se(IV) concentration (I) 0, (2) 0 04, (3) 0 12, (4) 0 20, 

(5) 0 27, (6) 0 34, (7) 0 42, (8) 0 57 pg/ml 

tory effect on the Pd(II)-catalysed reaction For 
a fixed amount of Pd(I1) m the medium, the rate 
of the catalysed process is proporttonal to the 
Se(IV) concentration The process is monitored 
spectrophotometrtcally at 548 nm by measuring 
the decrease in the absorbance of Pyromne G, 
and the reciprocal of the time required for the 
absorbance to decrease by 0.100 IS plotted 
against the selemum concentratton. Figure 1 
shows that the rate of the process decreases with 
increase m the Se(IV) concentration, even at 
very low concentrations of this ion 

Influence of pH 

The influence of pH on the reaction rate was 
studied over the range 1.74 4, with Britton- 
Robinson buffers Figure 2 shows that the rate 
of the process remained virtually constant over 
the pH range 2 5-3 6, the difference between the 
rate of the catalysed and the mhibtted reaction 
being maximum in the range 2.3-3.2 We chose 
a pH of 2 8 for all subsequent experiments The 
Pyronme G has an absorption maximum at 
548 nm at this pH 
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x -1 i ,.-.%.-.,e’. 
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PH 

Ftg 2 Influence of pH on the reactlon rate [Pyronme 
G] = 6 x 10e5, [H,PO;] = 0 4M, (I) 0 40 pg/ml Pd(II), 

(2) 0 40 pg/ml Pd(I1) plus 0 20 pg/ml Se(W) 
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I I 1 

2 4 6 8 

CPyron~nr Gl 10-5M 

Fig 3 Influence of the Pyronme G concentratton on the 
reaction rate [H,PG~]=04M, pH 2 8, (I) 040 l&ml 

W(U), (2) 0 40 pg/ml Pd(I1) plus 0 20 &ml se(IV) 

Influence of other variables 

The influence of the other variables was 
studied by varying them one at a time, with 
the other conditions kept constant. Figure 3 
shows that the rate of both the catalysed 
and the inhibited reaction increased with 
the concentration of Pyronme G up to 
5.5 x 10m5M, above which it remained con- 
stant and the rate difference was maximal. 
A 6 x 10eSM concentration of Pyronme G, 
which yielded suitable absorbances, was 
selected. 

The rates of the catalysed and inhibited reac- 
tions increased with increasmg hypophosphite 
concentration up to 0.7M, above which they 
remamed virtually constant. Figure 4 shows 
that the difference between the two rates was 
maximal and constant for hypophosphite con- 
centrations between 0.3 and 0.6M and we chose 
0.4M for further experiments. 

Injluence of temperature; activation energy 

Figure 5 shows the influence of temperature 
on the rate of the catalysed and inhibited reac- 
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Ftg 4 Influence of the hypophosphtte concentratton on the 
mhtbttory effect of selenium. 
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Rg 5 Influence of temperature on the reactton rate 
[Pyronme G] = 6 x 10e5M, &PO,] = 0 4M, pH 2 8, (I) 
0.40 pg/ml Pd(I1); (2) 040 pg/ml Pd(I1) plus 042 pg/ml 

Se(W) 

tions, and we chose a temperature of 22.0 &- 0.2” 
as optimum 

The activation energies found for the Pd(II)- 
catalysed reaction in the absence of Se(IV) and 
for the inhibited reaction m its presence were 
14.0 and 15.3 kcal/mole respectively 

Influence of the Pd(II) concentratron 

At constant Se(W) concentration, the rate of 
the process increased linearly with the catalyst 
concentration up to a constant value at Pd(I1) 
concentrations between 0.2 and 1.9 pg/ml. The 
study was finished by assaying two series of 
samples at the selected pH, temperature, and 
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Ftg 6. Influence of Pd(I1) concentratton. [Pyronme 
G] = 6 x lo-‘M; [H,PG,] = 0.4M, pH 2 8, 22.0 f 0 2, 

(I) 0 20, (2) 0 40 pg/ml Pd(I1) 
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Table 1 Effect of various foreign eons on the determmatlon 
of Se(W) 

MaxImum 
tolerated 

F9/[WWl 
Foreign Ion (FI) molar rat10 

Nl(II)* 104 
Co(H), 4 x 10’ 
HPO-* I x 102 
Zn(II)t 4x 102 
F-*, Cl-t 2X 102 
Mn(II)*, ClO; * 40 
Pb(II)*, M&II)* 10 
so:- * wo:- t 
Ag(I)*: U(VI)*, Cu(II)*, MOO:- * 

1 
05 

Cd(II)*, As(III)*, Hg(II)*, Fe(III)t 
Ru(III)*, Te(IV)*, Br- t, S2+ *, V(V)* 01 
SCN- *, S,@- * 1 
Au(III)t, Bl(III)*, I- *, Cr(VI)* <o 1 
SO:-, NO;, Ca(II), Na(I), K(I), Se(IV) No Interference 

*Posltlve error 
tNegatlve error 

Pyromne G and hypophosphite concentrations, 
plus 0.20 (Fig. 6, curve 1) or 0.40 pgg/ml Pd(I1) 
(curve 2) and vaned concentrations of Se(IV) 
Curve 2, which corresponds to higher [Pd(II)]/ 
[Se(IV)] ratios, has a steeper slope and wider 
linear range than curve 1. Hence, we chose a 
Pd(I1) concentration of 0.40 pg/ml 

Callbratron graph and rate equatzon 

Under the selected experimental condltlons 
(6 x 10p5M Pyronine G, 0 4M H2P02, 0.40 
pg/ml Pd(II), pH 2.8, 22.0 + 0.2”), the rate of 
the process was linearly related to the Se(IV) 
concentration over the range 0 033-0.50 pg/ml. 

The regression equation found was y = 
0 0191 - 0 0194x, with correlation coefficient 
r = 0 9989. The limit of detection and the limit 
of quantlficatlon calculated according to the 
IUPAC recommendatlons*O were 0.012 and 
0.030 pgg/ml Se(IV) respectively The coefficients 
of variation for 10 determinations of 0.19 and 

Table 2 Determmatlon of selemum m pharmaceutical 
preparations 

Selemum content foundt, mg/g 

Proposed Plazselenol 
Sample* (source) method method 

Sebum selen (Llorente) 138kO6 132507 
Abbotselsum (Abbot) 136*03 13.5 f 0 3 
Casplselemum (Km) 139*03 137*02 

*Sebum selen selemum sulplude 0 025 g, benzalkotuum 
chloride 0 003 g, exciplent up to 1 g (nommal Se content 
13 8 mg/g) Abbotselsun selemum sulphlde 0 025 g, 
exciplent up to 1 g (nommal Se content 13 8 mg/g) 
Caspiselemum selemum sulphlde 0 025 g, exciplent up 
to 1 g (nommal Se content 13 8 mg/g) 

tAverage of three determmatlons k SD 

Table 3 Recoveries of selemum added to pharmaceutical 
preparations 

Se Se 
content, added, Recovery,* 

Pharmaceutical mglg mglg % 

Sebum selen 132 100 993*07 
Abbotselsum 13 5 100 989+07 
Casplselemum 13 7 100 1000*04 

*Average of three determmatlons + SD 

0.34 pg/ml Se(IV) were 3.4 and 1.8%, respect- 
ively, and the relative errors were +2.5 and 
* 1.3% respectively. 

Under the recommended expenmental con- 
ditions, the kinetic equation representative of 
the process is 

- d[Pyronine G]/dt 

= k [H,PO; ] [Pd(II)]/[Se(IV)] 

and the apparent rate constant, k, between 20 
and 50”, ranges between 0.0157 and 0.23 mln-‘. 

Interferences 

The interference of foreign ions with the 
proposed procedure was studied m experiments 
with 0.20 ,ug/ml of Se(IV) and vanous concen- 
trations of the ion m question. The results are 
listed m Table 1, which also states the type of 
error caused. A given ion was considered to 
interfere when its presence resulted m an error 
larger than f3% m the determination of 
Se(IV). 

Applications 

Because of the serious interference of numer- 
ous common ions, the proposed method is 
limited in its apphcatlons but has been satisfac- 
torily applied to the determination of selenium 
m some pharmaceuticals, m which selenium 1s 
found as selenium sulphide (SeS,). The results 
obtained by the proposed method and with a 

Table 4 Recoveries of selemum added to 
spring waters 

Se added, Se found,* 
Sample pgglml pgglml 

1 0 190 0 192 
0 152 0 150 
0 114 0 111 

2 0 190 0 186 
0 152 0 150 
0 114 0 115 

3 0 190 0 191 
0 152 0 149 
0 114 0 113 

*Average of three determmatlons 
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ptazselenol method*’ that uses o -phenylenedr- 
amine are given m Table 2. The results compare 
well but the method proposed in this paper 1s 
considerably quicker than the ptazselenol 
method The results of some recovery exper- 
iments by the standard addition method are 
shown m Table 3 

The method has also been tested for its 
apphcabthty to determination of selenium in 
some sprmg waters As the natural selemum 
content was below the hmtt of detectton, some 
recovery expenments were done with added 
selenmm. The results obtained with three bot- 
tled spring waters (chloride content 8 4, 7.1 and 
6.2 pg/ml, respectively) are summarized m 
Table 4. 
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FLUORIMETRIC DETERMINATION 
OF HYDROGEN PEROXIDE BY USE 

OF THE FLUORESCENCE REACTION BETWEEN 
N-(4’-HYDROXYPHENYL)-N-(4-METHYLQUINOLINYL)AMINE 

AND COBALT(I1) IN THE PRESENCE OF 
TRIMETHYLSTEARYLAMMONIUM CHLORIDE* 

ITSUO MORI,~ YOSHIKAZU FUJITA, MINAKO TOYODA, KEIJI KATO, 
NAOMI YOSHIDA and MASAO AKAGI 

Osaka Umverslty of Pharmaceutical Sciences, Matsubara-shl, Osaka 580, Japan 

(Recerved 19 November 1990 Rewed 16 January 1991 Accepted 23 January 1991) 

Summary-The fluonmetrlc determmatlon of hydrogen peroxlde by usmg the fluorescence reactlon 
between N-(4’-hydroxyphenyl)-N-(4-methylqumohnyl)amme (HPMQ), cobalt(I1) and hydrogen peroxide 
m the presence of tnmethylstearylammomum chloride (STAC) as a catlomc surfactant was proposed 
The cahbratlon graph was linear m the range O-2500 ng of hydrogen peroxide per 10 ml of solution at 
an emlsslon wavelength of 522 nm with excltatton at 410 nm The recovery tests m foods were good 

Hydrogen peroxide has been used as a bleaching 
agent, as a disinfectant for medmne, and m 
food additives. Its carcmogenicity has raised 
Interest m recent years and, therefore, a rapid 
and simple method for its microlevel determi- 
nation is needed. In previous papers,‘,’ we 
have discussed the fluorescence formation reac- 
tion between diarylamme compounds such as 
N-(4’-hydroxyphenyl)-N-(4-methylquinolinyl)- 
amine (HPMQ) or N-(4’-hydroxy-3’-carboxy- 
phenyl)-N-(4-methylquinolinyl)amine (MQAS) 
with cobalt(I1) and hydrogen peroxide. In this 
paper, a simple and sensitive fluorimetric deter- 
mination of hydrogen peroxide by using the 
fluorescence reaction of HPMQ or MQAS, 
cobalt(I1) and hydrogen peroxide in the pres- 
ence of the cationic surfactant trimethyl- 
stearylammonium chloride (STAC) was 
systematically investigated. 

EXPERIMENTAL 

Apparatus and reagents 

Spectrofluorophotometric measurements 
were performed on a Hitachi model 3000 
spectrofluorophotometer with IO-mm silica 
cells and a 150-W Xenon arc source. A 
Hitachi-Horiba F-8 pH meter was used for all 
pH measurements. 

*The application of dlarylamme compounds m analytical 
chemistry, Part III 

tAuthor for correspondence 

Analytical-reagent grade chemicals were used 
throughout. Solutions of 1.0 x 10-ZM 
cobalt(II), 1.0 x 10-3M HPMQ, methanol and 
STAC solutions were prepared according to 
previous reports. ‘*’ A solution of hydrogen 
peroxide was prepared by dilution of a 30% 
hydrogen peroxide solutton (Mitsubishi gas 
Chemical Co., Ltd) and corrected by perman- 
ganimetry. Demineralized water was used 
throughout. 

Recommended procedure 

To a solution containing 2500 ng of hydrogen 
peroxide in a lo-ml standard flask were added 
3.0 ml of borax buffer solution (pH lO.O), 2.0 ml 
of 5.0 x lo-)M STAC, 1.0 ml of 5.0 x 10mSM 
cobalt(I1) and 0.75 ml of 1.0 x 10e4M HPMQ. 
The mixture was diluted to volume with water, 
kept at 50” for 20 min and cooled to room 
temperature (10-25”) (solution A). The differ- 
ence between the relative fluorescence intensities 
(R.fl.Int.) of solution A and a blank (solution B) 
prepared without hydrogen peroxide, was 
measured at an emission wavelength of 522 nm 
with excitation at 410 nm. 

RESULTS AND DISCUSSION 

Fluorescence reaction between hydrogen peroxide 
and andinoquinoline derlvatlves 

The fluorescence formation reactions between 
the N-( phenyl)-N-(4-methylquinolmyl)amine 

683 
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Table 1 Fluorescence reactlon of amhnoqumohne denvatlves, hydrogen 
peroxlde and cobalt(U) 

Em R fl Int , % 

No nm R R-H,O, 

I ( phevl)- 395 1 1 2 3 
II (2’-hydroxyphenyl)- 395 14 24 0 
III (3’-hydroxyphenyl)- 395 10 43 
IV (4’-hydroxyphenyl)-(HPMQ) 460 7 6 49 6 
V (3’-hydroxy-4’-carboxyphenyl)-(MQAS) 395 10 14 3 

I-V 1 0 x 10eSM, cobalt(H) 1 0 x 10m6M, hydrogen peroxIde 2 0 x 10e4M, 
pH 10 0, Ex 320 nm 

derivatives: N-( phenyl)-, N-(2’-hydroxyphenyl)-, 
N-(3’-hydroxyphenyl)-, N-(4’-hydroxyphenyl)- 
N-(4-methylquinoliny1)ammes and MQAS and 
hydrogen peroxide and cobalt(I1) were system- 
atically investigated m weakly basic media 
(pH 10) in the absence of STAC. As shown m 
Table 1 HPMQ was the optimum and gave a 
strong fluorescence 

Fluorescence spectra 

As shown in Fig. 1, the fluorescence product 
of HPMQ-cobalt(II)-hydrogen peroxide in the 
presence of STAC has a maximum emission 
wavelength (Em) at 522 nm with an excitation 
wavelength (Ex) at 410 nm (Fig 2). In the 
absence of STAC a maximum emission 
occurred at 460 nm with Ex at 240 nm Ex 
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Fig 1 Emlsslon spectra of HPMQ-cobalt(II) and 
HPMQ-cobalt(II)-hydrogen peroxlde m the presence and 
absence of STAC HPMQ 1 5 x 10-sM, cobalt(H) 
5 0 x 10-6M, hydrogen peroxide 5 0 x 10-6M, STAC 
1 0 x 10m3A4, pH 10 ---- HPMQ-cobalt(II)-hydrogen 
peroxlde (Ex 360 nm) -- x -- HPMQ-cobalt(II) (Ex 
360 nm) - HPMQcobalt(Il)-hydrogen peroxIde- 
STAC, (Ex 410 nm) -x - HPMQ-cobalt(II)-STAC 

(Ex 410 nm) 

at 410 nm was chosen for consldermg the 
effect of emlsslon wavelength for further 
mvestigatlon. The difference of R.fl.Int (AF) 
at Em 522 nm with Ex 410 nm between 
HPMQ-cobalt(II)-hydrogen peroxide-STAC 
(solution A) and HPMQ-cobalt(II)-STAC sol- 
utions (solutlon B) was proportional to the 
concentration of hydrogen peroxide 

E#ect of pH 

A maximum and constant AF value at 522 nm 
was obtained m the limited range of pH 9.3-10.8 
by addition of 2.0-3.0 ml of 2.0 x 10-2M 
Sijrensen borax buffer in 10 ml of solution. 

E#ect of metal ions 

Table 2 shows the relative effects of different 
metal ions on the fluorescence signal m the 
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Wavelength, nm 

Excitation spectra of HPMQ<obalt(II)-hydrogen 
peroxlde solution m the presence or absence of STAC 
HPMQ 1 5 x 10esM, cobalt(N) 5 0 x 10e6A4, hydrogen 
peroxide 5 0 x 10-6M, STAC I 0 x IO-3M, - 
HPMQ-cobalt(II)-hydrogen peroxlde-STAC solution 
(Em 522 nm), - - HPMQ-cobalt(II)-hydrogen peroxlde 

solution (Em 460 nm) 
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Table 2 Effect of metal Ions 

R fl Int at 522 nm, % 

HPMQ-metal 
HPMQ-metal Ion-hydrogen 

Metal Ion Ion peroxlde 

- 30 8 33 0 
Cobalt(H) 38 0 55 3 
Nlckel(I1) 249 25 6 

Copper 282 4 282 4 
Manganese(U) 257 5 261 7 
Iron(H) 25 7 29 8 
Palladmm(I1) 16 16 
Molybdenum(W) 48 1 48 1 

Hydrogen peroxlde 850 ng/lO ml, STAC 1 0 x lo-“M, 
Metal Ions 5 0 x 10-6M, HPMQ 1 5 x 10-sM, pH 
100, Ex 410 nm 

presence of hydrogen peroxide. Cobalt(I1) 
caused the greatest fluorescence intensity 
enhancement and its optimum concentration, 
at a hydrogen peroxide concentration of 
1.0 x 10e5M, was 5 0 x 10m6M. Accordmgly, 
5 0 x 10p6M cobalt(I1) was used for further 
investigation. 

Eflects of surfactant and HPMQ concentration 

As recognized m previous reports,‘*2 the fluor- 
escence reaction between HPMQ, hydrogen per- 
oxide and cobalt(I1) was remarkably enhanced 
by the coexistence of catiomc surfactants such 
as STAC Anionic surfactants such as sodium 
dodecylsulphate (SDS), and non-ionic surfac- 
tants such as Tween 20, were not effective. 
Table 3 summarizes the results of the effects of 
different surfactants. Although the AF m the 
presence of STAC was relatively small m 
comparison to that m its absence, the R.fl.Int. 
of solutions A and B m the presence of 
STAC, out of the tested catiomc surfactants 

STAC, N-hexadecylpyridmmm chloride (HPC), 
hexadecyltrimethylammonmm chloride (HTAC), 
benzyldimethyl-tetradecylammomum chloride 
(Zephiramine, Zp), gave the more stable and 
reproducible fluorescence Its presence was 
therefore most effective and its optimum 
concentration was 1.0 x 10e3M. 

Eflects of temperature and time 

The optimal reaction conditions of tempera- 
ture and time were investigated for the assay of 
hydrogen peroxide and a standard procedure 
was estabhshed-standing for 20 mm at 50”- 
when considering the stability and reproduci- 
bility of maximum AF and the simphcity of the 
procedure. 

Calibration graph and reproduclbdrty 

A linear cahbration graph was produced over 
the range O-2500 ng of hydrogen peroxide 
per 10 ml. For 850 ng of hydrogen peroxide, 
the coefficient of variation (C V.) estimated for 
5 rephcates was 2.4%. Thus, the proposed 
method was relatively sensitive, with good 
reproductbihty m comparison to other methods 
e g., the titanmm,~6 vanadium(V)-Xylenol 
Orange’ and chemical lummescence methods.*s9 

Effects of dwerse ions 

The influence of diverse ions on the deterrm- 
nation of 85 ng of hydrogen peroxide per milh- 
litre was examined, and the tolerance hmits were 
taken as the amounts that caused about *3% 
error m R.fl.Int The coexistence of copper(I1) 
and manganese(I1) gave positive errors at con- 
centrations l/5-th that of hydrogen peroxide, 
and iron(II1) gave a negative error at a con- 
centration l/50-th that of hydrogen peroxide 

Table 3 Effect of surfactants 

R fl Int at max Em, % 

Sufactant Ex, nm Em, nm HPMQ HPMehydrogen peroxlde 

- 360 460 49 132 
STAC 410 522 38 0 71 8 
HTAC 410 522 30 2 59 2 
HPC 360 485 08 14 
ZP 360 460 44 126 
SDS 360 460 14 129 
BrlJ 35 360 455 30 5 51 8 
Tween 20 360 455 45 6 60 6 

Catlomc surfactants-STAC, hexadecyltnmethylammomum chloride 
(HTAC), N-hexadecylpynduuum chloride (HPC), benzyldlmethyltetrade- 
cylammomum chloride (Zephlramme, Zp) 1 0 x 10m3M, amomc surfac- 
tant-SDS, non-Ionic surfactant-Bry 35, Tween 20 0 I%, HPMQ 
1 5 x 10mSM, pH 10 0, hydrogen peroxide 5 0 x 10e6M 
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Table 4 Effect of foreign Ions 

Added 

Foreign ions as rg/lO ml molar rat10 AF, % 

- - - 173 
Cu(I1) sulphate 003 l/50 172 
N1(11) mtrate 0 03 l/SO 16 5 

0 29 l/5 11 8 
Mn(I1) chloride 0 03 l/50 169 
Fe(III) sulphate 0 03 l/SO 164 
Mo(V1) molybdate 4 80 2 170 
Ca(I1) chlonde 20040 200 170 
Mg(II) oxide 24 30 40 170 
NO; sodmm 4601 40 167 
BrO, potassmm 1279.02 400 169 
Citrate sodmm 1924 40 17 3 
Tartrate sodmm 60045 200 168 
Oxalate sodmm 88 00 40 172 
L-Ascorbate - 440 03 100 IS 1 
Glucose - 180 16 40 168 
Albumm - 2000 - 140 

Hydrogen peroxide taken 850 ng/lO ml, HPMQ 1 5 x 10msM, cobalt(H) 
5 0 x 10-6M, STAC I 0 x lo-‘M, pH 10 0, Ex 410 nm 

(see Table 4). However, the coexistences of cal- 
cmm(II), magnesium(II), phosphate, chloride, 
tartrate and citrate ions did not interfere, and 
albumin was tolerated up to 20 pg per 10 ml. In 
addition, the proposed method did not suffer 
from interference by other oxidizing agents such 
as bromate, iodate and nitrate ions. 

Appkcatlon 

The proposed method was applied to the 
assay and recovery of hydrogen peroxide m 
different foods such as vermicelh, noodles and 
fish galantme. The detection reaction by the 
proposed method was negative in these 
samples-addition of hydrogen peroxide in these 
foodstuffs was forbidden and the recovery test 
was good (99.4%) in comparison with other 
methods (4-aminoantipyrine-modified methodi 
was 92.0-86.3%). 
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BOOK REVIEWS 

Aquatic Chemical Kiwtics: W STUMM (edltor), Wdey, ChIchester, 1990 Pages XIII + 545 f70 50 

This book consists of 18 chapters by different U S and European authorltles Rather more than half IS concerned with 
homogeneous reactions m water, mcludmg complexatlon of metal ions, catalysis, photo-oxldatlon, enzyme reactions and 
the fate of organic pollutants The remamder covers reactlons at mmeral surfaces, mcludmg adsorptlon, dlssolutlon, redox 
reactions, weathering and collolds, and thus more than usual emphasis IS given to this aspect of chemistry m natural waters 
The basic prmclples are introduced and much useful matter IS covered for the graduate student or working environmental 
chemist or geochemist For the general analytical chemist, it IS very much background reading, but this should not be 
discounted when speclatlon mcreasmgly forms part of the analytical task and an understanding of the processes m solution 
IS particularly helpful The sub-title stresses natural waters, but how many such waters are completely unaffected by 
mdustrlal or agncultural discharges, and what about acid ram? Some attention 1s paid to these problems, but those 
concerned with pollution might have wished for extra chapters This well-produced volume 1s nevertheless a welcome 
addltlon to a valuable series which one hopes to see further extended 

D MIDGLEY 

Flevour Science and Technology: Y BE~~IERE and A F THOMAS (editors), Wiley, Chichester, 1990 Pages XII + 369 f60 00 

This book contams (according to the editors) most of the papers presented at the 6th Weurman Symposium held m May 
1990 m Geneva, Switzerland Flavour science encompasses the chemistry and sensory properties of flavorous materials, but 
the organizers of the Symposmm selected as Its mam topics the chemistry of flavours, energy apphcatlons and food flavour 
systems, and mstrumentatlon and data treatment Hence there are few articles on sensory assessment of flavour About 
half of the 60 or so contrlbutlons should be of interest to readers of Talunra m that they deal with aspects of composltlon 
and analysis Both separation and extraction of flavorous volatdes-often present m food at less than 10 ppm m total-from 
the matnx are covered It IS a feature of the organoleptlc properties of a flavorous chemical that often both mtenslty and 
character differ qmte markedly between enantlomers Hence choral analytlcal methods are becommg mcreasmgly important 
m flavour research and several papers are dlrected to this topic 

Individual articles are short, no more than 4 pages, but the book as a whole gives a good overvlew of current Interests 
m flavour chemistry The book has been produced from authors’ typescrlpts by photographlc methods, but reproduction 
of both text and figures IS clear 

P HOWGATE 

X-Ray Absorption Principles, Applications, Techniques of EXAFS, SEXAFS and XANES Edited by D C KONINGSBERGER 
and R PRINS, Wiley, New York, 1988 Pages xu + 673 f77 50 

Extended X-ray absorption fine-structure methods are powerful tools for the determmatlon of atomic arrangements and 
chemical bonding m both crystalline and amorphous subtances This book 1s almed at the growmg numbers of EXAFS 
users and 1s a collectlon of 11 chapters, divided mto three parts, contributed by dlstmgulshed workers m the field Part 
A comprises two chapters deahng with the theory of EXAFS and XANES m a particularly lucid manner, although h and 
ii are occaslonally confused, this should not upset the alert reader unduly The slmphfymg assumptions made m the 
derivation of the EXAFS equation are discussed at some length and appropriate corrections are given Part B, 4 chapters, 
describes mstrumentatlon, expenmental design and data analysis The use of both synchrotron and laboratory sources IS 
described and their relative merits are compared X-Ray optics are also treated The remammg five chapters, Part C, deal 
with apphcatlons to blochemlstry, catalysis and amorphous and hqtud systems, and with SEXAFS (with a somewhat 
predictable, Jokey title) and XANES 

The real usefulness of this book hes m Its combmatlon of ngorous theoretical treatment with practical advice and mslghts 
mto the problems and pitfalls that may be encountered Chapters 3-5 will be particularly useful for those wlshmg to set 
up their own instruments Slmllarly, Chapter 6, which deals with data processmg and analysis, gives much practical advice 
on such topics as the ehmmatlon of problems caused by various aspects of the mstrumentatlon, the estimation and removal 
of background signals, and the effects of disorder The mterpretatlon of Fourier transforms IS also discussed m this chapter 

The chapters on apphcatlons, which make up Part C, mamtam the standards of the previous chapters Additional 
theortlcal treatment IS given where necessary along with practical conslderatlons before published results are detailed 
A critical review of the hterature 1s given rather than a simple regurgltatton 

The book IS well illustrated with diagrams and figures, and there IS a comprehenslve blbhography It 1s certainly a vltal 
text for anyone wishing to embark upon a career m X-ray absorption 

ERIC LACHOWSKI 
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Phosphorimetry-Theory, Instrumentation, and Applications: R J HURTUBISE, VCH, Cambridge. 1990 Pages xn + 370 
DM I14 00, f70 50 

Thus book IS a well done mtroductlon to phosphonmetry It IS written for the begmner as well as the user of phosphorlmetrlc 
techmques The wrltmg IS extremely good and the book IS fun to read Chapter 2 on photophyslcal aspects of lummescence 
IS prlmardy dlrected towards the quantlficatlon aspects of lummescence rather than structure-spectra relationships Chapter 
3 on mstrumentatlon 1s an excellent review of the prmaples, operation and use of various instrumental components m 
phosphorlmeters I would hke to have seen a more thorough discussion of spectral correction for instrumental parameters 
Chapter 4 on important analytical conslderatlons concerns relatlonshlps between phosphorescence intensity or signal and 
concentration, and slgnal-to-noise ratio aspects, mcludmg hmlts of detection Chapters 4 and 5 are primarily tutorial and 
are very useful for those students and researchers who are beginning work mvolvmg phosphorlmetrlc measurements 

Chapter 5 on low-temperature phosphorlmetry and Chapter 6 on sohd-surface room-temperature phosphorlmetry are 
both extremely well done These chapters are very useful to both the begmner and the advanced researcher Chapter 7 on 
physlcochemlcal mteractlons m solid-surface phosphorescence gives a detailed and well done discussion of the important 
physlcal+hemlcal mteractlons m solid-surface RTP, and IS the most extensive chapter m the book Chapter 8, apphcatlons 
m solid-surface RTP, Chapter 9, sensltlzed and quenched phosphorescence m solution at room temperature, Chapter 10 
on mlcelle-stablhzed, cyclodextrm, and colloldal/mlcrocrystalhne RTP, Chapter I1 on phosphorescence of proteins, 
polypeptldes, and peptides, and Chapter 12 on structural characterlzatlon of polymers are all well done and of considerable 
interest to anyone Interested m the use of phosphonmetry m sclentlfic applications Chapter 13 on final comments and future 
trends IS very short and not too useful 

Overall, this book 1s well worth having m your persona1 hbrary It 1s a well written book for analytical chemists as well 
as those scientists who use or could use phosphorlmetry The numerous tables, figures, and references are extremely useful 
for anyone working m the area of phosphonmetry Dr Hurtublse should be congratulated on this fine pubhcatlon 

J D WINEFORDNER 

PIXE-A Novel Technique for Elemental Analysis: S A E JOHANSSON and J L CAMPBELL, Wiley, Chichester. 1988 
Pages xii + 347 f42 50 

As a comprehensive mtroductlon to a novel analysis technique, this 1s an admirable effort The first half of the book IS 
somewhat dry, of necessity m a discussion of the technical and methematlcal basis of the PIXE technique, but the breadth 
of applications covered later compensates well for this PIXE, Particle (or Proton) Induced X-Ray Emission, 1s competing 
m a difficult field, surrounded by something of a plethora of alternative techniques That It has made such an impact, as 
represented m this book, 1s a consequence of the slgmficant advantages mherent m the technique These are prlmanly speed 
of analysis, extremely high sensitivity and the facility for simultaneous multlelemental analysis The fact that PIXE has 
%ome of age some 15 years after its first demonstration” 1s testament to Its capablhtles as a high-speed technique with 
high absolute sensltlvlty As with most new techmques, the development of significant new data-analysis techniques has 
been required and the Importance of this IS emphaslsed m this book It appears, however, that at its present state of 
development, PIXE IS the best elemental analysis technique m terms of absolute sensltlvlty for trace quantities 

A casual, or semi-casual, reader-that IS, one who IS not a PIXE expert-would be well advised to approach the book 
with the order of the halves reversed The second half, dealing with apphcatlons, IS far more hkely to stimulate further 
readmg and mvestlgatlon mto the method, dealing as It does with the mamfold apphcatlons of the PIXE techmque’ These 
range from quasi real-time momtormg of the composltlon of acid ram, through analysis of geological samples and works 
of art, to the determination of the minute concentrations of hfe-sustaining trace elements m the various organs of the body 
In addltton, some of the more prosaic aspects are covered, such as where PIXE can be performed, how much It costs, how 
rapid It IS, etc Having read the book m order, I approached the last chapters asking three questions, and was somewhat 
relieved to find the answers therem 

With the mvltatlon to further mvestlgatlon supported by a comprehensive bibliography faclhtatmg this, the book seems 
Ideal even for those on the periphery of interest m the SubJect, and should help increase general awareness of the technique 
In spite of bemg no expert m the field, I felt that the comprehensive coverage of the fundamentals of PIXE m the first 
half of the book also appeared to offer useful material for those with a deeper understanding of, and interest m, this 
obviously expanding technique 

C C WILSON 
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FLOW-INJECTION STOPPED-FLOW KINETIC 
SPECTROPHOTOMETRIC DETERMINATION OF DRUGS, 
BASED ON MICELLAR-CATALYSED REACTION WITH 

1 -FLUORO-2,4-DINITROBENZENE 
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and THEMISIY)CLES P. HADJIIOANNOU 

Laboratory of Analytical Chemistry, Department of Chemistry, University of Athens, Panepistimiopolis, 
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(Received 10 October 1990. Accepted 18 December 1990) 

Smunary--A flow-injection stopped-flow kinetic spectrophotometric method for the determination of 
hydraxines, hydraxides, amines and amino-acids, based on the ~tylt~methyl~mo~um bromide 
catalysed reaction with l-fluoro-2,~dinitro~n~ne is described. With the proposed method dihydr~~ne, 
isoniazid, levodopa and aspartame can be determined at concentrations of 0.1-6 x lo-*A4. The calibration 
ranges can be varied by adjusting the pU: and surfactant concentration. The determination of amphet- 
amine, cysteine, s-carboxymethylcysteine, cephalexin, tobramycin and gentamicin is also feasible. The 
method has been applied to the determination of levodopa, isoniazid and aspartame in commercial 
pharmaceutical formulations. The determination of isoniaxid in formulations containing the highly 
coloured antibiotic rifamycin, and of aspartame in coloured beverages was also accomplished. The results 
were in good agreement with those obtained by reference methods and the throughput was 40 
rne~~ern~ts per hour with 0.4-3.9% RSD. 

l-Fluoro-2,4-dinitrobenzene (FDNB), the so- 
called Sanger reagent, has been used as a chro- 
mogenic reagent for the spectrophotometric 
determination of amino-acids and primary 
and secondary amines,IS7 amino-acid nitrogen 
in plasma and urine (Goodwin’s method),8s9 
isoniazid,” various aminoglycoside antibiotics 
(gentamicin, tobramycin, amikacin),” phenols,12 
and the enzyme amidase.13 It has also 
been used in high-performance liquid chro- 
matography for the determination of amines 
and a~nogly~osides and in thin-layer chro- 
matography.i4-‘6 

These methods have inherent disadvantages, 
however, e.g., a long reaction time is needed, or 
heating to speed up the reaction, and additional 
steps for hydrolysis of the excess of FDNB and 
extraction of the dinitrobenzene product for 
measurement. The methods cannot be applied to 
coloured samples. Kinetic methods overcome 
such problems associated with equilib~um 
methods. Recently a kinetic potentiometric 
method has been developed for the determi- 
nation of amines,17 amino-acids,‘8 hydrazines, 
hydrazides and azidesig and phenols,*’ in which 

*Author for correspondence. 

the reaction with FDNB is monitored with a 
fluoride-selective electrode. 

The suitability of FDNB as a general reagent 
for routine determinations, especially in phar- 
maceutical analysis, renders automation of the 
kinetic procedures using FDNB highly desirable. 
This is more imperative since the FDNB reagent 
is rather difficult to handle and use (it is vesica- 
tory and hydrolyses in alkaline solutions). Flow- 
injection (FI) is a very attractive technique for 
automated manipulation of reagent and sample 
solutions, with data collection during measure- 
ments. The classical FI technique is a kinetic 
one-point (fixed time) procedure, and can be 
used with FDNB methods, provided that the 
reaction rate is adequate. Multipoint kinetic 
procedures can also be achieved by using the 
combination of flow injection and stopped flow 
(FI-SF).2’ This approach provides more precise 
kinetic measurements and is suitable for use with 
coloured sample solutions. 

Kinetic studies of FDNB reactions in aqueous 
media have shown that they can be accelerated 
considerably by micellar catalysis, with various 
surfactants. This catalytic action has been used 
to speed up equilibrium spectrophotometric22*23 
and kinetic potentiometric methods.20*24 
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The development of an automated FI-SF 
kinetic method, described in this work, increases 
the measurement throughput and the precision 
of the determinations (multipoint measure- 
ments), allows reduction of the number of steps 
before measurement (in-line pH adjustment and 
reagent addition, no need to extract the final 
dinitrobenzene product), provides safe manipu- 
lation of the FDNB reagent, and permits the 
analysis of coloured sample solutions (back- 
ground signals do not interfere in the FI-SF 
technique).25 

EXPERIMENTAL 

Apparatus 

A laboratory made automated FI-SF spec- 
trophotometric analyser was used. It consists 
of a remote controlled multichannel pump 
(Ismatec MPN-8), an injection valve (Rheodyne 
5001) equipped with a pneumatic actuator con- 
trolled by the microcomputer through solenoid 
valves, Teflon mixing coils (0.8 mm i.d.), a 
spectrophotometer (Bausch & Lomb, Spec- 
tronic 21) equipped with an 18~1 flow-through 
cell (Hellma), an AIM 65 microcomputer 
(Rockwell) with the appropriate home-made 
control interface and a 12-bit ADC card 
(Rockwell RM65-5302E). It provides auto- 
mated sampling, mixing with reagent and buffer 
solutions, stopping the reaction mixture in 
the cell, multipoint reaction rate (absorbance) 
measurement, and data reduction and evalu- 
ation. The data-logging routine, written in as- 
sembly, permits fast (up to 7.5 kHz) data 
acquisition and is called by the SLQP.BAS 
program that is used for routine assays. Two 
other utility programs were developed for use 
during the development of a new FI-SF 
method. The PEAK.BAS program determines 
the residence time in the FI manifold and the 
INVQ.BAS program determines the linear seg- 
ment of the reaction curve for each standard. 
These parameters are then used by the 
SLOP.BAS program in routine measurements. 

The FI manifold designed and optimized for 
the proposed method is shown in Fig. 1. A 
stable acidified aqueous ethanolic solution of 
FDNB reagent is premixed with an alkaline 
micellar solution at the optimum pH and then 
merged with the injected sample zone. After 
adequate mixing, the reaction mixture is 
stopped in the flow cell for the reaction rate 
measurement. 

The preliminary spectrophotometric study of 
the reaction was performed with a double-beam 
spectrophotometer capable of successive scans 
(Perkin-Elmer Lambda 7). 

Reagents 

All reagents were of analytical reagent grade 
and demineralized distilled water was used 
throughout. 

The FDNB stock solution (0.168M) was pre- 
pared by dissolving 3.13 g of FDNB (Sigma) in 
acetone and dilution to 100.0 ml. This solution 
was stored in a sealed amber glass vial in the 
refrigerator and was opened only when used. It 
should be handled carefully as it is vesicatory. 
The FDNB working solution (8.40 x 10m3M) 
was prepared daily by 20-fold dilution of the 
stock solution with 0.001 M hydrochloric acid in 
20% v/v ethanol solution in water. 

Borate buffer (O.lOM adjusted to pH 9.5) 
was prepared according to usual practice, 
and contained cetyltrimethylammonium bro- 
mide (CTAB, Sigma) at a concentration of 
3.5 x 10m3M (for isoniazid and dihydralazine) 
or 1.5 x 10-3M (for levodopa and aspartame). 
During the optimization studies, the following 
buffers were used: (a) pH 8.0 and 8.5 (TRIS 
O.lOM), (b) pH 9.0 and 9.5 (boric acid O.lOM) 
and (c) pH 10.0 and 10.5 (borate O.O60M), 
containing various (0.00, 0.75, 1.50, 3.50, 5.50 
and 7.50mM) concentrations of CTAB. 

Stock 1.000 x lo-*M solutions of isoniazid, 
levodopa and aspartame and a 2.000 x 10b3M 
solution of dihydralazine hydrochloride were 
prepared from the pure substances (Sigma), 
the purity of which was determined by the 
U.S. Pharmacopeia (USP) XXI and National 

mL/min 

r-l 2.2 
s 
I 

Buffer 1.7 

W 

Fig. 1. Manifold used in the automated kinetic determinations. Sample volume 200 ~1. 
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Formulary (NF) XVI methods. Working stan- 
dard solutions in the ranges shown later in 
Table 3, were prepared by appropriate dilution 
of the stock solutions. Other substances tested 
for possible determination by the method 
were amphetamine, cysteine, cystine, s-car- 
boxymethylcysteine, cephalexin, tobramycin, 
gentamicin, propranolol, isoxsuprine, amoxi- 
cillin and acetaminophen (paracetamol). 

Kinetic study of the reaction 

Appropriate volumes of a working solution of 
each substance studied, the FDNB reagent and 
the borate buffer (pH 9-10) were mixed and 
transferred into the observation cell of the scan- 
ning spectrophotometer. Successive scans were 
made (at 1 scan/min) with a scanning rate of 
980 nm/min in the range 300-600 nm. From 
the spectra obtained the ;2,, values for the 
2,4_dinitrobenzene derivatives were found. 

Measurements with the FI-SF analyser 

The spectrophotometer of the FI-SF analyser 
was set at the Iz,,, of the corresponding 2,4-dini- 
trobenzene derivative (428 nm for isoniazid and 
dihydralazine, 342 nm for aspartame and 352 
nm for levodopa), then the residence time and 
the time interval (measurement time) during 
which the A =f(t) reaction curve is linear were 
determined by using the working standard 
solutions of the substance and the appropri- 
ate investigative program (PEAK.BAS and 
INVQ.BAS, respectively). Subsequently, the 
SLOP.BAS program was loaded and the timing 
parameters for the determination and infor- 
mation for the number of standards, samples 
and runs per standard and sample were 
provided to the program. 

When the optimized manifold (Fig. 1) was 
used with 200 ~1 of sample or standard, the 
flow was stopped for 16 set (residence time), 
followed by a time interval of 2 set for mechan- 
ical equilibration of the stopped mixture, then 
multiple (40-256) absorbance readings, equally 
spaced on the time axis, were taken during a 
measurement time of 15-40 set, as estimated by 
the INVQ.BAS program for each determi- 
nation. The pump was then restarted and a time 
interval of 40 set was allowed for washing the 
measured sample from the manifold and load- 
ing the next sample into the sample loop. Sub- 
sequently, the experimental reaction rate 
(AA/At) was calculated by linear regression 
of the absorbance readings, and was used 
for construction of the calibration curve or 

determination of the analyte concentration in 
the samples. 

Sample preparation 

For solid formulations the official USP 
sampling procedures were followed. From the 
final fine powder an accurately weighed portion 
was dissolved in water, so that the concentration 
of the drug was in the range of the correspond- 
ing calibration curve (Table 3). An ultrasonic 
bath or a mechanical shaker was used to ensure 
complete disintegration of the powder, and any 
insoluble matter was allowed to settle or was 
filtered off or centrifuged. For the analysis of 
beverages containing aspartame, carbon dioxide 
was expelled by purging with nitrogen and the 
sample was diluted tenfold with the buffer used. 

All measurements were performed in an air- 
conditioned laboratory maintained at a nominal 
temperature of about 25”. 

RESULTS AND DISCUSSION 

Preliminary kinetic investigation 

To find I,,, for the coloured 2,4-dinitroben- 
zene (DNB) derivative of each analyte and 
obtain a rough estimate of the reaction rate, a 
kinetic spectrophotometric study was per- 
formed as described above. Figure 2 shows 
successive spectra obtained from the reaction of 
FDNB with isoniazid. The DNB-isoniazid de- 
rivative, with I,, = 428 nm, is formed rather 
slowly, so the reaction must be accelerated for 
use in an FI-SF method with sufficient sensi- 
tivity and short analysis time. Micellar catalysis 
with CTAB was chosen to accelerate the reac- 
tion. The A,,,,, values for the DNB derivatives of 
the other substances studied were 346 nm for 
amphetamine, 342 nm for aspartame, 352 nm 
for levodopa, 340 nm for cysteine, 342 nm for 
cephalexin, 344 nm for tobramycin, and 350 nm 
for gentamicin and s-carboxymethylcysteine. 
Several substances (phenols and cystine) form 
water-insoluble DNB derivatives which render 
spectrophotometric measurements impossible 
because of the cloudy solutions obtained. 

The A,,, of FDNB is 240 nm, that of its 
ethanolysis product is 283 nm and that of its hy- 
drolysis product (2,4-dinitrophenol) is 360 nm. 

Design and optimization of the FI-SF method 

In an FI procedure using FDNB, the prob- 
lem of stabilizing the reagent solution has to 
be solved. FDNB is only slightly soluble in 
water, and undergoes base-catalysed solvolysis 
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Fig. 2. Kinetic study of the FDNEisoniazid reaction. [Isoniazid] 1.25 x IOm4M, [FDNB] 1.4 x 10e3it4, 
in 0.33M borate buffer adjusted to pH 9.5. Ten successive scans at 1 scan/min. 

in solvents that contain active hydrogen atoms, 
such as ethanol and water. A very stable FDNB 
stock solution can be prepared in acetone, but 
solutions containing more than 5% v/v acetone 
cannot be pumped through the conventional 
silicone rubber tubing used in peristaltic pumps. 
Therefore, the working FDNB solution was 
prepared daily in 20% v/v ethanol solution 
acidified with hydrochloric acid. A spectropho- 
tometric stability study of working FDNB sol- 
ution containing ethanol at concentrations of 
20,30,40 and 50% v/v revealed 4,6.5,8 and 8% 
solvolysis of FDNB, respectively in a period of 

8 hr. Therefore, a 20% content of enthanol in 
the working FDNB solution provides a reagent 
stable enough for an 8-hr routine operation of 
the analyser. 

The effect of pH and surfactant concentration 
on the analytical reaction was studied. Table 1 
shows the characteristics of the calibration 
curves for isoniazid, constructed by measuring 
the reaction rate of standards over the pH range 
9.0-10.5. The sensitivity increases with pH but 
so does the blank value (due to base-catalysed 
FDNB solvolysis), whereas the linear concen- 
tration range decreases. A pH of 9.5 was chosen 

Table 1. Effect of pH on the calibration graph for isoniazid ([CTAB] 1.5 x 10m3M) 

Blank 
Slope, Intercept, DL*, Range, &SD (n = 6), 

PH mA.sec-‘.I.mole-’ mA.sec-’ 10-w r IO-34 mA.sec-’ 

9.0 (2.73, + 0.02,) 0.03 * 0.03 19 0.9996 2-50 0.06+0.17 
x 10’ 

9.5 (5.70, f 0.063) 0.18 & 0.06 9.5 0.9995 140 0.11 kO.18 
x 10’ 

10.0 (2.18, f 0.025) 0.50 f 0.10 3.3 0.9993 l-8 0.37 + 0.24 
x 104 

10.5 ‘3.8;;;14) 1.3 + 0.3 0.08 0.999 16 0.49 * 0.01 

*Detection limit: concentration corresponding to a net analytical signal equal to three times 
the standard deviation of the blank. 
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as a compromise between sufficient sensitivity, 
wide linear response range, low blank value, 
good linearity and precision. The effect of the 
surfactant concentration on the characteristics 
of the calibration curve for isoniazid is shown in 
Table 2. The sensitivity and the blank value 
increase with the surfactant concentration, but 
the linear concentration range decreases at 
[CTAB] ~0.0015M. A CTAB concentration of 
0.0035M was chosen as a compromise between 
sensitivity and low blank value. The same opti- 
mum pH and CTAB concentration were found 
for dihydralazine, while for the determination of 
aspartame and levodopa the optimum CTAB 
concentration was 0.0015M. The linear range 
and the sensitivity of the determinations can be 
varied by changing the reaction pH and/or the 
CTAB concentration. 

Evaluation of the method 

Typical calibration data for aspartame, 
levodopa, dihydralazine hydrochloride and iso- 
niazid under the optimized conditions are 
shown in Table 3. The linearity of calibration 
was excellent and the precision (relative stan- 
dard deviation, RSD) of the measurements 

Table 4. Recovery for isoniazid (4 x lo-‘M) in mixed 
solutions with excipients and rifamycin 

Interferent: 
isoniazid Recovery, 

Interferent ratio, w/w % 

Talc 10 99.1 
Gelatin 10 97.0 
Cellulose acetate 10 86.3 

hydrogen phthalate 5 95.2 
1 97.8 

Lactose 10 98.6 
Magnesium stearate 10 99.4 
Starch 10 99.6 
Sodium lauryl 10 45.6 

sulphate 5 75.9 
1 95.9 

Carboxypolymethylene 10 59.0 
(carbopol) 5 84.8 

1 93.9 
Galactose 10 90.7 

5 95.6 
1 100.0 

Sorbitol 10 93.6 
5 95.6 
1 100.6 

Rifamycin 10 94.0 
5 91.4 
1 91.7 

ranged from 0.4 to 3.9% (n = 6). The analytical 
concentration ranges were suitable for drug 
assays in pharmaceutical preparations. 

Table 2. Effect of [CTAB] on the calibration graph for isoniazid (pH 9.5) 

Slope, 
mA.sec-‘.I.mole-’ 

Intercept, 
mA.sec-’ 

DL* 
10-34 r 

Range, 
IO-%I 

Blank 
*SD (a = 6) 

mA.sec-’ 

0.0 870 + 9 0.054 rf: 0.021 10 0.9998 8-40 0.082 + 0.029 
0.75 959 f 9 0.007 f 0.02 9.4 0.9991 440 0.091 * 0.030 
1.5 (5.77 f 0.07) 0.21* 0.07 0.9 0.9994 l-40 0.114+ 0.018 

x 10’ 
3.5 (2.46;$02,) 0.55 * 0.05 0.09 0.9997 0.16 0.4640 + 0.0070 

5.5 (3. “;U&.O4) 0.84 + 0.10 0.20 0.9993 0.1-6 0.658 _+ 0.021 

1.5 (3.56$X) 1.03 + 0.08 0.51 0.9993 0.14 0.712 + 0.067 

*Detection limit: concentration corresponding to a net analytical signal equal to three times the standard 
deviation of the blank. 

Table 3. Typical calibration data for (a) aspartame, (b) levodopa, (c) dihydralazine hydrochloride and 
(d) isoniazid. DH = 9.5, lCTAB1 = 1.5 x IO-‘M (a and b) or 3.5 x 10e3M (c and d) 

Slope, 
mA.sec-‘.I.mole-’ 

(a) 

(b) 

(c) 

(d) 

(1.20, f 0.02) 
x 104 

(4.32 f 0.05) 
x 104 

(1.62;3$.066) 

(2.46, + 0.023) 
x 104 

Intercept, 
mA.sec-’ 

0.780 f 0.006 

0.452 f 0.020 

2.620 f 0.030 

0.55 + 0.05 

DL*, Range 
lo-34 r IO-W 

2.0 0.9993 0.66 

0.63 0.9996 0.1-2 

1.8 0.997 0.56 

0.09 0.9997 0.1-6 

Blank 
*SD (n = 6), 

mA.sec-’ 

0.632 f 0.08 1 

0.861 * 0.090 

2.20 f 0.10 

0.4640 * 0.0070 

*Detection limit: concentration corresponding to a net analytical signal equal to three times the 
standard deviation of the blank. 
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Table 5. Determination of isoniazid, aspartame and levodopa in commer- 
cial formulations (tablets) by FI-SF and reference methods 

Drug content, ~g/t~iet 

Found * SD* 

Formulation 

Isoniazid 
Dianicotyl 
Rimactazid 
Rimactazid 

Aspartame 
Canderel 

hvodopa 
Madopar 

Nominal 

:Z& 

15011 

18 

50 

FI-SF 

100.7 + 0.4 
100.0 + 0.5 

154+2 

18.1 + 0.7 

51.0*0.7 

Reference 
methodt 

102f I 
98 f 2 

152f2 

17.8 & 0.9 

52.0 f 0.7 

t-tesq 

2.091 
1.680 
1.225 

0.456 

1.750 

*Average If: standard deviation for three samples each measured in tripli- 
cate. 

TReference methods (USP XXI): isoniazid, bipotentiometric titration with 
bromine in strong acid solution after extraction of rifamycin with 
chloroform; levodopa, s~trophotometric method, aspartame, HPLC 
method.26 

J’fheoretical t-value for 95% confidence level and 3 I- 3 measurements, 
2.776. 

§Contains I50 mg of rifamycin. 
/jContains 300 mg of rifamycin. 

To examine the applicability of the pro- 
posed FI-SF method to routine pharmaceutical 
anaIyses, the effect of various excipients and 
the antibiotic rifamycin, which is present in 
mixed formulations with isoniazid, was studied. 
Recovery results for mixed solutions of isoni- 
azid and the substances studied are shown in 
Table 4. Common excipients do not interfere, 
except sodium lauryl sulphate and carboxypoly- 
methylene (carbopol), which give negative 
errors (possibly by formation of mixed micellar 
solutions or partial saturation of the surfactant 
micelles, and a consequent change in catalytic 

action). Experiments with these two excipients 
and a surfactant-free buffer solution gave recov- 
eries of 97.2-101.4%, so formulations contain- 
ing these two excipients can be analysed by use 
of a surfactant-free buffer but with lower sensi- 
tivity and decreased measurement throughput. 
This also applies to mixed isoniazid-rifamycin 
formulations. 

Applications 

The proposed FI-SF method was applied to 
the determination of isoniazid, aspartame and 
levodopa in commercial fo~ulations and of 

A t 

Fig. 3. FI-SF recordings for the dete~ination of isoniazid @NH) in (a) standard solutions and in tablet 
solutions containing (b) 300mg and (c) 150mg of ~f~y~n per tablet. [INHJ -6 x 10e4M in (b) and 

3 x lo-)A4 in (c). The analytical parameter is the slope of the line between arrows. 
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Table 6. Results for the determination of aspartame in 
beverages by FI-SF method and comparison with reference 

method 

Beverage 

Aspartame, mg/mi 

Found If: SD 

Reference 
Nominal F&-SF* method? 

Sprite 0.50 0.43 f 0.01 0.41 
Coca Cola 0.50 0.51 f 0.02 0.48 

*Three samples each measured in triplicate. 
THPLC methodF6 

advantage of the FI-SF methods of avoiding 
interferences due to background signals is uti- 
lized in the determination of aspartame in Coca 
Cola, which contains highly coloured caramel 
colouring. 

The method can also be applied for the 
determination of other substances which give 
soluble 2,4_dinitrobenzene derivatives, such as 
cephalexin, tobramycin and gentamicin. 

CONCLUSIONS 
aspartame in diet (“light”) beverages. It 
compares favourably with reference methods 
(Table 5) and permits the determination of 
isoniazid in mixed isoni~d-~famycin formu- 
lations. Typical FI-SF recordings for this other- 
wise tedious determination are given in Fig. 3. 
The FI-SF technique is based on measurement 
of the slope of the rising part of the curve, 
eliminating interferences due to coloured 
substances in the sample. 

The proposed FI-SF kinetic method over- 
comes problems associated with (a) incomplete- 
ness of analytical reactions which require high 
temperatures and long reaction times when used 
in equilibrium spectrophotometric methods, 
and (b) the need to hydrolyse the surplus re- 
agent and then extract the reaction product 
from the mixture. The method permits analysis 
in highly coloured samples and features a 
measurement throughput of 40 per hour. As 
stated above, the proposed method (with spec- 
trophotometric detection) is not suitable for the 
determination of phenols. The applicability of 
the method can be extended to phenols of 
pha~a~uti~l interest by use of a fluoride-se- 
lective flow-through electrode as detector in the 
FI-SF system. 

For the determination of aspartame in be.ver- 
ages (Table 6), the results obtained by the 
proposed FI-SF method were higher than those 
obtained by the HPLC26 reference method. This 
may be due to small amounts of amino- 
compounds or phenols present in the beverages. 
The time required for a single measurement with 
the HPLC method is 15-20 min, discouraging 
its use in routine analysis, whereas the FI-SF 
method requires only 1.5 min per measurement, 
allowing a high sample throughput in routine 
analysis. Typical FI-SF recordings for aspar- 
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from the Ministry of Industry, Energy and Technology, 
General Secretariat of Research and Technology of Greece, 
the Greek State Scholarshins Foundation and the Greek 

tame determinations are shown in Fig. 4. The National Drug Organization. 

t--b 

Fig. 4. FI-SF recordings for the determination of aspartame in (a) standard solutions, (b) Sprite and (c) 
Coca Cola. The analytical parameter is the slope of the line between arrows. 
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Snnnnary--A state-of-the-art survey of the determination of acid dissociation microconstants of diprotic 
acids is presented. It is shown that potentiometric and spectrophotometric titration data can yield 
macroscopic constants but are not sufficient to completely resolve the microconstant system unless some 
sort of assumption is made, which may not always be warranted. Such an estimative deduction procedure 
is applied to 2,6-di(methylthiomethyl)-3-hydroxypyridine chloride. 

The acid dissociation equilibria of polyprotic 
acids are characterized by the so-called macro- 
scopic constants which are unrelated to the 
specific protonation sites of the various species 
present in solution. Such macroscopic constants 
are a composite of the microscopic constants 
which are related to the dissociation equilibria 
of the individiual species. As will be shown in 
this report, potentiometric or spectrophotomet- 
ric techniques can only provide the values of 
macroscopic constants. Assessment of the 
microscopic constants is based on further as- 
sumptions which may not always be justified. 

A wealth of research efforts have been 
devoted to determining microconstants by a 
variety of spectral methods.‘,2 The aim of the 
present paper is to outline the state-of-the-art of 
the subject in order to clarify matters and 
describe the application of potentiometric and 
spectrophotometric techniques to a novel 3- 
hydroxypyridine derivative to be studied as a 
chelating ligand for transition metal complexes. 

Theory 

Consider the diprotic acid derived from a 
substituted 3-hydroxypyridine (I; Scheme 1). 

The macroscopic constants K2 and K, , which 
can be determined by titration of I with a strong 
base, are related to the microscopic ones by the 
equations: 

K2 = K,2 + K,3 

K, = K24 * K34lW2a + K34) 

*Author for correspondence. 

= K,2 . J&/K2 + K3) 

K2 * K, = K,2 * K24 = K,, * K34 

K23 = K,,lKz = K24l& (1) 

Only three equations relate the four micro- 
constants K,2, K,,, K24 and K34, so that at least 
one piece of additional information is required 
for a complete determination. 

Let’s now express the concentrations of 
species involved in the above equilibria in terms 
of pH and system variables. 

Let: 

S=K,,+K,,; pS= -1ogS (2) 

P = K12* K24; pP = -1ogP (3) 

so that 

pK2 = PS 

pK,=pP-pS 

If a volume V0 of a solution of I at analytical 
concentration c,,M is titrated with a volume V 
of a solution of strong base at concentration c, 
we have from equation (1): 

V, = Vo + V 

a, = l/(1 + l~pP-pS--pu + lopP-2pH) 

m = (c, V,/V,)u, lOPP-2pu 

PI] = (co vo/ V,)U~ 10PK24-PH 

[nI’j = (co VO/VT)aOK2, 10pK~-PH 

IFI = (c0 ~0/~~)4l (4) 

697 
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The electroneutrality equation is: [IIIj = (S - Ku)R = K,, * R 

lJ-I+] - [OH-] + S/I’, 

- (c, ~~/~~)u*(2 + lorp-“-pu) = 0 (5) 

and contains only pP and pS as refinable par- 
ameters. Non-linear regression of pH OS. Y data 
will only yield values for P = K,,. K2., and 
S = K12 + K13. There is no way of getting the 
values of individual microconstants without fur- 
ther assumptions. 

Equation (4) can be rewritten as: 

m=H-R 

[II] = K,, * R 

!Fl= (PIfOR 

where 

H=fH+] 

R =(coVc,/V~)/(Hf S +P/H) (6) 

It is evident that if it were possible to measure 
the sum m + [III’j (or PIj f frVJ) then non-linear 
fitting of such sums to pH data would open the 
way to S, P and K,, (or &) and thus to the 
complete microconstant set according to 
equations 1, 2 and 3. 
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Equation (5) can be recast as 

v = V&&Z’ - 1) 

where 

+ H - OH]/(OH - H - c) (7) 

H = [H+] 

OH = [OH-] 

R’ = (H/Ku - K~lH)l(l + H/K,, 

+ l/K23 + KM/H) 

from which, again, only R’ values can be ob- 
tained. These, combined with equations (2) and 
(3), are still one equation less than the four 
independent ones that are required to solve for 
the four unknowns K,z, Kx, K,3 and K34. Now, 
one way out of the circle would be the knowl- 
edge of the constant for the equilibrium between 
the zwitterion II and the neutral species III 
(Kz3 = [nIj/[n]), which is not affected by 
changes in pH. 

If we resort to spectrophotometric titrations, 
then the absorbance of a solution of I at concen- 
tration c,, vs. pH is expressed by 

Ai.p~ = c,R[Hc, + K,+,, 

+ KA,, + (~IHkwl 

where 

= c,R[Hq + & + (P/H)+] (8) 

R=l/(H+S+P/H) 

The apparent extinction coefficient of monopro- 
tonated species is therefore the sum of constant 
fractions of the extinction coefficients of II and 
III, so that the latter behave spectrally as though 
they were one single component. Thus, the 
condition for observing a global isosbestic point 
is 

t, = C,” = &IS 

Fulfillment of such a condition can be expected 
to be rather uncommon. In the pH range where 
one of the species does not contribute to the 
absorbance, partial isosbestic points may be 
observed. However, their presence cannot be 
exploited to deduce the presence of only two 
spectral components. 

Non-linear regression of absorbance us. pH 
[equation (8)] will only give the parameters S 
and P, and the sum C,, from which the single 
microconstants K,, and K,, could be extracted if 

both extinction coefficients c,, and L,,, were 
known independently; this again requires ad- 
ditional pieces of information not available 
from the titration data alone (the extinction 
coefficients of I and IV can be deduced from 
limiting absorbance data taken at low and high 
pH, respectively, or allowed to float in the 
optimization process as further parameters to be 
refmed while S and P can be taken from the 
potentiometric titration or included in the refin- 
ement for consistency). 

Summing up, fitting models corresponding to 
equations (5), (7) and (8) are overparameterized 
and attempts at refining (in the least-squares 
sense) all microconstants imbedded in the 
models, will eventually lead to singular normal 
equations, extremely sluggish convergence rates 
and parameter partial correlation coefficients 
with absolute values virtually equal to unity. All 
these symptoms indicate the need for reducing 
the dimensionality of parameter space by only 
refining proper combinations of some of the 
parameters, as we have shown above.3*4 

The mathematical formulation and the argu- 
ments outlined so far can be easily extended, 
without loss of generality, to acid-base equi- 
libria involving other polyprotic systems, such 
as aminoacids, catecholamines, catechols, 
aminophenols, etc.1*2 

The earliest attempts at determining micro- 
scopic constants in equilibria of the type of 
Scheme 1 were based on the assumption that 
blocking one of the active groups (e.g., by 
esterification or alkylation) would leave the 
acid-base properties of the other unaltered.‘*2,5-7 
For instance, if one assumes that K,3 in Scheme 
1 is virtually identical to the acid dissociation 
constant for the ester 

Kx 
OCOR 

X p3 x 
ti 

then it is possible to resolve the whole microcon- 
stant equilibrium system. In an analogous way, 
N-alkylation in the pyridinium derivative 

X 

would provide a breakthrough to the K,2 value. 
Such an assumption may be justified for specific 
systems, depending on the particular molecular 
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structure of the species involved, but its general- coming paper. All other chemicals were of re- 
ized use is not warranted.8 agent grade purity. 

Another approach is based on the fact that, 
if the two acidic groups can be associated with 
characteristic spectral features, then dis- 
sociation of one group can be followed indepen- 
dently of the other. In other words, it is assumed 
that the spectral properties of one group are 
independent of whether the other group is pro- 
tonated or not. In this way, it is possible to 
assess the microconstants from the fractional 
deprotonation of one of the two groups as a 
function of pH. This approach, earlier intro- 
duced by Edsall et al.,’ allows the experimental 
measurement of the sums [n + IVl or v + III] in 
equation (6), from which K,, or K,, can be 
evaluated, respectively. In practice, it is assumed 
that in equation (8) cl r ~111 and cl1 z 61v at 
suitable wavelengths, so that the absorbance 
data can be successfully fitted in terms of par- 
ameters S, P and Ku (or K,3).5,e’3 

Potentiometric titrations 

Potentiometric titrations were carried out 
with a Metrohm 654 pH-meter at 25” under a 
nitrogen stream. The glass electrode was cali- 
brated with the standard Metrohm buffer (pH 4 
and 7). A 50-ml volume of a O.OOlM solution of 
the chlorhydrate A. HCl (prepared in situ by 
adding the stoichiometric amount of standard 
hydrochloric acid to a weighted amount of A) 
was titrated with a freshly prepared CO,-free 
solution of O.OlM sodium hydroxide. The ionic 
strength was maintained by using a O.lM sol- 
ution of sodium chloride in doubly distilled and 
degassed water as the solvent for all solutions. 

Spectrophotometric titrations 

A similar approach has been adopted for IR14 
and Raman15 spectral data pertaining to related 
systems. However, the validity of results is often 
limited by lack of precision. 

Nuclear magnetic resonance spectrometry has 
also been widely employed for the determi- 
nation of microconstants, based on the calcu- 
lation of the fractional deprotonation of one of 
the acidic groups as a function of pH from the 
chemical shift of a unique resonance, on the 
premise that the substrate contains an NMR- 
active nucleus whose chemical shift effects de- 
pend on dissociation of only one dissociable 
group.‘“19 However, in some cases reliable val- 
ues of microconstants cannot be obtained due to 
the high correlation between the parameters and 
the poor conditioning of equations involved. 

These were carried out with a Perkin-Elmer 
Lambda 5 spectrophotometer equipped with a 
cell compartment kept at 25” at constant ionic 
strength (0.1 M sodium chloride) in doubly dis- 
tilled and degassed water. To 5-ml aliquots of a 
5.01 x 10e4M solution of A were added 5-ml 
aliquots of standard hydrochloric acid or 
sodium hydroxide solutions. The pH (l-l 3) and 
the UV-VIS spectra (220-380 nm) of the result- 
ing solutions were recorded. 

Data analysis 

Summing up, all the methods devised so far 
entail some sort of assumption that may not 
always be warranted. As a consequence, the 
results from different experimental approaches 
often disagree seriously.13 Any attempt at deter- 
mining all microconstants from spectral data 
based on the equation2’ 

Mathematical and statistical analysis and 
graphical display of experimental titration data 
were carried out on an IBM PS/2 70 personal 
computer equipped with an Intel 80387 maths 
coprocessor by use of locally adapted non-linear 
regression and plotting algorithms written in 
TurboBasic (Borland). 

RESULTS AND DISCUSSION 

Potentiometric titrations 

uo,=H.S/(H2+H*S+P) 

(where aOH is the mole fraction of singly dissoci- 
ated phenolate anions in catechol derivatives) 
through subsequent mathematical reworking is 
an exercise in self-delusion. 

EXPERIMENTAL 

The substrates A and B (X = CH2 SCH,) were 
prepared by a route to be described in a forth- 

Potentiometric titration data for the system in 
Scheme 1 (X = CH,SCH,) were analysed ac- 
cording to models in equations (4-6) to deter- 
mine the macroscopic dissociation constants K2 
and K, [equation (l)] in the following way. A 
weighted non-linear least-squares fitting of pH 
us. I/data was carried out by use of Marquardt’s 
algorithm2’*22 with pS and pP as the refinable 
parameters. During each iterative cycle, 
equation (5) was solved numerically for pH at 
each data point by a modified iterative bisection 
equation solver. 23*24 Partial derivatives of the 
object function with respect to the parameters 
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were approximated by a numerically efficient 
forward differentiation scheme.2s The function 
minimized was EC, (pH,, - PH,,,,)~ with the 
weighting scheme26 Wi= l/(pHi+i-pHi_i)Z tO 

avoid lending too much influence to the less 
accurate pH values in the steeply-rising portion 
of the titration curve. Convergence to the opti- 
mized parameter vector was rapidly reached to 
yield the values of pS = 3.90 f 0.02 and pP = 
12.30 + 0.02. Uncertainties quoted throughout 
are one standard error of estimate from the 
inverse covariance matrix. The parameter corre- 
lation coefficient was 0.79. At convergence, the 
experimental pH values agreed with those calcu- 
lated from equations (4-5) and the optimized 
parameters to within 0.06 of a pH unit 
(weighted standard error of fit = 1.3). Residuals 
were randomly scattered and approximated a 
normal distribution. 

The macroscopic dissociation constants 
are therefore pK2 = 3.90 f 0.02 and pK, = 
8.40 + 0.04. These values are sufficiently far 
apart to allow the mixture of monoprotonated 
species II + III to be predominant around pH 6. 

Spectrophotometric titrations 

The dependence of the absorbance of sol- 
utions of A on wavelength and pH from spec- 
trophotometric titration is shown in Fig. 1. in 
which spectra at some selected experimental pH 
values were omitted for the sake of clarity. 

An a priori parameter identifiability analysis 
of the model in equation (8) indicated that only 
three parameters could be uniquely determined 
by non-linear regression, i.e., S, P and &.27 The 
extinction coefficients E, and 6,” were determined 

directly from absorbances at low and high pH, 
respectively. Further, the parameter vector in 
equation (8) could be reduced to the single 
parameter Xc, by fixing S and P at the values 
derived from potentiometric analysis (see ear- 
lier). This may serve to check the consistency of 
data and the overall experimental layout. 

Non-linear least-squares fits of absorbance to 
pH for the 3-parameter model at different wave- 
lengths gave S and P values virtually indepen- 
dent of wavelength and in very good agreement 
with those determined potentiometrically 
(pS = 3.97 + 0.05, pP = 12.31 & 0.03 as aver- 
ages of values at five selected wavelengths). 
The standard error of estimate was about 5 
absorbance units. Parameter correlation co- 
efficients are fairly high (0.7-0.9, in absolute 
value), probably due to an intrinsic feature of 
the model and of the instrumental method. 
Figure 2 shows a 3-D representation of the 
2-variable function Al, pH in equation (8), using 
the optimized parameters. 

As can be seen from Figs. 1 and 2, a global 
isosbestic point is present at 339 nm, where the 
condition c, = ~,v = &IS appears to be verified. 
Figures 3(a) and (b) show the results of spec- 
trophotometric titration at two wavelengths and 
the corresponding contributions of the species I, 
II + III, IV to the observed overall absorbance 
as a function of pH. 

Up to this point, all the information we could 
gather is embodied in the following 4-unknown 
2-equation system: 

3 

9.6 

Fig. 1. Spectra of a 2.505 x 10m4M solution of A as a function of pH. (a) pH 1.05; (b) 3.65; (c) 4.79; (d) 
6.12; (e) 7.72; (f) 12.71. 
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Fig. 2. 3-D representation of the dependence of absorbance of a 2.505 x 10W4M solution of A 
wavelen~h as in equation (8). 

on pH and 

(the equations P = K,2 * Kz4 = K,, * KM would in- 
troduce the additional unknowns Kz4 and KM, 
respectively). Our inadequacy in solving system 
(9) stems from the fact that we ignore both the 
indi~dual con~ntration of II and III and their 
extinction coefficients. Therefore, we have 
squeezed the last drop of information from all 
combined experimental data at hand. From now 
on, we must resort to some kind of assumption 
or approximation if we are to completely resolve 
the microconstant scheme. 

The microconstant system 

As noted earlier, there may be a wavelength 
range in the spectra of Fig. 1 in which it may be 
justifiable to make the assumptions 

El = $11; Eli g hv (10) 

Let’s now surmise that equations (10) apply to 
the spectra around 260 nm, which is tantamount 
to assuming that loss of the proton from the 
nitrogen group does not affect the spectrum of 
the ionized phenolic group. Analogous assump- 
tions were first advocated by Edsall et al.’ in 
their pioneering studies of protonation equi- 
libria of related polyprotic systems. Then 
equation (8) becomes 

A = c,R[(H -I- S)(5, 

+K,*(~,v-~,)+(PIH)~wl (11) 

A least-squares fit of absorbance to pH data in 
equation (11) at 260 nm with S and P fixed at 
the potentiometric values yields pK,, = 4.71, 
from which the whole set of microconstants is 
calculated as: 

pK,, = 4.71; pZ& = 3.97 

pK, = 8.33; pKZrl = 7.59 

pK, = -0.74 whence [nr]/[IIIl= 0.18 

The same results are of course arrived at if 
system (9) is solved with the aid of equation (10) 
and the & value corresponding to the appropri- 
ate wavelength. 

Attempts at applying equations (10) and (11) 
outside the range 260-270 nm will lead to 
absurd (negative) values for either K,, or K,,. 

Support for this approach can be gathered 
from the pKA value for compound V as the 
chloride, 

+H 
+ 

= 

x X 

B V 

( X = CH2-S-CH 3 

which we established to be 4.04 f 0.02 by poten- 
tiometric and spectrophotometric titrations. 
The higher acidity of the NH+ group in I and 
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A 

1.92 

i.* 

0.96 

PH 
Fig. 3. S~~ophotomet~c titration of A at (a) 224 nm and (6) 260 nm. Solid line A, is the fitting curve 
of equation (8). The circles are observed data points (c,, = 2.505 x 10V4M). Solid lines A,, A,,,,,,, and 
A,, are the relative contributions of I, (II + III), and IV, respectively, to the total absorbance as a function 

of pH from equation (8). 

V as compared to that in pyridinium ion (p& 
5.25) is likely to be caused by the presence of 
the two electron-withdrawing methylthio- 
methyl (CHrSCH,) substituents [the electron- 
attracting character of these groups is reflected 
by the pK, value of 4.64 for 2-(methyl- 
thiomethyl)pyridir@]. The higher acidity of the 
OH group in III relative to phenol is compar- 
able to that in m-nitrophenol (pK, 8.33 us. ply, 
8.38) and stems from the presence of the hetero- 
cyclic nitrogen which has been suggested to be 
roughly equivalent to a nitro-group.” This is 
consistent with the very large increase in acidity 
of the phenolic proton reIative to phenol in I 
(p& 4.71 us. ply, 9.9), due to the presence of 

the additional positive charge (c$ pK,, 4.96 
for N-methyl-3-hydroxypyridinium iodide2g). 
Finally, the negative charge of the phenolate 
group in zwitterion II renders its NH+ proton 
much less acidic than its counterpart in the 
cationic phenol I (p& 7.59 vs. pK,, 3.97). 

It appears from our scheme that the neutral 
hydroxypytidine III predominates over the phe- 
nolate-py~di~~ zwitterion II. This is in con- 
trast with Lunn and Morton’s assumption 
about related 3-hydroxypyridines for which the 
zwitterion was claimed to be the only monopro- 
tonated species present in the pH range midway 
between the two macroscopic p& and pK, 
valuesM Based on the analysis of the problem 



704 PAOL~ U~UAOLIATI and LUCIANO CANOVESE 

that we have presented in this paper and on the 
spectral changes reported,30 we cannot see how 
such a claim could be sustained. 
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SPECTROPHOTOMETRIC EXAMINATION OF REDOX 
EQUILIBRIA BY USE OF LOGARITHMIC 

TRANSFORMATIONS 

S. Koca and G. ACEBRMANN 

Bergakademie Freiberg, Sektion Chemie, F&berg-9200, Germany 

(Received 12 Fehury 1990. Accepted 2 f .Fantuary 1991) 

Summary-For the spectrophotometric characterization of redox reactions, a logarithmic transformation 
is proposed by which it is possible to analyse indirectly the functions E =f(pH ) and E -f(C) derived 
from experimental data. Resides the mechanism of the maction the equilibrium constant can also be 
calculated. The method is generally usable for equimolar redox systems and also for non-equimolar ones 
if a single ~uilib~~ exists in the range under examination. References to the evaluation are given and 
the practicability is demonstrated with the system Fe3+ /SO:- . 

Spectrophotometric methods of examining re- 
dox equilibria are rarely published because the 
potentials of the half-cells are known and there- 
fore the reactions can be formulated. In the 
examination of unknown redox reactions, how- 
ever, experimental methods must be used. When 
the components are coloured, spectrophoto- 
metric methods are applicable, such as Job’s 
method’ or the molar ratio method.* In the case 
of equimolar systems it is disadvantageous 
that these methods give only the possibility of 
finding the relative molar coefficients (m/n). It 
is not always possible to characterize compli- 
cated redox systems unequivo~lly with these 
coefficients. Moreover, with these methods only 
reactions with high equilibrium constants can be 
tested. By applying special kinds of transform- 
ations containing the equilibrium constants, the 
absolute coefficients (m, n) can be determined. 
The transformation proposed by Ceba et aL3 
can be used for the determination of the molar 
coefficients and equilibrium constants, but a 
statement of the number of protons exchanged 
is not possible. 

This paper reports a generally applicable 
logarithmic transformation with which it is 
possible to find the stoichiometry of the 
reaction, including the number of protons 
exchanged and the equilibrium constant. 

adding the reagents in the following sequence: 
iron solution, perchloric acid, sodium sulphite 
and sodium chloride. Measurements were made 
immediately after mixing (pH curve) or after 
2 months (C, curve). The iron(II1) standard 
solution was prepared by dissolving the sulphate 
in O.lM sulphuric acid. The concentration of 
the sodium sulphite solution was determined 
iodometrically. 

General aspects 

A general redox reaction between A,, and B, 
to yield Ai and B: can formally be written, 
including polynuclear species, as 

mA,,$nB,z+m ‘A: + n’B: + xH (1) 

where charges are omitted for simplicity. At 
equilib~um 

mq = m’s (2) 

nr = n’t (3) 

Equation (1) can therefore be written as 

mA,+nB,es mq A; + 5 B: + xH (4) 

EXPER~AL The species Ai and B: are in this case in the 
stoichiometric relation 

The spectrophotometric measurements were 
made with a Beckman DU spectrophotometer 
and l-cm cells. All samples were prepared by 
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[A~]:[B~]=m’:n’=~:~ (5) 
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Also, the total concentrations of A and B (C,., 
and C,) are given by 

C, = qtA,l+ &%I 
C, = r[B,] + t[B;] 

If the ionic strength (I) is practically 
the law of mass action is valid, and 

K* = EMdP:l"'W 

[AJ" Prl 

6% 

(7) 

constant, 

(m,n,m’,n’)=l,2,..;~=0,+1,+2,.. (8) 

For proton-free equilibria, the corresponding 
constant K, resulting from (8) with x = 0, is 

(9) 

Fundamentals of the transformation 

As extended examination has shown, because 
of the exponential form of (8) and (9), linear 
~lationships can only be established if logarith- 
mic functions are used. From equation (8), 

log [A: I” P: I”’ 
[Aql”EB,I 

= xpH + log K* (10) 

If the concentration term is called 2 then 

log 2 = xpH + log K* (11) 

which is the equation of a straight line with 
slope x and intercept log K*. An indirect analy- 
sis with a simple assumption of linearity cannot 
be performed, since because of the use of a 
logarithmic function linearity would result even 
if x, pn or n’ were wrong. In the case of the true 
molar coeflkients a straight line results: 

log 2 =f (xpH)(,. = wnst.) (12) 

and x is the value of the slope in the correct 
mathematical equation. The calculation of the 
~uilib~um constant is first demonstrated for a 
general model with coloured components. For 
further convenience, A, B, etc. are simplified 
and written as A, B. . . . 

According to the Lambert-Beer law, for a 
path-length d, the absorbance A is given by 

A/d=EA[A]+~A’[A’]+Ls[B]+EB’[B’] (13) 

By combination of equations (5), (6) and (7), the 
values of the con~ntrations are 

[A’] = 
m’(qrAld - r&ACA - q%Cd 

m’r(q6, -se.J f n’q(r+ - t6B) 
(14) 

(15) 

C,--s[A’] 
IA1 = q 

c, - tpq 
PI = r 

(16) 

(17) 

Since m’ = mqjs and n’ = nr/t, m’ and n’ can 
be replaced in the log~thmic function (10) to 
give 

log 2 = y log [A’] + 7 log [B’] 

--))2 log [A] - nlog [B] (18) 

Equilibria involving protons 

To solve this problem it is necessary to ana- 
lyse the curve A =f (pH) resulting from exper- 
iments with constant C, , C,, Z and Iz, after use 
of transformation (1 1), equations (14)-(17) or 
(18) and a plot of the results. The parameters 
(x, m, n) used are only the correct values if the 
straight line function log 2 = f (xpH) meets the 
criterion 

(19) 

Both m and n can have only a positive sign, but 
the values of x can be either positive or negative, 
positive for systems in which protons are re- 
leased. 

Extrapolation of the straight line resulting 
from use of the correct values of the molar 
coefficients gives log K* from the intercept on 
the ordinate: since this results from extrapol- 
ation to x = 0 or pH = 0, all values of x give the 
correct value for the equilibrium constant. 

Proton -free equilibria 

Redox equilibria that are inde~ndent of 
pH are relatively few. For systems with A = 
f(pH) = constant, the function A =f (C,) is 
obtained from a set of experiments with C,, Z 
and tz all constant. For the evaluation, equations 
(18) and (14)-(17) with varying (m, n), are again 
used. 

For the correct parameters, the criterion 
log Z(C,) = const. must be fulfilled. By apply- 
ing this fo~ulation with C,, pH, Z and A 
constant, equilibria involving protons can also 
be handled. In this case, only (m, n) results. An 
apparent constant K’ = K*/[Hr is obtained, 
defined by 

log K =log z (20) 
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Table 1. Transformation Z =f@H, C); 
absorption by only one component 

Condition Concentration [A’] 

fA > 0 
SaCA -#Id 

K4 
Q>O A /dcA 

dg > 0 
m ‘(Q, C, - rA /d) 

tf’ldg 

r,.>O m’A/dn’s, 

In the case of proton-free equilibria, the equi- 
librium constant K for expression (9) is easily 
obtained with correct coefficients from log 
K = log z. 

A~~~~~tion of the ~r~sf~rrn~t~uns 

The logarithmic transformations give the 
possibility of analysing the functions A =f (pH) 
and A =f (C) resulting from spectrophotomet- 
ric measurements. Before starting the exper- 
iments it must be known that the mechanism 
and species involved will always be the same. 
Only under these conditions will the transform- 
ations work. 

For application of the mathematical 
equations, the molar absorptivities Q, +,, erc., 
must be known. Generally, a wavelength can 
be found at which only some of the com- 
ponents absorb. If 1, 2 or 3 of the species are 
coloured, equation (14) will give [A’]. As 
equations (15), (16) and (17) show, the 
functions for [B’], [A] and [BJ are not affected. 
The necessary relations~ps are compiled in 
Tables 1, 2 and 3. 

To characterize colourless systems, it is 
necessary either to use the ultraviolet region or 
to change one component into a coloured com- 
pound. In the latter case, this derivatization 
must not noticeably influence the primary redox 

Table 2. Transformation log Z =f(pH, C) 
(absorption by two components) 

Condition Concentration [A’] 

(%,CA’)=+O 
qAld -cAG 

qfK - SCA 

@a.as)>O 

(549 Lg.) > 0 

MM/d --cAG) 
n ‘qcs - rn’q 

m’A 

d(m’e,. + n’+) 

@B,4>0 
rn’(~e~ C, + qcs C, - qrA /d) 

m’rsc, f n’qft, 

m’(rA,/d - es&) 

m *rty - tn’cB 
m’(rA/d -a,,C,,) 

n’(rhw - Ice) 

Table 3. Transformation log Z =f @H, C) 
(absorption by three components) 

Condition Comxmtration [A’] 

mechanism. It is therefore best to use a reaction 
in which weak co-ordination complexes are 
formed. In this case it is not recommended to 
determine the ~uilib~um constant. 

In performing the experiments, there are 
some conditions which must be kept constant by 
using a suitable salt. Because of side-reactions, 
buffer solutions are not recommended. The 
timing of the procedure must be very carefully 
regulated, in case kinetic effects interfere. Be- 
sides this, it has to be taken into account that 
the equilibrium must not be fully shifted to the 
right, since the mathematical model would then 
not be valid, because [A,] --, 0 and [B,] -+ 0. 
Partial reaction can often be achieved by suit- 
able selection of the pH and reactant concen- 
trations. It is advantageous that there are no 
approximations in the transformation, i.e., that 
there is no restriction concerning the total con- 
centrations C, and C,. 

Though it is not possible to give general 
instructions for application of this transform- 
ation, some remarks can be made. 

It can first be supposed that the quantities 
q, r, s and t are known. Otherwise, besides 

E I 

06 ! 

0.4 1 f 
I f 

Q2i / 
f 

I t 6 , 1 

12 3 4 5 

mi TOM WClO, 

Fig. 1. pH function of the system Fe’+/SOi- 
(C,, = 2 x 10-3M, C, = 2 x lo-*M, 1M NaCl, L = 380 

nni). 
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variation of x, m and n, the variation of s and/ 
or t is also necessary. The criteria log Z(C,) = 
constant A log Z/A(xpH) = x are also valid in 
this case. In this connection the relative molar 
coeflkients V = n/m (determined by the Job 
method or photometric or potentiometric ti- 
tration) are valuable, since by using these quan- 
tities it becomes possible to predict m and n. 

Thereafter the reaction processes can be for- 
mulated. In the case of oxyanion oxidants the 
role of water must be considered. Here, an exact 
assignment of the general and particular 
equations of the reactions is of importance. 

Example 

We have examined the stoichiometry of the 
system Fe3+/SO:- in a strong acid medium. 
From the properties of SO2 and SO:- the fol- 
lowing reaction can be formulated: 

2Fe3+ + SOz + H,O z$ ZFe*+ + HSO; + 3H+ 

mA,+nB,eyA:+yB;+xH 

Comparison of the general and particular 
reactions shows that the reaction equation is 
unequivocally determined by X, m and n. The 
shape. of the function A =f(pH) (Fig. 1) indi- 
cates a positive number of protons is involved. 

Iron(II1) is measured as its chloro-complex, 
for which the Lambert-Beer law, with 
foci,,) = 550 1. mole-’ . cm-’ holds in the pH 
range from 0.18 to 0.58. The pH values used for 
the evaluation are given by the con~ntration of 
perchloric acid used, with due regard to the 
reaction 

SO;- + 2H+ z$ SO2 + Hi,0 

For evaluation under the conditions &A > 0 
andq=r=s=t= 1, the cases to be applied 
(Table 1) are 

cACA-Ald 
iA’1 = EA 

[B’] = ; [A‘] 

[A]=C,-[A’] 

[B] = C, - [B’] 

log Z = m log [A’] + n log [B’] 

-m log[A]-n log[B]. 

By use of these equations, transformations 
according to equation (11) are possible. From 

Table 4. Indirect logarithmic analysis 
of molar coefficients in the svstem 

Fe)+/Sq- (pH 0 18-O S8j . . 

In n x Slom 

2 1 1 8.33 
2 

J 2 : 
2 4.17 
3 2.93 1 

2 1 4 2.08 
2 1 5 1.67 

: I 1 2 1 11.91 5.95 

3’ 1 
3 : 

4 3 3.91 2.98 
5 2.38 

1 2 1 8.13 
1 i 2 4.06 
I 3 2.62 
I 
1 ; 

4 2.03 
5 1.63 

1 3 I 11.25 
1 : 2 5.71 
1 3 3.66 
1 i 4 2.74 
1 5 2.20 

1 1 1 5.45 
1 1 2 2.72 

f 1 1 4 3 1.82 1.36 
1 1 5 1.09 

a graph of log 2 vs. xpH the value of x 
can be found. The results are compiled in 
Table 4. The coefficients m = 2, n = 1 and 
x = 3 necessary for Alog Z/A (xpH) = x to be 
fulfilled, are in agreement with the known 
equation. This example shows the value of 
the proposed method. Finally, in Fig. 2 
some typical straight lines for m = 2, n = 1 
and x = 1 . , .5 are shown. The straight line 
with x = 3 represents the case with the correct 
parameters. 

The mechanism is confirmed by the analysis 
of a C~-function with &Fc(iii) = 820, over the 

6! 1 1 1 
0 1 2 3 

x PH 

Fig. 2. Linear transformation log Z =f(xpH) of the system 
Fe3+/SO$- (m = 2, n = 1). 
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sulphite concentration range from 0.08 to REFERENCES 

O.lSM. The following values were obtained for 1. D. Svobodova and J. GaspariE, Mikrochim. Acta, 1975 

log 2: -0.954, -0.927, -0.931, -0.958, with II, 529. 

m =2, n =l. Only in the case of m =2 2. S. Koch and G. Ackermann, Z. Chem., 1988, 28, 
376. 

and n = 1 is the criterion log Z(C,) = constant 
fulfilled. 

3. M. Romen Ceba, J. A. Mufioz Leyva and J. J. Berzas 
Nevado, And. Chim. ACM, 1981, 130, 183. 
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DIRECT SPECTROPHOTOMETR~C DET~RMINATTON OF 
Nd IN MIXED RARE EARTHS WITH SEMI-XYLENOL 

ORANGE AND CETYLPYRIDINIUM CHLORIDE 

NAI-XING WANG 

Department of Chemistry; Shandong University, &ran, handout 250100, People% Republic of China 

Summary-The derivative absorption spectra of the neodymium complex with Semi-Xylenol Orange and 
cetylpyridinium chloride has been investigated. The characteristic absorption of the complex is w 350 times 
that of neodymium chloride. The fourth-order derivative spectrum has been used to eliminate the 
interference of the other lanthanide~ and to increase the sensitivity by a further factor of 6. Beer’s law 
is obeyed for O-7.5 ~8 of Nd in 25 ml of sofution. The relative standard deviation for 7 dete~natio~s 
of I.8 pg/25 ml neodymium was 1.3%. The detection limits were 5.8 n&ml in the absence of lantbanum 
and t I .2 r&ml in the presence of 44 ng/mI lanthanum (or 36 r&ml yttrium). The method has been used 
for the determination of neodymium in mixed rare earths, with satisfactory results. 

There has always been interest in determination 
of indi~dual lanth~nides in their mixtures, 
on the basis of the absorption bands of their 
4f electron transitions.‘-’ Various complexing 
age~t/su~actant systems have been reported 
for determination of the lanthanides but few 
of them are useful for the determination of 
individual elements in the group.8-‘o 

Semi-Xylenol Orange has been used in the 
presence of ~tylpy~di~um bromide for the 
S~Gtrophotomet~c dete~na~on of the lan- 
thanides” and we have now found that use of 
cetylpyridinium chloride as the surfactant, and 
the fourth-order derivative spectra, eliminates 
the interference of the other lanthanides in the 
determination of neodymium and increases 
the ~ns~t~~ty~ with Semi-Xylenol Orange as the 
chromophore. 

EXPERIMENTAL 

Apparatus 

A Shimadzu W*3~# double-beam spectro- 
photometer with 4.O-em path-length cells was 
used. 

Reagents 

Standard solutions of the Ianthanides were 
prepared from the pure oxides (Johnson 
Matthey), ignited before use. 

Standard solutions of Semi-Xylenol Orange 
(SXO, 5.00 x 1O-4M) and cetylpyridinium 
chloride (CPC, 2.00 x 10-‘&J) were prepared by 

dissolving 0.1369 g of SXO (Shanghai Reagent 
Three Plant, China) in 500 ml of water and 
1.790 g of CPC (Fluka) in 250 ml of water, 
respectively. 

Buffer solutions were prepared by mixing 
l.Oicp hexamine solution with suitable volumes 
of 0.11M hydrochloric acid or O.lM sodium 
hydroxide. Analytical-reagent grade chemicals 
were used wherever possible. 

Procedure 

Transfer a known volume of lanthanide sol- 
ution to a 25-ml standard flask, add 0.75 ml of 
5.00 x 10-4M SXO, 5.0 ml of pH-8.2 hexamine 
buffer solution and 1.0 ml of 2.00 x lo-*M 
CPC. Dilute to the mark with distilled water 
and after 15 mm record the fourth-order 
derivative spectrum against a reagent blank (or 
suitable amounts of a corresponding lanthanum 
complex solution) as .reference, using 4.0-cm 
cells. 

Absorption spectra 
The absorption spectra of the neodymium 

and representative lanthanide complexes and of 
the neodymium ion are shown in Fig. 1. 

From Fig. la it is evident that the abso~tion 
maximum for all the lanthanide-SXO-CPC 
complexes is in the region of 585-607 nm, so it 
is not possible to determine neodymium directly 
in the presence of other lanthanides, especially 
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Fig. 1. Absorption spectra of neodymium and lanthanide (Ln) complexes. (a): [Ln] = 1.0 x IOe6M; 
[SXO] = 1.5 x 10e5M; [CPC] = 8.0 x 10e4M; pH = 8.2; 4.0~cm cells; 1, La; 2, Nd; 3, Y; 4, Ho. Reagent 
blank as reference. (b): 5, Nd3+ ([Nd] = 1.0 x 10m4M) against water as reference; 6, Nd-SXO-CPC against 

La-SXO-CPC as reference. Other conditions as for (a). 

lanthanum, which has almost the same absorp- 
tion pattern. However, there is a slight differ- 
ence at 586 nm between the absorption spectra 
of the neodymium complex and the other 
lanthanide complexes. The absorption spectrum 
of the neodymium complex, measured against 
the lanthanum complex as reference is shown 
in Fig. lb, along with that of neodymium 
measured against water. It is clear that the 
amplitude of the neodymium absorption band 
is red-shifted and remarkably increased by 
the complexation. The molar absorptivity 
calculated for the neodymium complex was 
2.3 x lo3 l.mole-’ .crn-‘, which is -350 times 
that for neodymium chloride. 

To eliminate the interference of the other 
lanthanides in the determination of neodymium, 
we investigated the lst-4th order derivative 
spectra of the complexes. The optimal con- 
ditions proved to be use of the fourth-order 
derivative with A1 = 1.8 nm, band-pass = 1.0 
nm and scan rate = 50 nm/min. Figure 2 
shows the fourth-order derivative spectra of the 
lanthanide complexes, from which it is clear 
that the derivative spectrum of the neodymium 
complex is very different from the spectra of 
the other complexes. The amplitudes at 585 
and 587 nm are significant for neodymium, and 
negligible for the other lanthanides. 

Optimization of reaction conditions 

The pH and the concentrations of SXO 
and CPC were optimized by varying one of 

them at a time (Figs. 35), and the values 
selected are those given in the procedure. 
To allow for consumption of the reagents 
by other lanthanides present in analysis of 
mixtures, the amounts recommended in the 
procedure are about 10 times greater for 
SXO and 650 times greater for CPC 
than necessary for the sum of the lanthanides 
present. 
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Fig. 2. Fourth-order derivative spectra of lanthanide com- 
plexes. AI = 1.8 nm; band-pass = 1 .O nm; scan-rate = 50 

nm/min. Other conditions as for Fig. l(a). 
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Fig. 3. Effect of pH on the fourth derivative absorption 
of the neodymium complex. [Nd] = 1.0 x lo-‘M; [SXO] = 
1.5 x 10-5M; [Cpcl= 8.0 x lo-‘M; 4.O-cm cells; Al = 1.8 
nm; band-pass = 1.0 nm; scan-rate = 50 nm/min; peak to 

trough amplitude at 585 and 587 min. 

The complex takes 15 min to form completely 
and is stable for at least 24 hr. 

Calibration graph and detection limits 

A linear calibration graph was obtained by 
plotting the peak to trough amplitudes at 585 
and 587 nm for neodymium in the concentration 
range O-7.5 pg/25 ml and the derivative 
molar absorptivity was found to be 1.38 x 10’ 
l.mole-‘.cm-‘, -2000 times greater than for 
neodymium chloride. The calibration spectra 
are shown in Fig. 6. The relative standard 
deviation for 7 determinations of 1.8 pg/25 ml 
neodymium was 1.3%. The detection limits 
were 5.8 ng/ml in absence of lanthanum 
and 11.2 ng/ml in the presence of 44 ng/ml 
lanthanum (or 36 ng/ml yttrium). 

To test the utility of the method, a synthetic 
lanthanide sample was prepared with compo- 
sition (O/O) LazOj 24.10, CeO, 52.30, Pr,O,, 
5.28, Ndz03 15.32, Sm,OS 1.12, Eu,O~ 0.15, 
Gd203 0.10, Ho,Oj 0.20, Er,03 0.20, Y203 

Fig. 4. Effect of [SXO] on the fourth derivative absorption 
of the neodymium complex: pH = 8.2; other conditions as 
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d'A 0.04 
TF 

0.02 

0 

CPC (x10 -’ M) 

Fig. 5. Effect of [CPCj on the fourth derivative absorption 
of the neodymium complex: pH = 8.2; other conditions as 

for Fig. 3, except for [CPC]. 

1.23. The result obtained for NdzOj was 15.62% 
(relative error 2.0%). The relative standard 
deviation (6 determinations) was 1.8%. In ad- 
dition, the amount of neodymium in a reference 

d'A 

is 

560 565 590 595 

k(nm) 

Fig. 6. Calibration spectra. [Nd] (pg/25 ml): 1, 1.08; 2,2.16; 
3,3.24; 4,4.32; 5.5.40; 6,6.48; 7,7.56; pH 8.2, AL = 1.8 nm; 

for Fig. 3, except for [SXO]. band-pass 1.0 nm; scan-rate 50 nm/min. 
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material* was determined. The value found was 
17.05% and the certified value was 16.75% 
(relative error 1.8%). The relative standard 
deviation (5 determinations) was 1.7%. This 
shows that the accuracy and precision of the 
method are quite satisfactory. 
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Summary-A PC-based program, a General Program for Simulation of Cyclic Voltammetric Experiments 
(GPS-CV), is described. GPS-CV, written in Turbo Pascal 5.5, utilizes advances in simulation method- 
ology that increase efficiency, allow for generality of mechanism, and include ZR drop and capacitive 
current effects. An accessible user interface is used, and a graphical analysis program is provided, Cyciic 
vol~mograms for nearIy any mechanism can be simulated by the user. A com~nion program, CVFIT, 
combines the GPS-CV program with a least-squares fit by simplex minimi~tion to give the best-fit 
parameters, with error estimates. The use of CVFIT is demonstrated with a three-parameter fit of 
experimental cyclic voltammograms. 

Computer simulation by the explicit finite differ- 
ence method has proven to be a powerful tool 
for the analysis of cyclic voltammet~c exper- 
iments. The shape of a cyclic voltammetric 
curve reflects both electron transfer at the elec- 
trode and the solution chemical reactions that 
are coupled to the electron transfer. Thus, 
through a cyclic voltammetric study, a great 
deal of information can often be deduced re- 
garding electrode processes and chemical reac- 
tions in solution that are initiated by electron 
transfer at the electrode. Simulations are often 
helpful in the preliminary stages of a cyclic 
voltammetric study, assisting in predicting 
mechanism(s) that can give rise to the cyclic 
voltammograms observed. Once a particular 
mechanism is decided upon, experimental 
results can be compared with successive simu- 
lations in order to extract rate and equilibrium 
parameters of the chosen mechanism. Because 
of the recognized importance of simulation, 
much attention has been focused on improving 
the original method proposed by Feldberg.’ 
Among notable advances are the description of 
an expanding space grid to save computation 
time,2 the inclusion of the mutually interrelated 
effects of IR drop and capacitive current,3 and 
the development of general methods for treat- 
ment of solution chemical reactions in the con- 
text of the explicit finite difference method.4*5 

*Author for correspondence. 

This work describes a PC-based program 
which enables the ex~~rnen~~st to simulate 
the cyclic voltammet~ (GV) for almost any 
desired mechanism, and compare the result with 
experiment. The desired mechanism is entered in 
a simple manner with a full screen display, with 
options for varying the diffusion coefficients of 
individual species. In addition, the fitting pro- 
gram which is included finds a best fit for the 
expe~mental data. The value of such an ap- 
proach lies in the elimination of the need to 
solve by analytical or numerical means the 
partial differential equation that models each 
new mechanism. Thus, more time is available 
for the consideration of problems of a chemical 
nature, and a large amount of repetitious work 
is avoided. In addition, the increased compu- 
tational power now available in personal com- 
puters has meant that a generalized program 
can be an accessible tool for the mechanistic 
analysis of cyclic voltammograms. 

Five main objectives were considered in the 
construction of a generalized program. 

1. Mechanistic generality. The program uses 
a m~ular structure with a general solution of 
the homogeneous chemical kinetics. This means 
that virtually any electrochemical mechanism 
that can be formulated as a combination of 
electron transfers at the electrode and homo- 
geneous chemical reactions can be simulated. 

2. Speed of computation. An expanding space 
grid is used to minimize computation time. In 
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addition, the program is written in Turbo Pascal 
5.5, which can take advantage of the gain in 
speed offered by the 8087,80287 or 80387 math 
co-processors commonly used in personal com- 
puters. 

3. Ease of use. A full screen display for input 
of mechanistic and experimental parameters, 
with options for corrections and changes, is 
utilized. The parameters are entered for the 
most part in common experimental units, not in 
dimensionless units. A graphic analysis program 
is provided for on-screen view of simulated or 
experimental files. Input is “error corrected”; 
that is, if a “fatal” error is made in the input 
(such as entry of a real number instead of an 
integer), the program will re-request the infor- 
mation. 

4. Inclusion of non-ideal factors. A recently 
described method3 for including the effects of IR 
drop and capacitive current is incorporated in 
the simulation. 

5. Quantitative comparison of experimental 
and simulated data. A simplex routine is used to 
optimize the fit between experimental and simu- 
lated cyclic volt~mograms. 

IMPLEMENTATION OF THE PROGRAM 

The partial differential equation for linear 
diffusion and solution chemical kinetics is: 

where C = concentration, D = diffusion co- 
efficient, x = distance, t = time, k = chemical 
rate constant, q = species subscript, and 

8 = reaction subscript. 
A discrete form of the diffusion term on the 

right-hand side of equation (1) is: 

ci,,+ 1 = cr., + G DAf[ci-I,j-2ci,,+ci+~,jl t2) 

where i is a spatial subscript and j is a time 
subscript. 

Equation (2) is equivalent to the creation of 
a space and time grid (see Fig. 1). Computation 
time can be decreased by utilizing an expanding 
space grid or an expanding space-time grid, 
Here, an expanding spatial grid was utilized: an 
expanding time grid can cause inaccurate calcu- 
lations of the solution chemical kinetics5 The 
expanding grid was constructed with the spatial 
increment doubled in size every fourth grid- 
point, after the method of Seeber and StefanL6 
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Fig. 1. A time and space grid utilized by the finite difference 
method. The program described in this work uses an 

expanding spatial grid to save computation time. 

Near to the electrode, the concentrations will be 
determined by the potential (i.e., through the 
equations of electrochemical kinetics) and 
diffusion, and at “infinite” distance the concen- 
trations will be the same as the initial con- 
ditions. These facts constitute the boundary 
conditions for equation (1). In this work, the 
flux at the electrode was calculated according to 
a previously described method, which takes into 
account the flux of species at the surface of the 
electrode due to both the heterogeneous kinetics 
as described by the Butler-Volmer equation 
[equation (3)] and diffusion.’ The potential, E, in 
the Butler-Volmer equation can be corrected 
for Z1p drop in a number of ways. In this work, 
following the method of Boyer et al.,3 the IR 
term is included by reading an experimental 
current file and using a measured (or estimated) 
resistance to calculate IR. 

The capacitive current is also calculated as in 
Boyer et al.,3 by using the potential corrected for 
IR drop in calculating the capacitive charging 
current at each time step in the simulation. 

Although diffusion and chemical reaction are 
concurrent processes, in the explicit finite differ- 
ence method they are calculated separately. This 
procedure, which is valid if the time increments 
are small enough, leads to the possibility of very 
general treatments of the chemical kinetic term 
in equation (1). In particular, it has been shown 
that simple numerical methods such as an itera- 
tive modified Euler methods or a Runge-Kutta 
method4 can be used to provide general sol- 
utions for the differential equations that model 
chemical kinetics. Thus, a simple algorithm 
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based on equation (4) has been used to solve 
chemical reaction kinetics: 

AG& 
+ 7 

1 
(4) 

where the changes in concentrations are ob- 
tained from a differential appro~mation for the 
kinetics, based on the initial con~ntration and 
the nth concentration, For example, for the 
kinetic scheme 

AAB 

BLC 

the n th con~ntrations C,, and C,, for A and B 
respectively are calculated as: 

The inclusion of all of these features in a 
General Program for Simulation of Cyclic 
Voltammetric experiments (GPS-CV) results in 
a rather complex program structure. Index 
numbers are assigned to each species in the 
mechanism, to each electrode reaction, and to 
each solution chemical reaction. Program loops 
are used to include all reactions for all species 
within the usual scheme for simulation by ex- 
plicit finite differences. This is illustrated by 
Table 1. 

The use of the GPS-CV program is nearly 
self-evident for those familiar with cyclic 
voltammetry. However, to give a clear idea of its 
capabilities and the conventions utilized, a brief 
summary of the interactive input procedure 
follows. 

Inputloutput for GPS-CV 

number of species in the mechanism. An in- 
teger equal to the total number of species in the 
mechanism is entered. Although the screen 
input is designed for up to 8 species more can 
be entered if necessary. 

Concentrations of the species. The initial con- 
centration of each species is entered in normal- 
ized units. That is, the concentration of each 
species is divided by a chosen notating con- 
centration (Cnorar), typically that of the primary 

eiectroactive species. Each species is now 
associated with an integer, in the order of entry. 
Later entries, which describe electrode reactions 
and chemical reactions, utilize these number 
identifications. 

Redox couples. The integer indexes of the 
oxidized and reduced forms of each redox 
couple are entered, followed by the reduction 
potential (in volts), the heterogeneous rate con- 
stant (in cm/set), and the transfer coefficient. 
For an electron transfer that is considered to be 
reversible, a value of 10 cm/set will ensure 
reversibility under most circumstances. If a two- 
electron transfer (where one of the redox species 
is shared by two couples) is among the etectrode 
reactions, these should be entered in sequence 
when written as reductions. For instance: 

1 + e-+32 

2 + e-*3 

solution chemical reactions. Each chemical 
reaction (first- or second-order) is described by 
entering two indexes for the reactants and two 
for the products (if the reaction is first order, 0 
is entered in the space reserved for the second 
species of a second order reaction). First-order 
rate constants are entered in units of see-‘. 
Second-order rate constants are entered in units 
of l.mole-‘,sec-’ x C,,,. 

Experimentai parameters. The number of half 
cycles (1, 2 or 3), the initial potential, switching 
potential(s), final potential (V) and scan rate 
(V/set) are entered. Asymmetric potential wave- 
forms, which are often useful, are possible in 
this scheme. 

Changes in input. At this point, the user can 
inspect the entire input screen and change se- 
lected parameters. It is also possible to change 
the default temperature (298. IS”) or the default 
diffusion coefficient for each species 
(1.00 x lo-’ cm’/sec). The diffusion coefficients 
are changed by entering a multiplier of the 
default value (for instance, enter 0.5 for a 
diffusion coefficient of 5.00 x 10e6 cm2/sec). If it 
is desired to simulate a m~hanism with a 
diffusion coefficient larger than the default co- 
efficient, the default diffusion coefficient must be 
changed in the source code. 

Option for capacitive current. If it is desired to 
include a capacitive current in the simulation, 
then the electrode area (cm2), double-layer ca- 
pacitance @F/cm’), solution resistance (ks;t), 
and the normalizing con~n~ation (mole/l.) are 
requested. 
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Option for IR drop. The effect of the IR 
drop can also be included. It is necessary to 
provide an experimental data tie of current- 
potential values (1 point per mv), and to enter 
the resistance, area, and no~ali~ng concen- 
tration. The experimental current is read and 
the simulation potentials are corrected accord- 
ingly. 

Names of data and graphic output $les. The 
user selects the names of the output files which 
are to contain the simulated current and poten- 
tial values. The graphics file contains data to be 
used in the graphics routine, and the data file 
contains the simulation data and record of 
parameters. The data file can also be used as 
input for commercial graphics programs for 
high-qua~ty print output. 

Stimulated current. The simulated current 
and potential values are displayed on the 

screen during the simulation so that progress 
can be monitored. The simulated current (4,) 
displayed and saved in the output files is 
related to the actual current (&_) according 
to I., = I~~~~~~~rea x C,, x 100 x v), where 
Area = electrode area and C,,*, = the normalii- 
ing concentration, and v = scan rate. Generally, 
the program sets the time increments used in 
the simulation so as to achieve less than 0.1% 
error. 

If the option for capacitive current and/or IR 
drop was selected, then the simulation current is 
output directly in amperes. 

Graphics. An on-screen graphics represen- 
tation of the simulation output can be obtained 
for CGA or Wercules graphics screens. The 
initial and final potentials of the desired graph 
are input, a scale factor for the y (current) axis 
is selected, and the name of the graphics file is 

Table I. Skeleton of Pascal program (GPS-Cv)* 

VARIABLE DECLA~~ONS {DECLARE ALL VARIABLES PROCEDURE SETUP 

READ THE FOLLOWING INPUT INFORMATION 

1. NUMBER OF SPECIES {NSPEC} AND CONCENTRATIONS OF EACH 
2. NUMBER OF ELECTRODE COUPLES {NCOUP} AND THERMODYNAMIC AND KINETIC 

PARAMETERS FOR EACH COUPLE 
3. NUMBER OF CHEMICAL REACTIONS {NREACT) AND FORWARD AND REVERSE RATE 

CONSTANTS FOR EACH REACTION 
4. EXPERIMENTAL PA~METERS {SCAN RANGES AND SCAN RATE) 

CALCULATE FROM MAXIMUM CHEMICAL RATE CONSTANT AND EXPERIMENTAL PARAMETERS 
THE NUMBER OF TIME INCREMENTS {NT} AND NUMBER OF SPACE INCREMENTS INS) 

OPTION: CHANGE 1, 2, 3 OR 4 OR DEFAULT PARAMETERS {TEMPERATURE OR DIFFUSION 
COEFFICIENT] 

OPTION READ PARAMETERS NECESSARY TO INCLUDE IR DROP OR CAPACITIVE CURRENT 
(RESISTANCE, AREA, AND CURRENT} 

PROCEDURE ELECTRODE 
FOR I = I TO NCOUP DO {LOOP OVER ELECTRODE COUPLES) 

CALCULATE THE CURRENT FOR EACH ELECTRODE REACTION 
OPTION: CALCULATE CAPACITIVE CURRENT 
CALCULATE TOTAL CURRENT 
OUTPUT POTENTIAL/CURRENT VALUES TO SCREEN AND TO DATA FILES 

PROCEDURE DIFFUSION 
FOR I= 1 TO NSPEC DO (LOOP OVER SPECIES) 
FOR J = 1 TO NS DO {LOOP OVER SPATIAL INCREMENTS) 

CALCULATE CONCENTRATION CHANGE DUE TO DIFFUSION FOR SPECIES I 
PROCEDURE CHEMREACI 

FOR J = 1 TO NS DO {LOOP OVER SPATIAL INCREMENTS} 
USE MODIFIED EULER METHOD TO CALCULATE CONCENTRATION CHANGES DUE TO SOLUTION 
CHEMICAL REACTIONS. 

(*********w* MAIN PROGRAM **t**+***+**) 

SETUP; 
FOR I = 1 TO NT {LOOP OVER TIME INCREMENTS} 

INCREMENT THE ELECTRODE POTENTIAL ACCORDING TO SCAN RANGE, SCAN RATE AND AS 
OPTION CURRENT AND RESISTANCE {IR DROP} 

ELECTRODE; 
DIFFUSION: 
CHEM~A~; 

WRITE OUT SIMULATION PARAMETERS TO DATA FILE 
ANOTHER SIMULATION? 

YES-GOT0 SETUP 
NO {FINISH SIMULATION} 

*For those interested in the detailed program structure, the source code is available, as described at the end of this paper. 
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[i] 1: 1 .O 2: 0.0 3: 1.00 4: 0.0 5: 0.0 6: 0.0 
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Save Graph File as: Gdata.pas 

Save Graph File as: Data.pas 

Fig. 2. The appearance of the screen after the input pro- 
cedure for the following mechanism and experimental par- 
ameters. Six chemical species with the following initial 
concentrations (in normalized units): 1.0, 0.0, 1.0, 0.0, 0.0, 
0.0; two redox reactions: 1 + e- c=2, E” = -0.2OV. k = 10.0 
cm see-‘, u =0.5; 5+e--=6, E”= -0.35 V, k = 10 cm 
see-‘, a =O.S; one chemical reaction: 2+3=4+5, 
k, = LOO set-‘/Cnorm, k_, = 25 set-‘/Cnorm; experimen- 
tal parameters: scan rate = I V/see, initial potentiai = 0.0 V, 

switching potential = -0.5 V, final potential = 0.0 V. 

requested. A cursor is scrolled across the screen 
by pressing of arrow keys and the corresponding 
current/potential values are shown. 

Sample input ~~r~~~~. The appearance of 
the input screen for the simulation of a specified 
mechanism is shown in Fig. 2. It is difficult to 
indicate the nature of the input procedure, since 
the input is highly interactive, and the final 
input screen does not fairly represent the 
“friendliness” of the program. A hardcopy of 
the screen graphics for the same sim~ation is 
shown in Fig. 3 and that with a capacitve 
current contribution in Fig. 4. 

Sample computation times for fast chemical 
reactions 

Typical computation times for the simulation 
of an EC mechanism for an experiment (scan 
rate, 1 V/set; scan range, 1 V, with increasing 
values of the rate constant (k) on a Gateway 386 
PC (20 MHz) with an 80387 math co-processor 
are as follows: 1 min (k = 100 see-I), 15 min 
(k = 10,000 set-I), 2.5 hr (k = 100,000 set-I). 
Simulations on a 286 PC (with co-processor) 
took about 4 times as long. Because second- 
order rate constants are entered as k in 
1. moie-' . set-’ x C,,,), mechanisms involving 
rates that are nearly diffusion-controlled can be 
simulated in a reasonable amount of time. In 
digital simulation, since the computation time 
is related to the total time of the experiment, 
the simulation times will be much shorter for 

-0.35 POT/V 

SIMULATED DATA 

Potential/V 

-0.2880 

IIAC*vl/2*100 

6.6223 

ELECTROCHEMICAL SIMULATION 

RIGHT ARROW TO SCROLL FORWARD DATA WITH CURSOR 

LEFT ARROW TO SCROLL BACKWARD 

SPACE BAR AND ENTER TO EXIT 

Fig. 3. Screen plot for the simulation of the mechanism described in Fig. 2. Simulated current is given 
in the units described in the text. 
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I I I I I 
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SIMULATED DATA 

Potefltia~/V 

-0.1080 

I/AC*vl/P 

10.2081 

*** GLOBAL*** 

ELECTROCHEMICAL SIMULATION 

RIGHT ARROW TO SCROLL FORWARD DATA WITH CURSOR 

LEFT ARROW TO SCROLL BACKWARD 

SPACE BAR AND ENTER TO EXIT 

Fig. 4. Screen plot for the same mechanism as in Fig. 3, but with a capacitive current contribution 
according to the following parameters. Scan rate = 20.0 V/EC, electrode area = 0.02 cm2, double layer 

capacitance = 50 pF/cmz, sofution resistance = 3 kQ. 

experiments with faster scan rates, such as might 
be employed when ultrami~r~lectrodes are 
used. For instance, the simulation of the mech- 
anism with k = 100,000 set-’ and scan rate = 
1000 V/set is equivalent to the simulation where 
k = 100 see-’ and scan rate = 1 V/set, and takes 
only one minute. 

CVFIT: GPS-CV WITH 
SIMPLEX OPTIMIZATION 

In order to exploit the power of digital simu- 
lation fully for the analysis of cyclic voltam- 
mograms, it is necessary to have a quantitative 
method for comparison of experimental and 
simulated results. A method that lends itself to 
a general treatment is nonlinear least-squares 
fitting,” in which the parameters of interest (e.g., 
reduction potentials, heterogenous or homo- 
geneous rate constants) are varied in a system- 
atic way until a simulation is found that 
minimizes the least-squares difference between 
the experimental result and the simulation. 
Here, we have utilized the simplex method, a 
robust algorithm for function minimization.g In 
curve fitting by least squares, it is desirable to 
obtain an estimate of the errors in the fitted 
parameters. We use the procedure of Phillips 

and Eyring,‘O in which the error estimate is 
obtained from a quadratic approximation of the 
error surface obtained from a simplex minimiz- 
ation. The program CVFTT is a program which 
couples a simplex fitting routine to the GP!%CV 
program. The CVFIT program calls the inter- 
active GPS-CV once at the canning, so that 
the user can provide a first guess for the simu- 
lation parameters. The initial simplex is based 
on a uniform random distribution centered on 
the input guesses. It subsequently repeatedly 
calls an automated version of GPS-CV with 
new guesses that are provided from the simplex 
until a best fit is reached within a set tolerance. 
For the operation of CVFIT it is necessary to 
identify the parameters to be fitted in the source 
code. Thus, for the operation of CVFIT, it is 
necessary to have a Turbo-Pascal Compiler 
(version 5.5 or higher). 

APPLICATION OF CVFIT TO THE 
ANALYSIS OF THR 

CYCLIC VOLTAMMRTRIC DATA 

Experiments were performed with a BAS- 
1OOA electr~hemi~l analyzer. The data sets 
were transferred to a fixed disk on an IBM- 
compatible computer. The electrochemical cell 
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Fig. 5. The best fit simulation (line) compared with selected 
experimental data (circles) for cyclic voltammetry of ferri- 

cyanide at 5 V/set. 

utilized a 3-mm diameter glassy-carbon working 
electrode and a silver/silver chloride reference 
electrode. Solutions were 1 SmM ferricyanide 
with O.lOM potassium chloride, adjusted to a 
pH of 2.0. The uncompensated resistance was 
estimated to be 115 a with the BAS- 1OOA. The 
BAS-1OOA does this by assuming an R,Cdl 
circuit (where R, stands for un~om~nsated 
resistance and C,, for double-layer ~pacitan~e) 
and the zero-time current for a potential step is 
extrapolated for the current decay. 

As a preliminary test of the efficacy of the 
overall approach, CVFIT was used to optimize 
the formal reduction potential (E’), and the 
heterogeneous rate parameters (k” and a) to 
give the best fit to cyclic vol~mmograms of 
Fe(CN):- at scan rates of 5.0 and 10.0 V/set. 
Literature values” for the diffusion coefficients 
of ferricyanide (7.6 x lo-%m2/sec) and ferro- 
cyanide (6.3 x 10m6 cm2/sec) were used in the 
simulation. A linearly extrapolated faradaic 
background current was subtracted before the 

-150 1 I I I I I I 

600 500 400 300 200 100 0 
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Fig. 6. The best fit simulation (line) compared with selected 
experimental data (circles) cyclic voltammetry of ferri- 

cyanide at IO V/set. 

Table 2. Summary of best-tit parameters found by the 
CVFIT program, with and without inch&on of correction 

for the JR drop 

With IR drop simulation 

v, V/set 5 
Ew, V 0.3020 f 0.0025 6.3035 :00.0005 
k”, cmjsec 0.0115 f 0.0021 0.0124 f 0.0013 
a 0.5425 & 0.0022 0.5448 f 0.0032 

Without ZR drop simulation 

v, V/set 5 10 
Eo, v 0.2941 f 0.0005 0.2925 & 0.0026 
k”, em/set 0.0114 * 0.0011 0.0125 + 0.0012 
a 0,485 1 + 0.0022 0.4851 f 0.0026 

fitting procedure. The double-layer capacitance 
was estimated to be 17 pF/cm2 by using a 
preliminary four-parameter fit. The best-fit 
simulations are compared with ex~~mental 
data in Figs. 5 and 6, and the best fits with and 
without inclusion of the ZR drop calculation are 
summarized in Table 2. When ZR drop is in- 
cluded, the results are in line with previous 
estimates of k” and a.‘* Our results indicate that 
ZR drop has more effect on the value determined 
for a than on that for k”. Also, as expected, IR 
drop causes systematic errors in dete~nations 
of the reduction potential. The total time for 
each three-parameter fit was about 1 hr on the 
Gateway 386 PC. 

Work is underway on the application of 
CVFIT to analysis of electrode mechanisms 
involving coupled chemical reactions. 

Avai~abiiity of rfte program--The compiied and source 
code of the programs GPS-CV and CVFIT (with detailed 
instructions) are available on request. If possible, please 
include $15 to cover the cost of disks, mailing, and to receive 
upgrades of the programs. The GPS-CV program is a 
revised and extended version of another program written in 
FORTRAN and designed for mainframe use. This program 
is also available by computer mail (Gosser@CCNY). 
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Summary-A method for extracting single peaks from complex linear sweep and cyclic voltamperograms 
is presented. Voltamperograms are transformed by means of semidifferentiation, then all undesired peaks 
are removed from the semiderivative curve and replaced by calculated baselines. The resulting curve is 
~~nte~ated back, giving a vol~m~~gram with one peak only. Baselines in the semiderivative domain 
are determined by the least-squares curve-fitting of datapoints from peak border regions, using the 
equation that describes the semiderivative peak of a reversible electrode process. With this procedure peaks 
can be removed without assumptions about the mechanism of the underlying electrode reaction. Due to 
its design, the algorithm presented is suitable for the fully automatic processing of cyclic and linear sweep 
voltamperograms. Performance of the procedure was checked with generated reversible voltamperograms 
as well as in real experiments with both reversible and irreversible systems. The smallest distance between 
two peaks of equaI height, for which the described method can yield correct results, has been found to 
be 110 mV for a reversible one-electron process at 298 K. This procedure can also be applied to the 
elimination of the cathodic current from the cyclic voltamperogram of a single component in order to 
get a pure anodic current value, free from cathodic contribution, or vice versa. 

Linear sweep voltammetry (LSV) and cyclic 
voltammetry (CV) are simple and relatively fast 
electroanalytical techniques used mainly for 
qualitative studies. Their experimental simplic- 
ity and well-established theoretical background 
also make them attractive for automated elec- 
trochemical investigations to be implemented in 
an expert system for the elucidation of electrode 
mechanisms, and this is under study. However, 
applicability of LSV and CV to quantitative 
studies is restricted by the shape of the signal: a 
broad, asymmetric, “tailing” peak. As a conse- 
quence of this feature, in composite voltamper- 
ograms peaks often overlap and measurement 
of their parameters (peak current and peak 
potential) is significantly hindered. Influence of 
the cathodic current on the anodic part of the 
voltamperogram makes measurement of the 
anodic peak current difficult, or even impossible 
if several cathodic peaks exist. Therefore, a 
good method for the separation of overlapping 
peaks is desired, if one wants to use these 
techniques to obtain q~ntitative results. For 

*On leave from University of Warsaw, Chemistry Depart- 
ment. Author for correspondence. 

our purposes, we would demand the method to 
have additional features: the ability to separate 
peaks without any special assumptions about 
the electrode reaction mechanism and the capa- 
bility to resolve peaks originating from a multi- 
step reaction of one compound as well as from 
signals obtained from the mixture of the elec- 
troactive species. 

The separation of cyclic voltammetric peaks 
has been an objective of extensive studies.‘4 
However, most popular methods have some 
restrictions: direct curve fitting of overlapping 
peaks’ requires parameters describing the peak 
shapes before fitting can start, knowledge of 
what excludes its application to unknown (or 
unidentified) mixtures and to peaks resulting 
from multistep reactions. The deviation-patted 
recognition method’ needs knowledge about the 
underlying electrode reaction mechanism. The 
approach of Perone et ~1.~ works only under 
supervision of the experimenter, relying on his 
decision. Interrupt-scan method, as proposed by 
Boudreau and Perone, while profitable for 
qualitative measurements, according to the 
authors doesn’t give satisfactory quantitative 
results for staircase voltammetry. An extension 
of work’ with another, more general approxi- 
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mate function4 to fit averiapping peaks retains 
the restrictions of the original work, i.e., the 
necessity of delivering peak-shape parameters 
prior to the fitting; moreover, the paper4 pre- 
sents results of this method for square-wave 
voltammetry only. 

Problems with overlapping peaks can be par- 
tially overcome by combining LSV with a math- 
ematical tmnsfo~ation like se~di~e~ntiation 
or ~~ntegra~o~.~,~ The ~nsfo~~ voltam- 
perograms reveal ~tt~ac~ve features for both 
analytical and mechanistic studies, such as the 
independence of the signal on the potential 
change function, ’ higher symmetry and small 
peak widths,5,B a linear relationship between 
~rnii~te~ated current and the surface comen- 
tration of the reactant at the eIectrodee”’ and 
simpler analytical equations de~~bing the peak 
shapes, 

The increasing number of applications of 
~midifferentiatio~ and semiintegrati~n coupled 
to linear sweep voltammetry (also called semi- 
d~~e~ntiaI~~mi~nte~ra1 electroanalysis or con- 
volution potential sweep voltammet~) is 
basted by the fact, that recently commercially 
available inst~mentati~n is equipped with these 
possibilities (e.g., Bioanalytical Systems Inc, 
PARC EG L G Corp.). IIowever, the Turner 
of electrode processes, for which a full theoreti- 
cal description of the signals is available is 
rather small. As far as semiintegration is con- 
cerned, Saveant and co-workers publish~ a 
series of papers,‘2-” in which a near of 
equations has been derived These ~ua~~~s? 
employing both current and its semiintegral 
cannot be used, however, for the direct in- 
terpretation of semiintegrated curves. For semi- 
differentiated voltamperograms, Goto and IshiiS 
reported an equation describing the peak of 
the reversible process* while ~aI~ple-Alford 
et ~/,~*‘s gave the result for the irreve~ible case. 
Goto and Ishiis also investigated the influence of 
the use of staircase instead of linear sweep 
voltammetry. 

In contrast to s~rn~de~va~ve voltamrn~~~ 
the theory of cyclic voltammet~ is well devel- 
oped, For mechanistic investigations, voltam- 
metric curves can be studied a~ordi~g to the 
standard procedures if the necessary parameters 
are available. These procedures, most employ- 
ing variations of peak potential, 4, peak cur- 
rem, ip, and anodic to cathodic current ratio 
with scan rate and concentration, often require 
values of currents which cannot always be di- 
rectly measured from the recorded curve. 

In this paper an approach is proposed, which 
combines the ~~efits of the easy i~te~retation 
of voltam~ro~ams and the enhanced resol- 
ution characteristics of sernidi~e~~tia~d linear 
sweep and q&c voltammet~ curves. This goal 
is achieved by s~midifferentia~an of a complex 
voltamperogram, separation of the semideriva- 
tive signals, removal of the undesired peaks by 
replacing them with the appropriate fragments 
of the baseline and ~iinte~atio~ back to the 
i(E) form, that will now contain peaks of 
interest only. Moreover, the proposed method is 
relatively universal and can be applied to elec- 
trochemical processes with different kinetics. 

The current in a linear sweep voltampero- 
gram with two overlapping peaks can be de- 
scribed as the sum of two independent current 
fun&ions, i(r) = ilft) + &(t). Due to the linear 
and homogeneous character of the s~midi~e~n- 
tial operator,g*i9 this additivity remains valid 
also in the sem~d~rivative domain: 

After subtracting the contrib~t~~~ of one of 
the components from the total semidifferenti- 
ated signal, the remaining curve can be semiin- 
tegrated yielding the original current peak of 
this component due to the relationships 

Semidifferentiation and semiintegration can eas- 
ily be performed with standard algorithms. The 
problem of removing unwanted peaks from a 
semide~~ative curve and r~o~t~cti~~ of the 
baseline in these regions must be solved now. 
Voltammetric peaks which are not very close to 
each other are sometimes fully separated in the 
semiderivative domain. This results from the 
fact that semiderivative peaks are much nar- 
rower than voltammet~c ones and that the 
value of the ~mide~vative drops rapidly to zero 
at the descending part of the peak, in contrast 
to the long “diffusional tail” of the original 
signal (see for exampleza,zi). This ease is shown 
in Fig. 1A. To remove peak I, baseline values at 
points marked A and B must be estimated. Then 
all datapoints between A and 3 are replaced by 
new values calculated under the assumption, 
that the baseline is linear in this range. Ad- 
ditionally, for the purpose explained later it is 
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assumed, that its slope is fairly small. These 
assumptions are generally valid, if the original 
voltamperogram is background-corrected. 

The situation is more complicated when the 
semiderivative peaks also overlap (Fig. 1B). The 
dashed line marks the baseline for peak 1. The 
part marked as B is a sum of two contributions: 
a linear one, corresponding to what was pre- 
viously called baseline and a non-linear one, 
being the descending branch of peak 0 in the 
region where peaks overlap. To be able to 
remove peak 1, the curve between C and A must 
be replaced by the sum of these two com- 
ponents, so it is necessary to estimate both of 
them separately. 

The equation that describes the semideriva- 
tive peak of a reversible process is:‘*‘* 

g i = (n2F2AvcD112/4RT) cash-* 

x WPRI*) (E - 4,Jl (3) 

and it was found, that it can be used for fitting 
data from irreversible electrode processes,22t23 
too. For the present purpose, it is also assumed 
that a function of this type can describe the part 
of the peak far away from its top, irrespective of 
the reaction mechanism. 

In the considered fragment of the semi- 
derivative voltamperogram, equation (3) can be 
rewritten in the simplified form 

d’/2 
- i = h cash-’ [k(E - E,)] 
d6’j2 (4) 

where h, k and Ep denote parameters related to 
the peak height, to peak width and to the 

T 

Fig. 1. A-two non-overlapping semiderivative peaks. Small 
filled circles mark peak borders. B-two overlapping 

semiderivative peaks. 

position of peak top, respectively. It must be 
noted that the above parameters need not 
necessarily describe the whole peak, but only the 
relevant fragment. 

To characterize the shape of the non-linear 
component of the baseline, h, k, and EP must be 
found by curve fitting. Additionally, if data- 
points used for fitting are selected from a rather 
small part of the curve lying, for example, 
around point B in Fig. 1 B, the linear component 
can be considered constant there. It allows for 
a reduction in the number of parameters and for 
the equation for the complete baseline to be 
written as follows: 

y = yB + hO cosh-2[kO(E - I&)] (9 

where the first term represents the value of the 
linear component at point B and the second one 
the descending branch of peak 0. It should be 
noted that the slope of the linear component 
determines the range over which equation (5) is 
valid. 

The overall semi-differentiated signal in the 
range of selected datapoints can be finally writ- 
ten by adding the function describing the as- 
cending branch of peak 1 to equation (4) 
resulting in: 

y = y, f h,, cash-* [k,(E - EN)] 

+ h, cash-2 [k, (E - Ep,)] (6) 

from which the parameters required have to be 
obtained by curve fitting (indexes indicate peak 
number). Once y, is found, the linear com- 
ponent of the baseline fragment necessary for 
the replacement of peak 1 can be obtained by 
using the value of yA at the point A. Calculation 
of the yA value at the free end of the overlapping 
peak can be done in the same manner as calcu- 
lations at the border points of the non-overlap- 
ping peak from Fig. IA, For these purposes, 
however, another procedure was used. The 
method often used of taking the datapoint 
value(s) at an arbitrary distance from the peak 
top (far enough to ensure, that the peak contri- 
bution is zero) was not employed, because it is 
subjective and can give wrong results in the case 
where noise or another peak appears in that 
region. Instead, an approach was used based on 
the fitting of datapoints around the peak border 
point to equation (5) (border point is selected on 
the basis of peak derivative). In this situation, 
however, the interpretation of the parameters in 
equation (5) is slightly different: now y, denotes 
the wanted value of the baseline at the peak 
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border, while the second term is a contribution 
of the residual of the peak branch. Again, if 
datapoints are chosen in a narrow range, or if 
the baseline slope is small, the method yields the 
baseline value at the border point even if the 
position of this point was selected not very 
precisely. 

When all necessary baseline parameters are 
calculated at both peak borders, the unwanted 
peak can be removed. In case of non-overlap- 
ping peaks, it is done just by drawing the 
straight line between points A and B in Fig. 1A. 
If the peak overlaps, then the dashed line from 
Fig. 1B is calculated with the equation 

y =y,+sE+h,cosh-2[&(E-Epo)] (7) 

in which y. and r are terms describing the offset 
and the slope of the linear baseline component 
(obtained from values of Ya and JJ” and ys) and 
the third term is identical to the second term on 
equation (S), i.e., the descending branch of peak 
0. The procedure proposed can also be used for 
removing peak 1 instead of peak 0. In this case, 
ho, k0 and EN in equations (5) and (7) have to 
be replaced by hl , k, and Ep,, respectively. 

EXPERIMENTAL 

Reagents 

Solutions (O.lM) of In3+, Tl+, Co*+ and Zn2+ 
were prepared from indium nitrate, thallium 
sulphate, cobalt perchlorate (Merck, pa.) and 
zinc sulphate (Fluka, p.a.). Potassium chloride 
(1M) (Suprapur, Merck) was used as the sup- 
porting electrolyte in all experiments. All sub- 
stances were dissolved in demineralized water 
filtered through a Millipore Q-II installation. 
Oxygen was expelled with specially pure (polar- 
ographic grade) nitrogen (Hoekloos). 

Equipment 

Experiments were carried out with the Auto- 
lab-100 fully computer-controlled electrochemi- 
cal system (Eco Chemie, Utrecht, The 
~e~erlands) connected to a Metrohm 663 VA 
static mercury drop electrode. An Ag/AgCl 
electrode (3M potassium chloride) was used as 
the reference electrode. In all experiments. All 
calculations were done with an Olivetti M24 
personal computer (IBM PCjXT compatible). 

Recording procedure 

Voltamperograms were recorded with 50ml 
of sup~rting electrolyte. The solution was 
deaerated for 15-20 min before the experiments. 

Two series of measurements for each pair of A 
and B compounds were done. In the first series, 
a blank volt~~ro~~, a ~l~rn~ro~arn of 
A and a voltamperogram of A + B were 
recorded by subsequently adding solutions of 
the respective ions into the cell. The peak of 
compound A, obtained via processing of the 
A + B voltam~rogram were compared to the 
original voltamperogram of A. In the second 
series, the order of additions was reversed: 
voltamperograms of a blank, of B and of B + A 
were recorded. The peak of B separated from 
the voltamperogram of B + A was compared to 
the peak of B alone. No correction for the 
volume change was made, because the total 
volume change did not exceed 0.2%. 

All voltam~ro~ams were stored on disk 
before further calculations. 

Procedure 

The whole procedure for peak separation was 
implemented in the form of a menu-driven 
program written in C (Microsoft-C version). In 
the development of the program, standard as- 
sembler routines from the Autolab- analyzer 
package were used for experimental set-up con- 
trol. 

General scheme. Depending on the kind of 
studies, voltamperograms were recorded or gen- 
erated (see below). After completing this step, 
~midifferentiation was carried out, and base- 
lines of all semiderivative peaks were calculated 
by curve fitting. All undesired peaks were then 
removed and replaced by their baselines. The 
cycle was completed by semiinte~ation of the 
processed semiderivative curves yielding the 
voltamperogram that contains only the peaks(s) 
of interest. 

Data acquisition. Voltamperograms were 
recorded by varying the potential according to 
a staircase function and measuring the current 
in the last 20% of each step (but no longer 
than 20 msec). To reduce the noise, voltampero- 
grams were digitally filtered (Savitzky-Golay 
procedure24) or several voltam~rogr~s re- 
corded at subsequent mercury drops were aver- 
aged. In the standard procedure, background 
voltamperograms were always subtracted. 

Data generation for simuiation pur~ses. 
Voltamperograms of reversible systems were 
generated by use of equation (3). First, the 
semiderivative peaks for the cathodic and the 
anodic part were generated, then the whole 
curve was semiintegrated giving the artificial 
reversible voltamperogram. Different peak com- 
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binations were obtained by changing heights 
and potentials. The program was capable of 
generating them for different temperature values 
as well. 

Semidflerentiation fsemiintegration. A Griin- 
wald definition of these operations (discrete 
differintegration)2s was used in a modified first- 
order algorithm (GO according to Oldham’“). 
This algorithm possesses very attractive fea- 
tures: it is fast, simple and can be used for both 
semidifferentiation and semiintegration (details 
can be found in the Appendix). There was no 
significant change in results when the higher 
order (Gl) algorithm was used. In the im- 
plementation presented here, the operation on a 
curve containing 400 data points took approx. 
2.8 set (IBM PC/XT 8 MHz with coprocessor). 

Detection of peak overlapping. The program 
recognized overlapping and non-overlapping 
peaks automatically. Test for peak,overlapping 
was based on the check, whether two ranges of 
datapoints for fitting, as calculated for non- 
overlapping peaks (see below), overlap or not. 

Fitting of non-overlapping peak border zones. 
This procedure was used at the free (non-over- 
lapping) ends of peaks. Datapoints for fitting to 
equation (5) were selected around the peak 
border within a distance equal to l/6 of the 
distance between peak border and peak top. The 
border of a peak, used in datapoints range 
selection, was defined as a point, in which the 
derivative is equal to 0.1% of its maximal 
value in the corresponding inflection point. 
The derivative calculations were carried out 
with Savitzky-Golay’s “smooth derivative” 
method;% this enables typical noise enhance- 
ment caused by differentiation to be overridden. 
This definition of peak border has several ad- 
vantages. It is independent of the presence of a 
baseline with a constant value; due to the very 
low value of the derivative (practically equal to 
zero in most situations), if peaks overlap, the 
border point is placed in the minimum at the 
curve between them. In case of real voltamper- 
ograms containing noise, the border point is 
selected at the place where noise becomes com- 
parable to the signal. The situation, when the 
method doesn’t give good results is a combi- 
nation of a very low noise level and a baseline 
with a large slope. 

As initial guesses of the parameters to be 
fitted, the peak height measured from the curve 
was used for ho, 0.1% of this value as y,, E,,,, 
was set to the value of the peak potential read 
from the curve and kO was calculated from the 

datapoint with highest absolute value, using 
equation (5). 

Fitting of data in the overlap zone. All data- 
points constituting the middle l/3 of the range 
between peak tops (minimum of 15 points) were 
fitted to equation (6). This choice was a compro- 
mise between requirements of the curve fitting 
(large number of points spread over the range) 
and assumptions, under which equation (6) was 
derived (small range covered by datapoints). 
Five parameters in this equation (ye, h,, , kO, h, 
and k,) were fitted, while the other two (E,, and 
E,,) were directly estimated from the curve by 
using simple correction because their changes 
due to overlapping are relatively small. In the 
first generation of initial guesses, peak poten- 
tials (as read from the curve) were used for Epo 
and EP, , for h,, and h,-directly measured peak 
heights, y, was set to 0.1% of the highest value 
of ho or h, and k,, and k, were calculated from 
the last datapoints at borders of the fitting range 
assuming, that curve there follows a pure coshV2 
function. In the next step, the appropriate cor- 
rections for the positions of peak tops, due to 
overlapping, were calculated with guesses from 
the first generation. The second generation was 
then created consisting of corrected Epo and EP, 
values and new kO and k, values re-evaluated 
with new peak potentials. Finally, y,, ho, k,,, h, 
and k, were used in the curve-fitting procedure 
for refinement, while Epo and EP, were not 
corrected further. 

The procedure used for curve-fitting was a 
least-squares one according to Wentworth. 
Fitting was performed until corrections to ho, 
h, , k. and k, were smaller than 0.1%. 

Removal of undesired peaks. After calculating 
all the necessary parameters, the baseline was 
drawn as a straight line, or, baseline points were 
calculated by using equation (7) depending on 
whether the removed peak overlaps or not. This 
procedure covered all points, for which the 
difference between the original and the new 
value exceeded 3%. 

RESULTS AND DISCUSSION 

The method presented can be applied to the 
separation of voltammetric peaks in two situ- 
ations. The first one occurs when both overlap- 
ping peaks are present in the same branch, 
either cathodic or anodic, and the second one 
occurs when they lie in different branches of the 
voltamperogram. This latter application deals 
with the separation of cathodic and anodic 
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peaks. It is well known, that in studies of 
reduction of substances, the anodic peak ap- 
pears at the “tail” of the cathodic one and 
consequently the measured anodic current is a 
sum of the cathodic and anodic contributions 
(this can easily be seen when the voltampero- 
gram is plotted in i-t coordinates instead of 
i-Q. From the point of view of peak separation, 
this situation is similar to the first case, where 
the latter cathodic peak rises from the “tail” of 
the previous one. Application of the presented 
method allows the anodic peak current (an 
important parameter in mechanistic investi- 
gations) to be read directly from the processed 
voltamperogram. 

In the practical part both applications were 
checked with generated voltammet~c curves. To 
check if the shape of the remaining peak is not 
influenced by the procedure, four peak par- 
ameters were tested: peak potential, peak cur- 
rent and potentials of inflection points. 
Inflection points were chosen for characteriz- 
ation, because in contrast to the half-peak po- 
tentials, their positions are not influenced by a 
constant or linearly varying background. In 
order to check the method in reality, two exper- 
iments with real electrochemical systems were 
also performed. 

The developed program worked relatively 
fast: a separation of the voltamperogram of two 
systems took typically 20-80 set, depending on 
the noise (which slowed down curvefitting) and 
the total number of points (increasing differinte- 
gration time). In comparison to the method 
described by Perone et al.,3 a high number of 
decisions is done by the program, so no special 
skill, experience or extensive knowledge about 
the algorithm principles is demanded from the 
operator. 

Cahdatians with generated data 

For artificially generated cyclic voltamper- 
ograms two series of tests were carried out. In 
the first, a pair of peaks (cathodic and anodic), 
simulated for a reversible electrode reaction was 
separated giving the anodic peak. Because in the 
process of semidifferentiation only points pre- 
ceding the investigated one are included in 
calculations of the ~mide~vative value, re- 
moval of the anodic peak does not influence the 
cathodic one. The error in the peak current (i,,) 
in separated voltamperograms can be expected 
to depend on the difference between the peak 
potential and the potential of the turning point 

(E,-E,,,). 

An example of this separation is shown in 
Fig. 2. Errors in the anodic peak current, &, 
and the anodic peak potential, &, as a function 
of the difference between cathodic peak poten- 
tial (E,), and the potential turning point (E,,,) 
are collected in Table 1. It can be seen, that for 
E,-E,,, > -75 mV, the error in peak current 
was less than I%, but for very small distances 
it grew rapidly. 

As far as the potential of the anodic peak is 
concerned, its shift was less than 1 mV if the 
distance, E,4&,, was 80 mV or more (data 
points were generated with an interval of 0.98 
mV). It is not clear, why two values of errors in 
E,,,, for E,-E,,, in range of 200-300 mV, devi- 
ate from the general trend. 

The second test with generated data was 
carried out in order to find a separation limit for 
peaks occurring in one branch of the voltamper- 
ogram and to study errors in their parameters 
obtained with the proposed procedure. For this 
purpose, artificial voltamperograms of two re- 
versible systems were first added up and then 
separated (heights of cathodic peaks were 
equal). The parameters obtained were compared 
with their initial values (an example of the 
results is presented in Fig. 3, where the voltam- 
perogram containing 2 anodic and 2 cathodic 
peaks is drawn together with the results ob- 
tained-two separated voltamperograms of 
each system). All results of this test (errors in iP, 
I&, and potentials of inflection points, Ej$ and 
E&L,) for all four peaks are collected in Tables 
2-5. It can be seen, that errors are small and 
have a random character with increasing absol- 
ute values for smaller peak distances. Single 
values deviating from the general trend are due 
to the discontinuities of the peak function at 
points where replacement stops. If such discon- 
tinuity appears very close to, for exampb, the 
inflection point, the obtained respective par- 
ameter will be influenced more strongly. The 
limit of separation, 110 mV for a one-electron 
process, was determined by the convergence of 
the curve-fitting. Below this value, real poten- 
tials of semiderivative peaks differ significantly 
from values estimated from the overlapped 
curve, and fitting doesn’t converge. This separ- 
ation limit appears to be smaller than the one 
presented in a comparable method.) 

Experimental data 

The method was checked with real electro- 
chemical systems as well. In two series, a couple 
of reversible + reversible systems and a couple 



Separation of overlapping peaks in cyclic voltammetry 729 

: t t / t I r 
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Fig. 2. Generated voltamperogram of one-electron reversible system. Peak potential EW= -0.329 V, 
~tenti~ of turning point Etum = -0.6 V, scan rate 0.1 V/set, potential step 4 mV, tern~~tu~ 298 K 

(solid line) and result of removing the cathodic peak (dashed line). 

of non-reversible + non-reversible systems were 
separated. As an example of the first case, a 
solution of In3+ + Tl+ ions (AE” approx. 115 
mV) was prepared with concentrations of 
2 x IO-’ and 6 x lo-‘M, respectively (voltam- 
metric peaks with approximately equal heights). 
Voltamperograms were recorded with a scan 
rate of 0.66 V/set with a potential step of 1.6 
mV. Figure 4 presents one of these voltamper- 
ograms and two curves obtained as a result of 
the processing. From the procedure outlined 
above it could be expected that no baseline 
remains, However, for the In3+ peak a small 
potential-dependent baseline is observed, which 

Table I. Errors in the anodic peak 
potential (E,) and the current (Q as 
a function of the difference between 
cathodic peak potential (E&I and turn- 
ing point potential (E,,) for the gener- 
ated reversible voltamperogram of one 
system (absolute vahtes). Conditions: 
n = I, Do,=&,, T = 298 K, potential 

sten 0.98 mV 

Eix - Et,, $ V Ai&,, % AEr, mV 

0.041 3.69 4.5 
0.051 2.52 4.3 
0.071 I.11 
0.096 0.4 3.63 
0.121 0.17 1:6 
0,171 0.08 0.4 
0.221 0.04 1.7 
0.271 0.05 
0.321 0.02 ;*: 
0.421 0.09 013 

can be attributed to the small number of points. 
This number is determined by the lowest 
potential step height that can be realized with 
the 12”bits D/A converter of the measuring 
system. 

In the second experiment, a mixture of Zn2+ 
and Co2+ ions (both concentrations lO-4M) in 
1M potassium chloride was examined with a 
scan rate of 1 .O V and a potential step of 3.6 mV. 
Results of the experiments and experimental 
conditions are collected in Tables 6 and 7. 

In both cases, only cathodic peaks are re- 
ported, because with the experimental set-up 
(relatively small mercury drop) and the poten- 
tial sweep rate limited by keeping potential step 
height small, a strong accumulation effect for 
In3+ + Tl+ couple occurred, significantly chang- 
ing the shape of anodic peaks. This change was 
large enough to set the convergence limit of 
curve-fitting above 115 mV. In case of the 
reduction of Co2* ions, no anodic peak was 
observed. 

All voltam~rograms had to be smoothed 
before processing, because in case of a high S/N 
ratio, the determination of the peaks borders as 
described and the curve fitting do not give good 
results. However, in the authors’ experience 
problem of high noise was encountered very 
seldom and it was always possible to overcome 
it by the averaging of several voltamperograms. 
It should be noted that background subtraction 
is very important for good performance of the 
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Fig. 3. Solid line: generated voltamperogram of the mixture of two one.-electron reversible systems: 
Epe, = -0.219 V, Epcz = -0.359 V, E,,, = -0.5 V, scan rate 0.1 V/set, potential step 2 mV; dashed line: 
result of removing of the contribution of the second system; dotted line: result of removing of the 

contribution of the first system. 

routine because semidifferentiation changes a shapes*’ in the semiderivative domain and as- 
constant or a linear background of the voltam- sumptions about a linear form of the back- 
perograms into baselines of complicated ground become invalid. 

Table 2. Errors in peak potentials obtained as a result of separation of 
single systems from the generated voltampcrogram of two reversible 
systems in dependence on formal potentials (EW) difference (absolute 
values). Conditions: equal concentrations, n, = n2 = 1, all diffusion co- 
efficients equal, T = 298 K, potential step 0.98 mV. Cl and Al refer to 

ueaks of system 1 (easier reducible), C2 and A2 refer to system 2 

AEW, V AE,,, mV AEp,, mV AEpF2, mV AEM, mV 

0.110 0.5 0.2 1.2 0.3 
0.115 0.4 0.4 0.8 0.9 
0.120 0.0 0.3 0.1 0.1 
0.125 0.6 0.5 0.2 0.8 
0.130 0.6 0.3 0.7 0.3 
0.140 0.5 3.0 0.2 1.1 
0.150 2.1 0.4 0.4 2.0 
0.160 1.5 0.4 0.4 2.0 
0.170 0.4 0.4 0.4 1.6 

Table 3. Errors in peak currents obtained as a result of separation of single 
systems from the generated voltamperogram of two reversible systems in 
dependence on formal potentials (Ew) difference (absolute values). Con- 
ditions: equal concentrations, n, = n2 = 1, all diffusion coefficients equal, 
T = 298 K, potential step 0.98 mV. Cl and Al refer to peaks of system 

1 (easier reducible), C2 and A2 refer to system 2 

AEO’, V A&,/i,,, % A&, /i,, , % Aipc2/iw, % A&,, /i,, , % 

0.110 0.59 1.39 0.78 1.09 
0.115 1.23 3.19 3.17 1.55 
0.120 0.57 1.13 1.44 0.17 
0.125 1.10 1.51 1.67 0.43 
0.130 0.5 0.82 0.11 0.28 
0.140 0.24 1.84 0.56 0.47 
0.150 0.26 0.61 0.81 0.81 
0.160 0.56 0.57 0.74 1.23 
0.170 0.11 0.56 0.76 0.70 
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Table 4. Errors in potentials of inflection points on ascending branches of 
peaks obtained as a result of separation of single systems from the 
generated voltamperogram of two reversible systems in dependence on 
formal potentials (E”‘) difference (absolute values). Conditions: equal 
concentrations, n, = n2 = 1, all diffusion coefficients equal, T = 298 K, 
potential step 0.98 mV. Cl and Al refer to peaks of system 1 (easier 

reducible), C2 and A2 refer to system 2 

AEO; V AE%“, mV AE$“, mV AE;t”, mv AEp, ,,,v 

731 

0.110 3.5 0.2 0.0 0.2 
0.115 1.4 0.1 0.3 1.4 
0.120 0.1 0.9 0.8 0.3 
0.125 0.7 0.5 0.5 0.8 
0.130 0.4 0.9 0.4 0.4 
0.140 0.9 0.3 3.2 0.0 
0.150 0.3 0.5 0.6 0.7 
0.160 0.5 3.8 4.4 0.4 
0.170 0.7 0.0 0.1 0.3 

Table 5. Errors in potentials of inflection points on descending branches 
of peaks obtained as a result of separation of single systems from the 
generated voltamperogram of two reversible systems in dependent on 
formal potentials (EO’) difference (absolute values). Conditions: equal 
concentrations, n, = n2 = 1, all diffusion coefficients equal, T = 298 K, 
potential step 0.98 mV. Cl and Al refer to peaks of system 1 (easier 

reducible), C2 and A2 refer to system 2 

AEW, V AEb=qder, mV AE$-, mV AEEtdW, mV AEce”, mV 

0.110 0.2 0.4 0.0 1.1 
0.115 0.5 0.7 0.7 0.6 
0.120 0.4 0.5 0.3 0.5 
0.125 0.6 0.5 0.3 0.4 
0.130 0.4 0.4 0.1 0.4 
0.140 0.5 0.3 0.2 0.6 
0.150 0.7 0.7 0.3 0.8 
0.160 0.4 0.7 0.3 0.3 
0.170 2.1 1.1 0.3 0.9 

CONCLUSIONS 

The method presented here can be applied to 
the resolution of overlapping LSV or CV peaks 
originating from both reversible and non-revers- 
ible systems with reliable results. When used for 
the separation of peaks in one branch (cathodic 
or anodic), a resolution limit of 110 mV (revers- 
ible case, one electron transfers) could be ob- 
tained. 

When resolving peaks lying in different 
branches of the cyclic voltammetric curve, the 
anodic and cathodic peak of the investigated 
system, free from a cathodic or anodic peak 
influence, respectively, can be obtained. Pre- 
cision of the calculated peak parameters de- 
pends in this case on the distance between 
peak top and the turning point of the voltam- 
perogram. 

Accumulation in the mercury drop influences 
the shape of the semiderivative peaks in the 
anodic segment and increases the minimal dis- 
tance between the two peaks that can be re- 
solved. When two voltammetric peaks strongly 

overlap and the accumulation effect occurs, the 
anodic part of the voltamperogram sometimes 
cannot be separated even though the cathodic 
part can. 

The algorithm needs hardly any decisions by 
the operator, which is an attractive feature when 

Fig. 4. Experimental cyclic voltamperogram of the 
Tl+ + In”+ mixture (experimental conditions as in Table 6) 
(solid line) and the individual contributions calculated by 
the procedure described: dashed line: Tl+ ion contribution, 

dotted line-In’+ contribution. 
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Table 6. Errors in parameters of the cathodic peak obtained by 
the separation of peak of interest from a voltamperogram of two revers- 
ible systems-experimental data. Experimental conditions: solution 
In3++Tl+(2x10-5M+6xlO-‘Min1MKCl,AE@’115mV),scanrate: 

System 

Tl+/Tl 
In’+/In 

0.66 V/set, potential step: 1.6 mV 

A@,, % A& mV uc, AE’” mV AEE, mV 

-0.31 -2.3 -0.7 -2.8 
-0.31 -1.8 -0.4 -1.5 

Table 7. Errors in parameters of the cathodic peak obtained by separation 
of the peak of interest from a voltamperogram of two irreversible 
systems-experimental data. Experimental conditions: solution Zn2+ + 
Coz+ (10-4M + 10e4M in 1M KCl, AE, 440 mV), scan rate: 1.0 V/W, 

System 

potential step: 3.6 mV 

Ai&,, % A&, mV -, AE’” mV AEz,mV 

Zn2+/Zn +1.6 -1 -5 +1.2 
co2+ /co +5.8 -2 -3 -9 

the automatic processing of voltamperograms is 
concerned. This implies that the program can be 
used by personnel having little experience in 
using electrochemical methods. 

APPENDIX 

The Grtinwald definition of discrete differintegration is: 

d’Y($) _ l im 
-- 

dt” N->m 

where f(r,) is a value of the function to be differintegrated 
at time r,, N is the number of evenly spaced points preceding 
the point r,, 1’ is the time interval between points, u is the 
instance of differintegration (l/2 for semidifferentiation and 
- l/2 for semiintegration). This equation can be rewritten in 
the convolutional form 

WO, ) _ -- 
dr” 

lim 
N->m 

(N/f’)” i 
r(N -j-u) 

,=,T(-u)T(N-j+l) 
j(r,) 1 

= lim 
N- >m 

(N/r’)” i w,f(f,) 
1-l 1 

where w, are values of a weighting function depending only 
on u and N. This reformulation gives an approach equival- 
ent to the GO algorithm described by Oldham. 

Inspection of the last w, values gives: 

w,= 
T(N-N-u) 

T(--u)T(N -N + 1) = ’ 

T(N-N+k-v) I’(k -u) 

WN-‘=~(-u)f(N-N+k+l)=~(-u)J-(k+l) 

w,_,_, = 
r(N-N+k+l-u) 

T(-u)r(N -N + k + 2) 

(k - u)T(k -u) k-u 

=(k+l)T(-u)T(k+l)=k wN-k 

and leads to the general recursive formula 

w,k-Uw / k+] )+I’ W,=l 

where k is an index counting from the end, k = N -j - 1. 

This definition makes the weighting function independent of 
the value of N. It can be found, that for differintegration of 
a set of N points it is enough to calculate the set of N weights 
only once at the beginning and then differintegration be- 
comes a summation of weighted point values. This approach 
allows one to make a very compact and simple algorithm for 
differintegration, in which, after calculation of weights, only 
n multiplications and n - 1 additions (plus one multipli- 
cation by a normalizing factor) are to be done in order to 
calculate the differintegral value in j-th point. 

A 
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E I/2 
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km k, 
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N 

s 

T 

GLOSSARY 

electrode surface area 
concentration 
diffusion coefficient 
actual electrode potential 
potential of polarographic halfwave of 
the compound 
parameters related to potential at 
which semiderivative peak # 0 and # 1 
appear 
Faraday constant 
semiderivative peak height 
parameters related to height of respect- 
ively semiderivative peak # 0 and # 1 
current 
parameter describing width of the 
semiderivative peak 
parameters related to width of respect- 
ively semiderivative peak # 0 and # 1 
number of electrons involved in elec- 
trode process 
actual number of the point, counting 
from the lower limit of the semideriva- 
tive 
slope of the baseline in semiderivative 
domain 
absolute temperature 
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time interval between two subsequent 7. K. B. Oldham, ibid., 1972. 44, 1%. 

points 8. M. Goto and D. I&ii, J. Electroanal. Gem. 1979, 102, 

instance of differintegration 49. 

scan rate 
9. K. B. Oldham and J. Spanier, ibid., 1970, 26, 331. 

weight for point j 
10. C. P. Andrieux, L. Nadjo and J. M. Saveant, ibid, 1970, 

za, 147. 
value of semiderivative of the current in 11. J. C. Myland, K. B. Oldham and C. G. Zoski, ibid., 

respect to time 1985, 193, 3. 

baseline value at semiderivative peak 12. J. C. Imheaux and J. M. Saveant, ibid., 1973,44, 169. 

border 
13. F. Ammar and J. M. Savbant, ibid., 1973, 47, 215. 
14. L. Nadjo, J. M. Saveant and D. Tessier, ibid., 1974,52, 

constant term in linear baseline 403. 
equation, obtained from combination 15. J. M. Savbant and D. Tessier, ibid., 1975, 61, 251. 

of baseline values at both peak borders. 16. I&m, ibid., 1975, 65, 57. 
17. I&m. ibid., 1977, 77, 225. 
18. P. Dahymple-Alford, M. Goto and K. B. Oldham, ibid., 
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Summary-The addition of cyanide and Triton X-100 suppress the formation of the Cu-Zn intermetallic 
compound in ASV making it possible to determine traces of zinc(B) in the presence of an excess of copper 
ions. The precision of the method (5%) and the accuracy (error of 1.4%) in sea water are satisfactory. 

The formation of Cu-Zn intermetallic com- 
pounds causes interferences in the analysis of 
either element by anodic stripping voltammetry 
(ASV), particularly when working with a mer- 
cury film electrode (MFE).’ The addition of 
gallium can successfully displace copper to form 
a much more stable copper-gallium compound.2 
However, the method does not give good recov- 
ery for solutions in which the copper content is 
higher than that of zinc.3 Other methods which 
may be used include the use of a twin-electrode 
thin-layer cell in which copper and zinc are 
deposited at two different working electrodes4 
and a method where the generalized standard 
addition technique is applied to eliminate the 
interference.5 However, neither of these 
methods is simple or universally applicable. 

Although a complexing agent to eliminate the 
Cu-Zn interference in ASV has not yet been 
suggested, the use of such reagents to solve 
other metallic interferences in ASV has been 
studied.6-S The present work investigates the 
possibility of using the known reaction between 
cyanide and the cupric ion to prevent the for- 
mation of Cu-Zn intermetallic compounds in 
ASV. The strong Cu(CN):- complex does not 
show a d.c. polarographic reduction wave be- 
cause its half-wave potential is very negative.g 
On this basis we have extended the use of 
cyanide as a masking agent for copper in a 
supporting electrolyte in the determination of 
zinc by ASV. The results obtained show a 
recovery of 100% for the zinc peak in the 
presence of an excess of copper. A procedure is 

*Author for correspondence. 

described for the determination of zinc in stan- 
dard solutions and sea water samples. 

Apparatus 

Voltammetric measurements were made with 
a hanging mercury drop electrode (HMDE) and 
a MFE in a PAR Model 174A polarographic 
analyser connected with a PAR model 303 
electrode and a PAR model 0089 X-Y recorder. 
A 0.6-cm diameter glassy-carbon disk electrode 
was used as a substrate for the mercury film. 
The MFE was adapted to a PAR system model 
303 (Fig. 1). The glassy-carbon disk was in- 
serted into a Pyrex glass tube, which was at- 
tached to the glass capillary tube of the HMDE. 
The electric contact was obtained with the mer- 
cury inside the glass tube and the mercury from 
the capillary. Such a system is very easily con- 
structed and can be extended to other solid 
electrodes. 

The electrode was polished with 0.3 pm of 
alumina powder each day. Preformed MFE was 
plated with mercury in a 40-mg/l. Hg(II)-lit4 
sodium nitrate solution at pH 2, acidified with 
nitric acid. 

All glassware, plastic containers, utensils, etc., 
were soaked for several days in 7M nitric 
acid and then rinsed with Millipore Milli-Q 
water before use. The addition of reagents 
and the dilutions were done with automatic 
~cropi~ttes. 

Reagents 

The metals standard solutions were prepared 
by diluting A.A.S. standard (1000 mg/l.). Nitric 
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Fig. I. Adaptation scheme of the glassy-carbon electrode to 
PAR model 303 electrode. (1) Pyrex tube (0, 6 mm); (2) 
glassy-carbon disk (0, 5 mm); (3) compartment filled with 
mercury; (4) glass capillary referent to the hanging mercury 

drop electrode. 

acid was of suprapure grade (Merck). All the 
solutions were prepared with Millipore Mill&Q 
water. Super dry nitrogen was used to remove 
dissolved oxygen. 

The sodium perchlorate and phosphate buffer 
solutions were purified with liquid-liquid ex- 
traction with sodium diethyl~t~ocarbamate in 
tetrachloride media. A sea water sample was 
collected, filtered (0.45pm pore size) and stored 
naturally and in acidic media (nitric acid) at 1”. 

After the electrode’*3 was prepared it was 
removed from the plating solution, rinsed 
carefully with ultrapure water and then 
transferred to the cell for measurements. A 
freshly prepared deposit was used in each 
experiment. 

The measurements were performed in a cell, 
with a suitable aliquot (limited to 10 ml) of 
standard or sample solution. The pH was ad- 
justed to 8.5 with 100 ,ul of a IM phosphate 
buffer. In this medium, Triton X-100 (10T4% 
v/v) and cyanide were added for the copper 
complexa~on reaction. The solution was then 
purged with nitrogen for 20 min. The precon- 
centration potential was applied to the working 
electrode in the stirred solution and after a 
30-see rest period a positive-going scan was 
initiated and the resulting voltamperog~ 
recorded. Aliquots of the zinc(H) standard 
solution were then added and the preconcen- 

tration/oxidation cycle was repeated with a 
MFE or a new mercury drop. 

For the determination of zinc the CN-/Cu(II) 
ratio must be high to eliminate the copper peak. 
The zinc peak, in a solution containing 40 pg/l, 
zinc ions and 40 p&/l. copper ions, has 
pre~o~ly been found to tolerate a large excess 
of cyanide, up to 4.600 pg/l., but here a different 
response was evident. A decrease in the slope of 
the calibration curve was observed leading to an 
increase in the recovery from 96 to 150%. A 
CN-/Cu(II) ratio between 20 and 50 alters the 
background curve but does not change the 
slope; ratio values close to 20 are generally 
sufficient. On the other hand, the CN-/Cu(II) 
ratio also depends on the ~u~I)/Zn(II) ratio. 
Therefore, a CN-/Cu(II) ratio range of 15-50 
was considered ideal. 

The polarographic parameters were as fol- 
lows: accumulation potential (EJ, -0.9V or 
- 1.3V; scan direction, positive; pm-electrolysis 
time, l-10 min; rest time, 30 SW; 
DPASVIHMDE: scan rate, 5 mV/sec; pulse 
amplitude, 50 mV; drop time, 0.5 set; 
DCASV/~FE: scan rate, 20 or 50 mV/sec. 

RESULTS AND DISCUSSION 

Previous reports have described that inter- 
metallic interferences are more pronounced at 
MFE’s, which has been detected whenever the 
MFE has been used, regardless of the exper- 
imental conditions. ‘v3 To provide a direct obser- 
vation of the severity of the problem the MFE 
was used for this study. 

To establish the effect of the Cu-Zn interfer- 
ence on stripping volta~etry zinc ions from a 
200 pg/l. solution were deposited at a preformed 
MFE for 2 min at - 1.3V and stripped with the 
subsequent positive scan which produced a well 
defined zinc wave (Fig. 2, curve 2). When the 
same experiment was repeated with 100 pg/l. 
Cu(I1) in the sample, a 50% depressed zinc wave 
was recorded along with an enhanced copper 
wave (Fig. 2, curve 3). Curve 4 shows the same 
experiment but the electrode was plated at 
-0.9V (where zinc is not reduced) and the 
copper wave is smaller. This fact provides 
evidence that the Cu-Zn compound is oxidized 
at the same potential as copper inducing two 
errors, positive and negative, for both copper 
and zinc respectively, when the electrode is 
plated at - 1.3V. 
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Elimination of Cu-Zn interference ci pg/1.xlo-3 

Five different complexing agents were tested, 
based on the stability of the formed complex, 
disodium ethylenediaminetetracetate, azide, 
thiocyanate, diethanoldithiocarbamate and 
cyanide; the last presented the best applicability 
and experimental results. This is confirmed by 
the stability constants of the Cu’(CN):- (log 
f14 = 30) and Zn”(CN):- (log /I4 = 19) com- 
plexes.” 

The magnitude of the error due to Cu-Zn 
interference and its elimination by cyanide 
addition on the working electrolyte is illus- 
trated in Fig. 3. Curve 1 shows a zinc peak 
depression due to the addition of copper and 
curve 2 shows the zinc peak recovery in the same 
sample, obtained by addition of cyanide at 
pH 8.5. 

0 250 

cu /.lg/l. 

Figure 4 shows the zinc(I1) calibration curves 
between 20 and 210 pg/l. in a solution contain- 
ing 20 ,ug/l. Cu(I1) in the absence (curve 1) 
and presence (curve 2) of cyanide. Curve 1 is not 
linear while the curve 2 is linear in the 
20-I 70 pg/l. concentration range. This suggests 
that in the absence of cyanide there is a 
formation of successive complexes of Cu-Zn 
intermetallic compounds. 

Fig. 3. Occurrence and elimination of Cu-Zn interference. 
Deposition potential, - 1.3 V; deposition time, 1 min; pH 
8.5; 0.02M NaClO,; 200 rg/l. Zn(I1). Curve 1, zinc peak 
depression (current, %) us. copper concentration; Curve 
2, zinc peak recovery (current, %) us. cyanide concentration. 

These satisfactory results obtained when the 
copper concentration in the solution is higher 
than that of zinc (Fig. 3) confirm the applica- 
bility of the proposed method, in contrast to the 
gallium addition method where, under the same 
conditions, the magnitude of interference is only 
lowered.3 

I SPA 

I 

2 4 

r-J’” 3 

-1.3 -0.9 -0.5 -0,l +0,3 

E(V) 

Fig. 2. Effect of the Cu-Zn interference on stripping voltam- 
metry. Deposition potential of (l-3), - 1.3 v; (4), -0.9 V, 
deposition time, 2 min. Scan (l), 0.02M NaClO,; scan (2), 
(1) + 200 pg/l. Zn(II); scan (3), (2) + 100 j4g/l. Cu(II); scan 

(4), replicate scan (3). 

The observed behaviour can be explained by 
the fact that the strong complexation of cop- 
per(1) by cyanide shifts its reduction potential to 
a more cathodic region than that where zinc(I1) 
reduction occurs. In fact, the calculated poten- 
tial shift is about -0.94V for the Cu(I)/Cu(Hg) 

Zn pg/l. 

Fig. 4. Calibration curves of zinc(I1) in the absence (Curve 
1) and presence (Curve 2) of cyanide. Deposition potential, 
- 1.3 V; deposition time, 2 min; pH 8.5; 0.02M NaCIO,; 20 

pg/l. Cu(I1); 400 pg/l. CN-. 
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system and only - 0.15V for the Zn(II)/Zn(Hg) 
system: 

AE&;,,, = -0.059 log /?4[CN-]4 = -0.94V 

AE’ zn(,,j = -0.029 log fi4[CN-14 = -0.15V 

It has been found that the presence of 10W4% 
(v/v) of Triton X-100, as suggested in the liter- 
ature?’ gave a better definition of the anodic 
peak of zinc. Thus all working solutions contain 
this non-ionic surfactant. 

Znpuence of pH 

The effect of pH was studied by measurement 
at a fixed concentration of 50 ,ug/l. zinc(II), 
25 ,ug/l. copper(I1) and 500 pg/l. CN- over the 
pH range 7-10. The experiments showed that 
zinc peak height was affected by pH variations 
in the presence of phosphate buffer and that the 
peak-height for zinc was greatest at pH 8-9. 

Practical application 

Voltammetric methods are most suitable for 
the analysis of saline water because it is an ideal 
electrolyte for voltammetry.” 

The proposed method was tested by zinc 
determination in a standard solution and a sea 
water sample. The determination of zinc in the 
presence of copper in standard solution, showed 
good recovery (95%) at low concentrations 
(2 pg/l.), which indicates that the method can be 
used in sea water. The same procedure was 
applied in a sea water sample (Fig. 5): Curves 
l-2, in Fig. 2, shows the occurrence of the 
interference, in sea water; Curve (3), its elimin- 
ation; Curves (4-6), the reproducibility of the 
measurements and curves (7-9), the standard 
additions of zinc(I1). Before, copper was 
determined at -0.9V (where the zinc is not 
deposited) and the necessary cyanide concen- 
tration was calculated according to copper 
concentration. After, an aliquot with a lo-fold 
excess of cyanide over copper was added to 
mask copper (curve 3). In this way zinc was 
determined at - 1.3V with a collection period of 
10 min. In both cases the two metals were 
determined by the standard addition method 
without prior decomposition of the organic 
matter because in preliminary tests it had been 
found that wave form was not influenced by 
dissolved organic matter. This means that the 
determination corresponds only to the free zinc 
species. 

A comparison of the zinc content found by 
DPASVIHMDE and DCASV/MFE was used 

I I SPA 

E(V) 

Fig. 5. DCASV/MFE scans of sea water after IO min 
collection. Scan rate, 20 mV/sec; pH 8.5; deposition 
potentials of (1) and (4-9), - 1.3 V; (2-3), -0.9 V; scans 
(l-2), sea water; scan (3), (2) + 100 &I. CN-; scans (4-6), 
3 replicates of the scan (3); scan (7), (6) + 19.42 pg/l. Zn(I1); 
scan (8), (6) + 38.83 pg/l. Zn(I1); scan (9), (6) + 58.25 pg/i. 

Zn(I1). 

to evaluate the relative accuracy of the proposed 
method, based on the fact that the copper-zinc 
interference was not observed in the HMDE at 
this concentration. A sea water sample was 
analysed 3 times in succession and the results 
showed good agreement between the obtained 
results by DCASV/MFE [7.1 pg/l. Zn(II)] and 
DPASV/HMDE [7.2 pg/l. Zn(II)]. 

The precision was evaluated by means of 3 
replicate analysis of a sea water sample. The 
relative standard deviation for zinc, when CN- 
ions were present, was 5%. 

CONCUSION 

The present work shows a new manner to 
eliminate the interference of copper on the 
determination of zinc by ASV. The method 
involves additions of cyanide, which avoid the 
formation of the Cu-Zn intermetallic com- 
pounds because the Cu(‘)(CN):- complex is not 
reduced, consequently there is no diffusion of 
copper ions to the drop. 
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VOLTAMMETRIC MEASUREMENT OF HALOPERIDOL 
FOLLOWING ADSORPTIVE ACCUMULATION 

AT GLASSY-CARBON ELECTRODES 
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Sununary-A sensitive stripping voltammetric method is reported for trace measurement of the psycho- 
therapeutic drug haloperidol. The method is based on adsorptive preconcentration of haloperidol on the 
glassy-carbon electrode in an open circuit, followed by medium exchange and voltammetric determination 
of surface species. Cyclic voltammetry was used to explore the adsorptive behaviour and the results 
obtained suggest that the adsorption of haloperidol corresponds to the Frumkin-type isotherm. The 
adsorptive stripping response was evaluated with respect to stripping mode, electrolyte. pH, preconcen- 
tration time, concentration dependence, possible interference and other variables. The detection limit was 
1.3 x 10e9M (10 min preconcentration) and the response was linear. The relative standard deviation (at 
the 1.3 x 10m6M level) was 2.3%. Applicability to a patient’s urine sample is illustrated. 

Haloperidol is an important psychotherapeutic 
drug and has been widely used as a tranquiliser 
in recent years. This long-acting neuroleptic is 
particularly useful in the treatment of schizo- 
phrenia and in the prevention of psychotic 
relapse. Usually, W spectrophotometry’ is 
used for routine analysis of the drug although 
other methods, such as GC,’ TLC3 fluorimetry4 
and radioimmunoassay,’ have been reported. 
The sensitivities for most of these methods 
are not high and more sensitive techniques are 
required for assaying the drug in body fluids 
after therapeutic doses. 

Bishop and Hussein6 studied anodic volt- 
ammetry of butyrophenone neuroleptics at 
platinum and gold electrodes and found that 
haloperidol shows neither anodic nor cathodic 
activity in O.lM sulphuric acid. 

The present study reports an extremely 
sensitive stripping voltammetric procedure for 
measuring trace amounts of haloperidol. The 
drug can be adsorbed on the surface of glassy- 
carbon electrodes, and then shows anodic ac- 
tivity in linear scan voltammetry. The adsorptive 
characteristic, which usually prevents voltam- 
metry from being a useful analytical method, 
is exploited for obtaining effective preconcen- 
tration. It is demonstrated that immersing the 
glassy-carbon electrode in the haloperidol solu- 
tion for short time periods allows convenient 

*Author for correspondence. 

measurements at the lo-‘M concentration level. 
Cyclic voltammetry is employed to examine 
adsorptive and electrochemical behaviour on the 
electrode surface. The scheme of open circuit 
accumulation/medium exchange/ stripping volt- 
ammetry’ is used to minimize interference result- 
ing from macro solution constituents. Trace 
amounts of haloperidol in urine have been 
measured without pre-isolation. 

EXPERIMENTAL 

Apparatus and reagents 

Stripping and cyclic voltammetric data were 
collected with a BAS-1OOA electrochemical 
analyzer. The working electrode was a BAS 
glassy-carbon voltammetry electrode. The lo-ml 
sample cell was fitted with an Ag/AgCl reference 
electrode (BAS RE-1B) and a platinum wire 
auxiliary electrode, on the BAS C-IA cell stand 
which provided magnetic stirring during pre- 
concentration. A BAS PL-10 digital plotter was 
used for obtaining voltamperograms. 

Pure haloperidol was supplied by Shanghai 
No. 19 pharmaceutical laboratory; a stock 
solution (2.7 x 10W3M) was prepared by dis- 
solving appropriate weights in ethanol. All 
other solutions were prepared with demineral- 
ized water and analytical grade reagents. Unless 
specified otherwise, the supporting electrolyte 
was Britton-Robinson buffer (pH 9.0). Urine 
samples were obtained from patients in 
Hangzhou No. 7 hospital. 

741 



742 PENG TUZHI et al. 

Procedure 

A fresh working electrode surface was utilized 
for each experiment. The surface was hand- 
polished for 30 set with 0.05 ,um of alumina 
slurry (BAS PK-3). The electrode was then 
rinsed with demineralized water to remove 
residual polishing material from the surface. 
The polished electrode was immersed into a 
sample solution, and adsorptive accumulation 
was begun in an open circuit for a selected time, 
while the solution was stirred at 400 rpm. 
Following this, the electrode was transferred 
into a “clean” supporting electrolyte solution. 
The linear scan or differential pulse voltampero- 
grams were recorded by applying a positive- 
going potential. The scan was initiated at +0.4 
V, terminated at +0.9 V. No nitrogen was 
needed to remove oxygen during the experiment. 

RESULTS AND DISCUSSION 

Figure 1 shows repetitive cyclic voltampero- 
grams for 4.3 x lo-‘M haloperidol at the glassy- 
carbon electrode in Britton-Robinson buffer 
(pH 9.0). Stirring the solution for 2 min in an 
open circuit resulted in a large anodic peak in 
the first scan (designated as l), with a peak 
potential of 0.53 V. No peaks were observed in 
the cathodic branch. Subsequent repetitive 
scans yielded significantly smaller peaks, indi- 
cating rapid desorption of the product from the 
electrode surface or formation of a non-electro- 
active product. Repetitive scans without prior 
preconcentration did not yield any peak. There 
were no peaks obtained at platinum and gold 
electrodes for 1 x 10m4M concentration with 2 
min preconcentration (not shown), meaning no 
adsorption on these metallic surfaces. It is obvi- 
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Fig. 1. Repetitive cyclic voltamperograms for 4.3 x lo-‘A4 
haloperidol in a B&ton-Robinson buffer solution @H 9.0), 
after 2 min stirring (400 rpm in an open circuit). Scan rate 

25 mV/sec. 
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Fig. 2. Influence of the concentration on the linear scan 
stripping peak current (a) and on the fraction of covered 
surface (b) for haloperidol after an 8-min accumulation 

period. Other conditions as in Fig. 1. 

ous that the anodic peak is caused by adsorptive 
haloperidol on the glassy-carbon surface. 

Adsorption of haloperidol at glassy-carbon 
electrodes can be estimated by using linear scan 
voltammetry. The fraction of covered surface 
(0) can be obtained from the ratio of peak area 
to maximum peak area. Logarithm forms for 
Langmuir and Frumkin adsorption isotherms 
are expressed as follows: 

8 
1% (1 _ 0) c = log B 

e 
log(l - e) c =2a0 loge +logfi (2) 

If iog[ej(i - e)c] is a constant [equation (l)], or 
a function of 8 [equation (2)], the adsorption 
obeys the Langmuir or Frumkin isotherm re- 
spectively.8 Figure 2 shows the influence of the 
concentration (8 min accumulation time) on the 
peak current and the fraction of covered surface 
(0). The plots are linear up to 1.5 x lo-‘M, and 
then they level off, indicating the electrode 
surface is saturated subsequently. The relation- 
ship of log[8/(1 - e)C] and 8 can be obtained 
from the data of Fig. 2 (see Fig. 3). The plot is 
linear (slope 0.95, intercept 6.48 and correlation 
coefficient 0.991) indicating that haloperidol 
adsorption on the glassy-carbon surface corre- 
sponds to the Frumkin isotherm. On the basis of 
the plot, the adsorption coefficient (/I) is deter- 
mined as 3.0 x lo6 I./mole, and the attraction 
factor (a) is 1.09. 
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e 
Fig. 3. Plot of log [e/(1 - 0)C] us. 0 for haloperidol 

adsorption. All data are from Fig. 2. 

The adsorbed haloperidol can be measured by 
using different voltammetric waveforms. Well- 
defined peaks after accumulation were obtained 
by both linear scan (Fig. 1) and dfferential pulse 
voltammetry (Fig. 4). The latter technique was 
preferred because it is almost three times more 
sensitive than linear scan voltammetry, e.g., for 
1.3 x 10w6M haloperidol after a I-min accumu- 
lation time, the peak current in differential 
pulse voltammetry (scan rate 10 mV/sec, pulse 
amplitude 50 mV and pulse period 0.5 set) is 2.3 
times higher than that obtained in linear scan 
voltammetry (scan rate 25 mV/sec). 

The adsorption properties of the drug can 
vary with the composition of the supporting 
electrolyte. Various electrolytes e.g., phosphate 
buffer, borate buffer, ammonium acetate buffer 
and Britton-Robinson buffer, were evaluated as 
suitable media for the adsorptive stripping 
measurement of haloperidol. Best results (with 
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Fig. 4. Differential pulse stripping voltamperograms for 1.3 
x 10e6M haloperidol after different accumulation periods: 
o, 0; b, 1 min. Scan rate, 10 mV/sec; pulse amplitude, 50 mV; 

pulse period, 0.5 sec. Other conditions as in Fig. 1. 
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Fig. 5. Influence of the solution pH on the stripping peak 
potential (a) and on the peak current (b). Other conditions 

as in Fig. 4. 

respect to signal enhancement and peak shape) 
were obtained with the Britton-Robinson buffer 
and therefore this electrolyte solution was used. 
The adsorptive stripping signal of haloperidol 
depends on the buffer pH. Figure 5(b) shows the 
dependence of the peak enhancement on the 
solution acidity. Almost no response to halo- 
peridol was observed in solutions more acidic 
than pH 5.0. Increasing the pH from 5.0 to 9.0 
resulted in a rapid increase in peak enhance- 
ment. The peak current decreased at higher pH. 
Accordingly pH 9.0 was used throughout to 
satisfy the sensitivity. The effect of the solution 
pH on the peak potential was also evaluated 
[Fig. 5(a)]. The peak potential shifted negatively, 
from 0.73 to 0.45 V, upon increasing pH from 
5 to 10. The plot of peak potential vs. the solution 
pH was linear, with a slope of 53 mV per pH 
unit and a correlation coefficient of 0.998. 

The effect of instrument conditions on the 
haloperidol adsorptive stripping response is 
examined. As expected, the peak height increased 
rapidly upon increasing the scan rate. However, 
as both the peak current and background current 
must be considered, more than a 10 mV/sec scan 
rate is not recommended. The stripping current 
also increased with both pulse amplitude and 
period. But increasing these two pulse par- 
ameters increased peak width and background 
current. In order to obtain an adequate analytical 



response, the following parameters were chosen: 
pulse amplitude 50 mV and pulse period 0.5 sec. 

It is difficult to obtain good reproducibility 
for the adsorptive stripping response of halo- 
peridol on the glassy-carbon surface. Repetitive 
measurements on the same electrode surface 
caused the peak current to decrease rapidly. In 
order to obtain a reproducible surface, polishing 
with alumina for 30 set was employed. The 
precision of this method was estimated by nine 
repeated measurements of 1.3 x 10m6A4 halo- 
peridol (conditions as in Fig. 4). The mean peak 
current was 585 nA with a range of 570-595 nA 
and a relative standard deviation of 2.3%. It is 
obvious that the reproducibility of the results is 
attributed to the use of a fresh electrode surface 
in each run. 

The adsorptive behaviour of haloperidol is 
affected by the mass-transport conditions 
during the preconcentration step. For example, 
a stirring rate of 400 rpm resulted in a &fold 
enhancement of the response, compared to that 
obtained in a quiescent solution (1.3 x 10e6M 
haloperidol, 1 min preconcentration). Figure 6 
shows the dependence of the adsorptive stripping 
peak current on the preconcentration time at two 
concentration levels. It is clear that the adsorp- 
tive accumulation is effective. The longer the 
preconcentration time, the more haloperidol ad- 
sorbed and the larger the peak current. Delahay 
and Fike’ have shown that for diffusing- 
controlled adsorption, the quantity of adsorbed 
material is proportional to the square root of 
the adsorption time, on the condition that the 
fraction of the surface covered is far from its 
equilibrium value. For haloperidol adsorption, 
the peak current is almost linear with the 
accumulation time. The deviation from linearity 
is observed only for solution of higher concentra- 
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Fig. 6. Influence of accumulation time on different concen- 
trations of haloperidol: a, 1.3 x lo-sM; b, 1.3 x IO-‘M. 

Other conditions as in Fig. 4. 

tions. Similar results were reported for adsorptive 
stripping measurements of cis-dichlorodi- 
ammineplatinum(II).lo Such behaviour indicates 
that the adsorption is not controlled solely by 
the diffusion toward the surface. 

The adsorptive stripping current increased 
with the concentration of haloperidol. The re- 
sponse was linear over 5.3 x 10T9-2.6 x 10e8M 
concentration range with 5 min accumulation 
(slope 4.2 nA/10e9M, correlation coefficient 
0.999), and over 5.3 x lOma-2.6 x IO-‘M con- 
centration range with 2 min accumulation (slope 
10 nA/lO-sM, correlation coefficient 0.998). The 
detectability was estimated from measurements 
of 5 x 10W9M haloperidol after 10 min pre- 
concentration. The limit of detection, calculated 
from 3 times the noise, was found to be 
1.3 x 10-9M. 

Because of open circuit accumulation and 
medium exchange in this method, most of the 
common metal ions did not interfere during the 
measurements. The following metal ions were 
tested at the 100 ppm level and found not to 
affect the 1.3 x 10e6M haloperidol peaks: 
Cu(II), Pb(II), Ni(II), Zn(II), Cd(I1) and Fe(II1). 
However, the stripping measurements based on 
adsorption are subject to interference from 
organic surfactants, which may also compete 
with haloperidol for space on the electrode sur- 
face. It is important to demonstrate susceptibility 
of this procedure to the presence of these 
materials for the direct voltammetric measure- 
ments of haloperidol in biological samples. 
Ascorbic acid and uric acid (100 ppm) did not 
affect the haloperidol peaks (1.3 x 10d6M, 1 min 
accumulation) but 100 ppm glucose, 40 ppm 
cholesterol and 5 ppm gelatin resulted in 
depression of the peak current to 11, 12 and 
14% respectively. 

In complex samples, such as body fluids, 
the advantages of the open circuit adsorption 
preconcentration/medium exchange/stripping 
voltammetric measurement are apparent. Such 
samples contain lots of chemicals, some at 
major component concentration; direct volt- 
ammetric measurements of analytes in such 
samples at trace levels are often impossible. 
Figure 7 shows the determination of haloperidol 
in a patient’s urine sample (20 mg per day) 
diluted (1: 10) with B&ton-Robinson buffer. The 
drug peak in the voltamperogram was observed 
at +0.5 V [Fig. 7(a)]. A standard addition of 
2.7 x lo-‘M haloperidol caused this peak to rise 
[Fig. 7(b)]. A haloperidol concentration of 2.4 
x 10e6M was found in the patient’s urine. The 
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Fig. 7. Voltamperograms for the diluted (1: 10) patient’s 
urine sample with B&ton-Robinson buffer solution (a), and 
the sample solution spiked with 2.7 x 10-‘&f haloperidol 

(b). Other conditions as in Fig. 4. 

measurement is simple and convenient. No 
sample pretreatment was used other than 1: 10 
dilution with supporting electrolyte. 

In conclusion, haloperidol does not show 
electroactivity at platinum and gold electrodes; 
the oxidation takes place only after adsorption 
at glassy-carbon electrodes which means that 
adsorption plays an important role in electrode 
reactions and may be the cause of reaction to 
some degree. Thus, a study of some non-electro- 
active organic compounds by use of adsorptive 
stripping voltammetry is expected. 
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DETERMINATION OF MOLYBDENUM BY 
ATOMIC-ABSORPTION SPECTROMETRY 

AFTER SEPARATION BY 
5,5’-METHYLENEDISALICYLOHYDROXAMIC ACID 
EXTRACTION AND FURTHER REACTION WITH 

THIOCYANATE AND TIN (II) 
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Summary-A method is described for the determination of molybdenum down to the microgram level, 
in samples of soil, steels, fertilizers and pharmaceuticals. After attack with acids, this element is separated 
from matrix elements by extraction of its 5,5’-methylenedisalicylohydroxamic acid (MEDSHA) complex 
from 4M hydrochloric acid, into methyl isobutyl ketone. Molybdenum is determined by atomic-absorp- 
tion spectrometry (AAS), after conversion of the Mo-MEDSHA complex into the MO-SCN- complex 
in the organic phase. The detection limit is 0.03 fig/ml, with a relative standard deviation not exceeding 
1.5% at a level of 2 pg/ml. The method is highly selective and suffers only from interference by tungsten. 

Application of flame atomic-absorption spec- 
trometry (AAS) for determination of molyb- 
denum has been studied by many workers. 
Because the determination is subject to many 
interferences and low sensitivity,‘” preconcen- 
tration of very small amounts of molybdenum, 
as in geological samples or biological materials, 
is necessary before its AAS determination. The 
analytical aspects of the most commonly used 
extraction methods are summarized in Table 1. 

a-Benzoinoxime is very widely used for ex- 
traction of molybdenum into various sol- 
vents,‘*“*” and Aliquat 336 has been used for the 
extraction of MO together with Sb, As, Bi, Cd, 
Cu, Pb, Ag and Zn.‘*+13 

Hydroxamic acids such as N-benzoyl-N- 
phenylhydroxylamine’6 and benzohydroxamic 
acid” have also been utilized. The chelate 
formed with the first is extracted into toluene, 
while the benzohydroxamate complex is ex- 
tracted into ethyl acetate as an ion-pair with 
Adogen 464. 

The reaction between molybdenum(VI), 
SCN- and Sn(I1) in hydrochloric acid medium 
is probably the most used system. Kim and 
co-workers have described several methods in 
which the thiocyanate complex is extracted 
into methyl isobutyl ketone (MIBK)’ or as an 

*Author for correspondence. 

ion-pair with Amberlite LA16 or Aliquat 336* 
into chloroform. Aliquat 336 gives a very selec- 
tive procedure but before the AAS measurement 
the chloroform must be evaporated and the 
residue dissolved in MIBK. 

This paper describes the successful determi- 
nation of MO in several steels, a soil, a fertilizer 
and a pharmaceutical, based on extraction into 
MIBK with MEDSHA, followed by change 
of the Mo-MEDSHA complex into the 
Mo-SCN- species. The method presents high 
sensitivity and satisfactory precision, and is 
practically free from interferences, so we think 
that it is more advantageous than the direct 
Mo-SCN- extraction procedure.5 

EXPERIMENTAL 

Reagents 

Stock molybdenum solution, 1000 pg/ml. Pre- 
pared by dissolving 1.84 g of analytical grade 
ammonium heptamolybdate tetrahydrate in dis- 
tilled water and diluting to 1000 ml. Working 
solutions were prepared from this stock solution 
by appropriate dilution. 

Stannous chloride solution, - 100 g/l. Pre- 
pared by warming analytical grade SnCl, - 2H20 
(20 g) and a small piece of analytical grade tin 
metal in 10M hydrochloric acid (20 ml), until a 
clear solution was obtained. After cooling, the 
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solution was diluted to 200 ml with distilled 
water and a small piece of tin metal was placed 
in it. 

Potassium thiocyanate solution, N 100 g/l. 
~~-~ethylened~a~icylohydro~amic acid. The 

synthesis has been reported previously.M A 
0.02M solution was prepared by dissolving 
0.6360 g of MEDSHA in 100 ml of dilute 
ammonia solution. 

All other reagents and organic solvents used 
were of analytical grade. 

Instrumentation 

A Perkin-Elmer 2380 atomic-absorption spec- 
trometer with a nitrous oxide-acetylene (6-S) 
cm single-slot burner head (I$0 flow-rate 12 
l./min, C2H, flow-rate 3.9 l./min> and a molyb- 
denum hollow-cathode lamp were used. The 
313.3 nm line was used with a 0.7~nm spectral 
band-pass. The burner was positioned so that 
the light-beam was about 0.8 cm above the slot. 

Procedure 

Transfer a measured sample containing less 
than 50 pg of molybdenum into a lOO-ml separ- 
ating funnel. Add 7.1 ml of concentrated hydro- 
chloric acid (to provide an acid concentration of 
4&f), 5 ml of MEDSHA solution and distilled 
water to 20 ml. Shake for I min with 5 ml of 
methyl isobutyl ketone (MIBK). Discard the 
aqueous phase and add to the organic phase 1.8 
ml of concentrated hydrochloric acid, 1 ml of 
thiocyanate solution, 2 ml of tin chloride sol- 
ution and distilled water to 20 ml. Shake for 2 
min and let the phases separate. Centrifuge the 
organic phase and aspirate it into the flame. A 
blank is prepared in the same way. In the 
analysis of samples containing titanium and 
tungsten, add enough sodium fluoride to give a 
1M concentration in the sample solution to 
mask these ions. 

Preparation of sample solutions 

Steel samples. Dissolve a suitable weight of 
steel sample in 121M hydrochloric acid in a 50-ml 
Kjeldahl flask by warming gently until the 
whole reaction has ceased, adding more acid if 
necessary. Add concentrated nitric acid drop- 
wise to oxidize iron(I1) and carbides. Evaporate 
the solution to dryness, dissolve the residue in 
12M hydr~~lo~c acid and dilute to volume in 
a standard flask of suitable size. 

Fertilizers. Place 50 ml of fertilizer in a 250-m1 
beaker and add 40 ml of 20% v/v hydrochloric 
acid. Heat for 30 min, reducing the volume to 
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about 20 ml. Add 50 ml of distilled water, heat 
to boiling, cool and filter the solution (What- 
man No. 40 paper) into a loo-ml standard flask. 
Wash down the sides of the beaker with water 
and filter into the flask, diluting to volume with 
water. The composition of the liquid fertilizer 
analysed was: total nitrogen 6%, P,O, 4%, K,O 
6%, Mg OS%, Mn 0.05%, B 0.029%, Zn 
0.05%, MO 0.0006% and Co 0.0006% (values 
given by the man~act~er). 

SO&~ Moisten 1 g of soil sample with water 
in a loo-ml Teflon beaker, add 4 ml of 70% 
perchloric acid and 10 ml of concentrated hy- 
drofluoric acid. Evaporate the solution on a 
hot-plate at about 200” until white fumes of 
perchloric acid appear, add another 10 ml of 
hydrofluo~~ acid and evaporate to dryness. 
Wash down the walls of the beaker with 4M 
hydrochloric acid and add about 20 ml more, 
cover with a watch-glass and boil gently for a 
short time to dissolve the residue. Cool and 
transfer the solution into a loo-ml separating 
funnel, washing the cover and the beaker with 
4M hydrochloric acid to give a final volume of 
40-50 ml. 

Pharmaceuticals. Weigh 2 ml of sample, e.g., 
a vitamin complex, into a IOO-ml beaker, add 10 
ml of concentrated nitric acid and heat, with 
care to avoid a violent reaction, until a tranquil 
solution is produced. Cool it, slowly add 5 ml 
of 60-700/o perchloric acid, and heat until 
brown fumes of nitrogen dioxide appear. If 
the solution has a dark colour, add 2 ml 
of concentrated nitric acid and continue the 
heating until white fumes of perchloric acid 
appear. Cool the solution and dilute to a final 
volume of 50 ml with 2M hydrochloric acid. The 
composition of the liquid vitamin complex 
analysed was (per ml): vitamin A 8333 III, 
vitamin D 1667 IU, thiamine hydrochlo~de 2.5 
mg, riboflavin 2 mg, pyridoxine hydrochloride 
0.83 mg, nicotinamide 16.67 mg, ascorbic acid 
83.33 mg, MnSO, 1.53 mg, K$O, 5.58 mg 
ZnSO,-7H,O, 1.75 mg, Na,MoO,.2H,O 0.63 
mg, Fe 3.33 mg, saccharin 1.05 mg. 

RESULTS AND DISCUSSION 

In acidic media molybdenum forms an insol- 
uble yellow complex with MEDSHA (RH,) 
according to the reaction2’-23 

RH, + MOO;- + 2H+=MoO,RJ + 2Hz0 

The precipitate formed, the composition of 
which is Mo02(C,,H,,N,0,)*3H,0, is fairly 



750 MERCEDES SANCHEZ et al. 

easily extracted into MIBK. Several exper- 
imental factors influencing the efficiency of 
extraction were investigated in detail 

Effects of the acidity and reagent concentration 

Figure 1 shows the absorbance values for MO, 
after a single extraction of its MEDSHA com- 
plex with 10 ml of MIBK from various concen- 
trations of hydrochloric acid and between pH 1 
and 8. When the concentration of hydrochloric 
acid is increased the volume of the organic 
phase decreases because of the solubility of 
MIBK in the aqueous phase. For that reason a 
volume-change correction has been made for 
the organic phase, taking as reference a volume 
of 10 ml. 

It can be seen that the absorbance of the 
organic phase is constant in the range from 5M 
hydrochloric acid to pH 2, although it is lower 
than expected, and that at pH above 2 it 
diminishes gradually as the pH is increased. The 
increase in absorbance of the aqueous phase 
at pH above 5 indicates a decrease of the 
extraction efficiency. On the other hand, the 
absorbance of both the aqueous and organic 
phases increases when the hydrochlo~~ acid 
concentration is higher than SM. This 
effect may be due to destruction of the 
Mo-MEDSHA complex and the formation of a 
chloride complex which is partially extractable 
into MIBK.24 The logical conclusion, confirmed 
later, is that the MO-MEDSHA complex 
precludes complete atomization of molybdenum 
in the flame. 

The results obtained for the effect of the 
reagent concentration on the extraction 
efficiency from 4M and 2M hydrochloric acid 
and on the molybdenum absorbance are 
shown in Fig. 2. The extraction percentages 
have been calculated from measurement of the 

: 

\ l \ Organic phase 

Q 0.08 

Fig. 1. Extraction of molybdenum with MEDSHA into 
MIBK, as a function of hydrochloric acid concentration and 
PH. Molybdenum~I) IO rg/mI; MEDSHA, 1.0 x IO-‘M; 
MIBK, 10 ml. The absorbances of the organic phases were 

corrected for volume change (see text). 

- 0.3 A 
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IMEDSHAI x 103/M 

l(x) *..p.-.-•-.-•-*- 
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Fig. 2. Dependence of absorbance (A) and degree of extrac- 
tion (*) of moly~en~~~), on the ~n~tration of 
MEDSHA in the aqueous phase. Molybdenum(W), 0.2 

mg/20 ml; MIBK, 10 ml; [HCI], (a) 4M, (b) 2h4. 

molybdenum that remains in the aqueous phase, 
by the method of Kim et al.” 

It is observed that at both acidities the extrac- 
tion efficiency improves when the reagent con- 
centration is increased. With a reagent 
concentration of 5 x 10m4 and 1.5 x 10-‘&f, for 
the 2 and 4M hydrochloric acid media respect- 
ively, the extraction is quantitative and the 
absorbance does not change. 

The large decrease of the absorbance in the 
434 hydr~hlo~c acid phase as the reagent 
concentration is increased, suggests that at low 
MEDSHA concentrations a chloride complex 
of molybdenum is extracted, which is contirmed 
by the absence of this phenomenon for the 2M 
hydrochloric acid medium, where the degree 
of formation and extraction of the chloride 
complex is lower. 

These facts, together with the results obtained 
in the study of the effect of acidity, show that the 
atomization efficiency of MO in the flame, when 
present as the Mo-MEDSHA complex, is low. 
Several experiments were done on transform- 
ation of that species, after its extraction from 
4M hydrochlo~c acid (this medium was selected 
in order to obtain as selective a procedure as 
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Table 2. Comparison of the calibration graphs comspond- 
ing to extraction of molybdenum into MIBK by the 
SCN-Sn(I1) method and by MEDSHA and further 

reaction with SCN--Sn(II) 

Table 3. Effect of foreign elements 

Tolerence ratio 

Absorbances of organic phases* 

MO, SCN--Sn(II) MEDSHA extraction and 
PLIW extractiont SCN-Sn(I1) reaction$ 

1 0.117 0.114 
2 0.227 0.224 
3 0.337 0.338 
4 0.437 0.435 

*Aqueous phase 20 ml; organic phase 5 ml. 
tHC1, l&f; KSCN, 0.05M; SnCl, 0.04.W. 
$MEDSHA, 0.003M; HCl, 4M. 

Ion (ion/MO w/w) 

WI), WI), WI), n(I), AgtI). 
Zn(II), (XII). Co@), Mg(II), 
Baa, Be@), Ni(lI), MnW, 
WI), WI), WII), c&II), 
I-W), WI), WIII), WIII), 
As(III), Cr(III), Al(III), Y(III), 
La(III), Bi(III), In(III), Tl(III), 
Fe(U), Sn(IV), Se(W), Zr(IV), 
WV, ASOT), WW, I=*-, I-, Br-, 
F-, SO:-, C&-, SCN-, PO:-, 
citrate, acetate, tartrate 1000* 
Ti(IV)t 
Th(Iv) z 

z&t 
300 

10 

possible), into a non-refractory one. The best 
results were obtained by shaking the organic 
phase (containing the Mo-MEDSHA complex) 
for 2 min with a fresh solution of O.OSM potass- 
ium thiocyanate and 0.045M stannous chloride 
in 1M hydrochloric acid.s In this way the 
Mo-MEDSHA complex is quanti~tively trans- 
formed into an No-SCN- species, which re- 
mains in the organic phase. This fact was 
checked by preparing two calibration curves for 
a molybdenum concentration range from 1 to 4 
pg/ml, the first corresponding to extraction with 
the SCN--Sn(Il) system and the second to the 
MEDSHA extraction and further transform- 
ation with SCN- and Sn(I1). The results 
summarized in Table 2 make evident the effec- 
tiveness of the reaction. 

*Maximum amount tested, except for F- (tolerant ratio 
1.9 x 10’). 

tin the presence of 1M sodium fluoride. 

molybdenum. Linear calibration graphs were 
obtained even when the aqueous phase volume 
was increased to 200 ml, which shows that 50 
pgfl molybdenum can be determined. 

Calibration graph 

Efict of other var~les 

Shaking for 30 see is enough to complete the 
extraction of the Mo-MEDSHA complex under 
the conditions described. 

The atomic-absorption signal was linear up to 
6 gg/ml molybdenum in the aqueous solution, 
and the equation for the calibration graph was 
A = 0.104C + 0.006, for C in pg/ml, with 
rz = 0.9998. A detection limit of 0.03 pg/ml 
molybdenum was obtained25*28 (from ten blanks 
measured against MIBK), and the precision 
(RSD) for seven replicate dete~nations of 2 
jf g/ml molybdenum was 1.1%. 

Interference studies 

The effect of the volume ratio of the aqueous A detailed study of interference effects was 
and organic phases in the next step was studied, made for cations and anions, in amounts rang 
with 10 ml of MIBK for the extraction of ing up to 2 x lo4 pg, with 20 pg of molyb- 
molybdenum from various volumes of aqueous denum. Ions were considered as not interfer- 
phase containing between 10 and 40 c(g of ing, if they produced an error in absorbance 

Table 4. Determination of moly~n~ in different samnles 

Sample 

BCS 451/l steel 
NBS-SRM 33e steel 
NBS-SRM 364 steel 
Fertiliir 
Vitamin complex 
Morocco soil 

proposed method 

Found* RSD*% 

0.040% 2.63 
0.221% 1.84 
0.492% 0.98 

6.6 &nl 0.57 
243 pg/ml 2.24 
1.62 pg/g 2.21 

Certified 
Sn-SCN- method or supplier’s value 

- 0.039% 
- 0.224% 
- 0.490% 

6.8 &ml 6.0 m/N 
238 &ml 249 &ml$ 
1.51 JQI/g - 

*Results of seven replicate determinations. 
TValue given by BASF Espariola, S.A. 
$Value given by Abbot Laboratories, S.A. 
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of less than twice the coefficient of vari- Acknowledgement-The authors wish to express their grati- 

ation. The tolerance limits are summarized tude to Dr R. A. Chalmers for his suggestions about the 

in Table 3. paper. 

Among the ions tested, the only major inter- 
ferences were from Ti(IV) and W(VI), which 
form bulky precipitates that adsorb or occlude 
the molybdenum(V1) complex. However, these 
interferences can be eliminated or minimized, 
respectively, by adding sodium fluoride before 
the MEDSHA. 

Applications 

The proposed method was applied to the 
determination of the molybdenum content of 
three certified reference steel samples and a 
molybdenum-deficient soil. It was also applied 
to the analysis of a pharmaceutical preparation 
and a liquid fertilizer, for which approximate 
molybdenum values were available. 

In the samples with a molybdenum content 
that was not exactly known, the results were 
compared with those obtained by the direct 
Sn-SCN- method. 

As shown in Table 4, the proposed method 
shows reasonably good agreement with other 
values and its accuracy (certified samples) and 
precision are satisfactory. 

1. 
2. 
3. 

4. 
5. 

6. 

7. 

8. 

9. 

10. 

11. 
12. 

13. 

14. 

15. 
16. 

17. 

18. 
CONCLUSIONS 

Among the different solvent extraction 
methods that have been proposed for the deter- 
mination of molybdenum by flame atomic- 
absorption spectrometry, the one based on the 
extraction of this element into MIBK with 
SCN- and Sn(II),5 from hydrochloric acid 
medium, is perhaps the most useful. We propose 
a method that makes indirect use of this system 
and offers some advantages over it: it has a 
lower detection limit and suffers interference 
only from W(V1). 
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DETERMINATION OF COPPER AT ng LEVELS BY 
IN-LINE PRECONCENTRATION AND FLOW-INJECTION 

ANALYSIS COUPLED WITH FLAME 
ATOMIC-ABSORPTION SPECTROMETRY 

RAJESH F+UROHIT and SUREKHA DEW* 
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Sammary--Oxine/formaldehyde/resorcinol and oxine/formaldehyde/hydroquinone resins have been syn- 
thesized and their physicochemical properties studied. Conditions were optimized for the preconcentration 
of copper by batch extraction and column chromatography with the resins. A flow-injection analysis (FIA) 
manifold was constructed for the determination of copper at ng levels by preconcentration on 
microcolumns containing the resins, stripping, and atomic-absorption spectrometry. For batch preconcen- 
tration a pH of about 2.5-3 was optimal whereas in the FIA system a broader pH range (~2-3.5) could 
be used. Separations of binary mixtures of Cu(II) with Ni(II) or Pb(I1) at pg/ml level did not show any 
cross-contamination. In the FIA, a 2 cm long column and 2 ml/min flow-rate were adequate for 
quantitative uptake of copper; 50 ~1 of O.lM hydrochloric acid quantitatively eluted the copper. 

There is a need for improved automatic/ 
semiautomatic methods for the determination 
of heavy metal ions in water. Flame atomic- 
absorption spectrometry (AAS) lacks sensitivity 
in detection at pug/l. levels. Electrothermal- 
atomization and hydride-generation AAS etc. 
are sensitive but suffer from matrix inter- 
ferences. Flow-injection analysis (FIA) has 
contributed’-5 to the development of several 
semiautomatic methods of preconcentration 
and determination of metal ions. These have 
employed activated alumina,4 oxine immobi- 
lized on silica gel, 3,6,7 Chelex 100 *J resin 
and tri(pyridylmethyl)ethylenediamine.8 

122 6 9 

Chelating resins containing oxine groups are 
synthesized either from oxine, formaldehyde 
and resorcinol by condensation9s” or by diazo- 
tization of a poly(aminostyrene) resin followed 
by coupling to oxine.” The resins have low 
metal-exchange capacities and slow exchange 
rates. Their properties were improved by 
Pennington and Williams’* and by Parrish and 
Stevenson’3 by controlling the water regain and 
the curing conditions, but the samples required 
storage in moist conditions. Vernon and Nyo,14 
and Parrish,i5 have reported that the resins are 
unstable in >2M hydrochloric acid at room 
temperature. We have attempted to improve the 

*Author for correspondence. 

kinetics of metal exchange and the stabilities of 
the oxine-containing resins by using hydro- 
quinone in place of resorcinol in the conden- 
sation reaction. A new synthetic route has also 
been established for the synthesis of oxine/ 
resorcinol/formaldehyde resins. Both resins are 
useful in the semiautomatic FIA method for the 
determination of copper at ng levels. Conditions 
have been optimized for determination of 
copper by (i) flow injection, (ii) a batch method 
and (iii) column chromatography. 

EXPERIMENTAL 

Synthesis of resins 

Oxine/formaldehyde/resorcinol (8HOQFR) 
resin was made by refluxing 0.1 mole of oxine in 
50 ml of dimethylformamide (DMF) with 0.25 
mole of formaldehyde for 20 min. A further 0.1 
mole of resorcinol in 50 ml of DMF was added 
to the refluxing mixture. A reddish gel was 
formed within 10 min. Refluxing was continued 
for a further 30 min. The gel was collected, 
washed with DMF and methanol, and cured at 
80” (open cure). The resin to be used for further 
studies was ground to 60-80 mesh size. Oxine/ 
formaldehyde/hydroquinone (8HOQFHQ) resin 
could not be synthesized by this method, so a 
base-catalysed process was used instead. Oxine 
(0.1 mole) in finely powdered form was stirred 
into 20 ml of 2M sodium hydroxide. To this 
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suspension, 0.25 mole of formaldehyde was 
added with stirring and heating in a water-bath. 
Hydroquinone (0.1 mole) in 20 ml of 2M 
sodium hydroxide was added to the oxine- 
formaldehyde mixture with stirring. The con- 
densation reaction was continued until a black 
gel was formed, and this was open cured at 80”. 
The 60-80 mesh resin was washed thoroughly 
with water, converted into H+-form and used 
for further studies. 

The resins were characterized, and used for 
batch and column chromatographic studies of 
copper exchange. The optimal pH for copper 
uptake was found by following the literature 
procedureI and the copper left in solution was 
determined complexometrically.” The copper 
taken up by the resin was eluted and similarly 
determined. The rate constant and activation 
energy for formation of the chelate were ob- 
tained by observing the exchange kinetics at 
various temperatures. The mode of diffusion of 
metal ions through the solution towards the 
resin was determined by the interruption tesP’* 
and was confirmed by the method reported by 
Nativ et aLI During the kinetics study by the 
interruption test the resin beads were removed 
from the solution for a brief period of time 
(10 min) and were then re-immersed. The plots 
of % exchange vs. time give the nature of 
diffusion of the ionsI The efficiency of the 
eluents was tested by the batch method. 

Chromatographic separations 

Chromatographic columns, 19 cm long, i.d. 
7 mm, were prepared with the synthesized 
resins. Binary and ternary mixtures (25 ml) of 
copper, cobalt, lead and nickel (each 400 pg/ml) 
were passed through columns of 8HOQFR and 
8HOQFHQ at pH 2 or 3 and a flow-rate of 
1 ml/min, followed by washing with water. The 

2 
Fig. 1. FIA manifold: 1, two-way stopcock; 2, peristaltic 
pump; 3, injection valve; 4, column containing resin; 5, 

detector (AAS), 

metal ions were eluted with 3M hydrochloric 
acid, 0. IM hydrochloric acid, 1 M acetic acid 
and 0.1 M hydrochloric acid respectively. 

Characterization of the columns 

The void volume of the columns was deter- 
mined by the method given by Helfferich.16 The 
break-through capacities and column capacities 
were determined as described by Incz&dy.*O 

Determination of copper at ng level 

A Varian model AA 775 atomic-absorption 
spectrometer with a chart recorder was used 
for determination of copper at 324.8 nm. The 
operating conditions were monochromator 
band-pass 1 nm, lamp current 2.5 mA, sample 
uptake rate 1 ml/min, air pressure 39 psig, 
acetylene pressure 9.8 psig. 

The FIA manifold was constructed as shown 
in Fig. 1. A Gilson Minipuls peristaltic pump 
was used along with a rotary injection valve 
(Rheodyne RH 5020). Microcolumns (4 cm 
long, 2 mm bore) containing an oxine resin were 
connected in the manifold with 0.5 mm bore 
Teflon tubing. Acetate solutions (0.2M) ad- 
justed to pH 2 and 3 with a small amount of 
hydrochloric acid were used as carrier streams. 
Standard copper solutions were passed through 
the column at 1 ml/min flow-rate. Copper was 
eluted from the column by injection of 50 ,ul of 
OSM hydrochloric acid and determined by 
flame AAS. The column was further washed 

Table 1. Phvsicochemical nronerties of the resins 

Properties 

Moisture content. % 
Density, g/cm’ 
Mesh size 

_ _ 
8HQQFR 8HQQFHQ 

3 8 

620 
mmole /g 4.6 

7 
15 
5 

15 
120 

7.33 
19.30 
15.55 
13.62 

1.5 
60-80 

5.0 
40 
30 
8 

10 
8 
8.25 

19.21 
12.69 
9.98 

Sodium exchange capacity, 
t$ for sodium, min 
t,,* for copper, min 
t,,2 for nickel, min 
r,,* for lead, min 
r,,z for zinc, min 
Kd for nickel (pH 6) 
Kd for copper @H 3) 
K,, for lead @H 4) 
/cd for zinc (pH 6) 

*tt,,2 = time required for 50% exchange of the metal ion. 
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Table 2. Comparison of resin properties 

8HOQFR 8HOQFHQ Reference 

Stability towards acid 
(maximum acidity) 

Copper capacity, 
mmole /g 

t,,* for sodium 

5M 5M 
4M 
2M y 
0.7* - 
2.32’ 
1.72t 1.747 
6hr - 
7 min 40 min 

Present work 
14 
15 
14 
15 

Present work 
14 

Present work 

*At pH 5. 
tAt pH 3. 

with two 50 ~1 injections of acid and passage 
of buffer solution through the system. A three- 
way stopcock was used to control the flow of 
standard solution and buffer. 

RESULTS AND DISCUSSION 

The physicochemical properties of the resins 
synthesized (8HOQFHQ and 8HOQFR) are 
listed in Table 1. The resins are insoluble in most 
organic solvents, and in acids and alkalis of 
higher concentrations. They are thermally stable 
up to 300”. The infrared spectra show a broad 
band at 3400-3200 cm-’ for polymeric -OH 
stretching, a sharp but weak band for the aro- 
matic tertiary C-N vibration at 1370 cm-‘, a 
methylene group bending vibration at 1400 
cm-’ and a stretch at 1500 cm-’ indicating 
aromaticity. A weak band at 1600 cm-’ indi- 
cates the presence of C=N stretching. Unlike 
the resins reported earlier,14.” our 8HOQFR 
resin did not show instability in 2-4M acids, and 
although it had the same resorcinol/oxine/ 
formaldehyde ratio as the earlier resins, its 

2.0 r 
8 HOQFR 

- 

- 

water content was lower. The exchange capacity 
for copper was higher (1.72 mmole/g at pH 3, 
againstI 0.7 at pH 5). The copper capacity of 
our 8HOQFHQ was also high, 1.74 mmole/g at 
pH 3. 

The t,,2 values for exchange of Cu(II), Ni(II), 
Zn(I1) and Pb(I1) are quite low, except 
for Zn(I1) on SHOQFR (Table 1). Our resins 
also showed greater stability towards acids 
and faster equilibration rates than the resins 
reported earlier (Table 2). The interruption 
testI indicated that the exchange of metal 
ions with these resins is governed by diffusion 
within the particles. The interruption gives time 
for the concentration gradients in the beads 
to level out, and in particle-controlled diffusion, 
the rate immediately after re-immersion is 
greater than that prior to the interruption. In 
film-controlled diffusion, there is no concen- 
tration gradient within the bead, and the 
diffusion rate depends on the concentration 
gradient in the film. The interruption does not 
affect the gradient and hence has no effect on the 
rate. 

8HOQFHQ 

Q 
PH PH 

l C~(ll),~Ni(ll). @Pb(ll). oZn(lll 

Fig. 2. Effect of pH on metal exchange (batch method): l Cu(II), 0 Ni(II), 0 Pb(II), 0 Zn(II); O.lM 
metal ion. 



756 RAJESH F?JROHIT and SUREKHA DEVI 

8 HOQFR 8 HOQFHQ 

20 

0 0 05 0 15 025 0 005 015 0.25 

concentration, M 

l Cu(ll). q Ni(ll), @Pb(ll). oZn(ll) 

Fig. 3. Effect of metal ion concentration on exchange capacity: 0 Cu(II), 0 Ni(II), 0 Pb(II), 0 Zn(I1). 

The effect of pH on the metal exchange 
capacities is shown in Fig. 2. The selectivity, 
based on the distribution coefficients, was ob- 
served to be Cu > Zn > Ni > Pb at 0.1 M metal 
concentration, for both the resins. The uptake 
of metal ions by the resins increases (Fig. 3) 
and the distribution coefficient decreases with 
increasing metal ion concentration. 

For elution of the chelated metal ions, 
O.l-5M acids, sodium chloride, sodium citrate, 
sodium tartrate, potassium thiocyanate, 
thiourea and 5-50% w/w perchloric acid were 
tested. Copper, zinc and nickel were quantitat- 
ively eluted with 3, 0.2 and O.lM hydrochloric 
acid respectively, and Pb(I1) with 1M acetic 
acid. Conditions for separations of Cu-Ni, 
Cu-Pb, and Cu-Ni-Co can be predicted from 
the pH and elution studies. 

Column chromatographic separations 

Mixtures (25 ml) of Cu-Ni, Cu-Pb and 
Cu-Ni-Co in 1: 1 and 1: 1: 1 proportions, pre- 
pared from 400 pug/ml metal ion solutions and 
adjusted to pH 3, were passed through the 
column at a flow-rate of 1 ml/min. The column 
was washed with water, then the metal ions were 
eluted with appropriate reagents. As shown in 
Fig. 4, separation of copper from nickel with 
8HOQFR is incomplete, but is satisfactory with 
8HOQFHQ. The kinetics in column processes is 
faster than for the batch process, because the 
resin surface is constantly coming into contact 
with fresh mobile phase. This also indicates that 
the mechanism of the column process is different 
from that of the batch process. 

When the ternary mixture of Cu-NiCo is 
adjusted to pH 2 and passed through the 
column, nickel and cobalt are detected in the 
effluent, but copper is retained, and can then be 
eluted with 3M hydrochloric acid. However, if 
the mixture is at pH 3, the cobalt and part of the 
nickel pass through the column; the copper and 
the rest of nickel are retained on the column 
and can then be eluted by gradient elution. The 
separation shows cross-contamination to some 
extent. Lead and copper can be completely 
separated by consecutive elution with 2M acetic 
acid and 3M hydrochloric acid respectively. 

Thermodynamics and rate of copper exchange 

The rates for uptake of copper by the resins 
at three different temperatures were calculated 
from the equations for a first order reaction 

-; =kc; -log(a -f)=& 

where a is the initial concentration of metal ion 
and f is the concentration left in solution after 
time t. Therefore (a -f) gives the uptake of 
metal ion by the resin. A plot of log (a -f) vs. 
t gave straight lines passing through the origin, 
for 8HOQFR, the slopes giving the values of k. 
However, the plots for 8HOQFHQ were not 
linear, and a mirror method2’s2* was used. The 
rate constant was calculated from the initial rate 
of the reaction, the appropriate part of the plot 
being identified by placing a mirror normal to 
the curve, and moving it until the reflection was 
a smooth continuation of the plot. The tangent 
was then drawn perpendicular to the mirror and 
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Table 3. Rate constant and activation energy data 

Rate constant k, set-’ 
Temperature 
“C 8HOQFR SHQQFHQ 

30 
40 
50 
Activation 

energy, kcallmole 

1.8 1.2 
2.8 2.0 
4.6 3.6 

9.15 9.86 

from the slope of the line the rate constant (k) 
was calculated. The activation energy of com- 
plex formation was determined by using the 
Arrhenius equation 

and a plot of log k us. l/T is given in Table 3. 
The activation energy is higher for 8HOQFHQ 
than for 8HOQFR, which indicates a slower 
exchange rate for copper on the former and is 
in agreement with the t,,* values (Table 1). 

Flow -injection system 

Copper at ng level was determined with the 
FIA manifold shown in Fig. 1. When copper 
was preconcentrated on the chelating-resin 
microcolumn by passage of 5 ml of 1 x IO-‘M 
copper solution, the column effluent did not 
show the presence of copper when continuously 
analysed by AAS, indicating quantitative chela- 
tion of copper on the microcolumn. The column 
was then washed with buffer, and the chelated 
copper was eluted by injection of 50 ~1 of OSM 
hydrochloric acid to ensure quantitative elution. 
The dispersion due to the FIA system was 
calculated from the AAS signals for direct neb- 
ulization of a 50 ,ug/ml copper solution and for 
50 ~1 of the same solution injected into the FIA 
system, with and without introduction of the 
present microcolumn. It was found that use of 
the microcolumn did not affect the peak height. 

0 EHOPFR 

20 . BHOQFHO 

I I I 
0 2 4 6 

PH 

Fig. 5. Effect of pH in FIA method: flow-rate 2 ml/min, 

t 
0 6 HOOFR 

40 
% . 6 HOPFHQ 

E 
E x 
z 
.a 
r 2c 

x 

P 
Q IO 

t 

0: 

flow rate. ml/min 

Fig. 6. Effect of flow-rate in FIA analysis: pH 3, column 
length 2 cm, Cu(I1) 5 ml, 10e6M. 

The dispersion was found to be 1.5. The sharp 
peak for the elution of copper from the micro- 
column indicates faster kinetics. Continuous 
elution of copper with 0.5M hydrochloric acid 
also gives a narrow peak, of comparable height, 
indicating that the analyte is concentrated in a 
relatively narrow zone of the eluent. The dis- 
persion of the system depends on the volume of 
sample injected. Conventional flame AAS gives 
pg/ml detection levels whereas the FIA system 
with a microcolumn for preconcentration gives 
ng/ml levels. 

The FIA system was optimized by varying the 
pH of the copper solution (Fig. 5). The opti- 
mum pH was lower than that for the batch 
system (Fig. 2). Tris, phosphate and acetate 

scan 

Fig. 7. Calibration peaks: 10 ml of 20, 40, 60, 80 and 100 
column length 2 cm, Cu(II) 5 ml, IO-‘M. ng/ml Cu solution, 20 ~1 of 0.5M HCl injected. 
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buffers (0.2M) were tested as carriers in the FIA 
system. With phosphate buffer the system was 
less critically sensitive to variation in pH. 

The effect of column length was studied with 
a carrier stream flow-rate of 2 ml/min. A 2 cm 
column (id. 2 mm) is sufficient for preconcen- 
tration. A column length greater than 6 cm 
increases the dispersion coefIicient to - 15%. 
Increasing the flow-rate decreases the peak 
height and broadens the width of the peak 
(Fig. 6). A 2 ml/min flow-rate is recommended. 

Elution of copper was quantitative with 20 ~1 
of > 0.1 M hydrochloric acid, but lower concen- 
trations gave only 20-30% elution. To ensure 
complete elution 50 ~1 of 0.5M acid is 
recommended. 

A calibration graph for copper was obtained 
by passing 10 ml of each standard solution 
through the FI system and eluting the copper 
with 50 ~1 of 0.5M hydrochloric acid. Each data 
point was measured in triplicate. The regression 
coefficients for the 8HOQFR and 8HOQFHQ 
plots were 0.9917 and 0.9940 respectively. The 
lower limit of detection, based on the copper 
concentration equivalent to three times the stan- 
dard deviation of the blank signal for the carrier 
stream, was 5 ng/ml with preconcentration from 
15 ml of solution. 
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ASCORBIC ACID AS A MATRIX MODIFIER FOR 
DETERMINATION OF TIN IN CONCENTRATED BORIC 

ACID SOLUTIONS BY ELECTROTHERMAL 
ATOMIC-ABSORPTION SPECTROMETRY 
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Sammary-It has been found that the atomic-absorption signal for tin is reduced in the presence of 5 ~1 
of 0.05-0.30M boric acid at STPF-conditions. It has been proposed that the reason for the boron 
interferences is the formation of SnB(g) at the atomization stage. In the presence of palladium chloride 
the interferences from 0.2M boric acid are reduced by a factor of 1.3. The interferences are reduced most 
effectively when the sample is atomized from a polycrystalline graphite platform or in the presence of 
ascorbic acid. The interference of up to 0.244 boric acid can be suppressed and the area of the tin signal 
doubled. It is proposed that the observed phenomenon is connected with the bonding of boron as 
non-volatile B4C. Ascorbic acid is the most effective matrix modifier for the determination of different 
trace elements in boron compounds. 

Boron compounds at high concentrations are 
reported to reduce the atomic-absorption sig- 
nals for Cr, Fe, Ga and other elements.‘** To 
diminish or compensate for this, the volatiliz- 
ation of boron as boric acid esters,3 the method 
of standard additions’ and addition of boric 
acid to the standard solutions’ have been used. 
For the determination of tin in solutions pre- 
pared by fusing geological reference materials 
with lithium metaborate and dissolution in acid, 
various matrix modifiers have been used, such 
as an ascorbic acid/iron(III) nitrate mixture, 
ammonia solution, and diammonium hydrogen 
phosphate.4 

To elucidate the mechanism of formation 
of tin ore deposits, the solubility of cassiterite 
in boric acid solutions at high temperatures 
and pressures has been studied.5 In development 
of the method of analysis of the solutions 
obtained, the influence of high concentrations 
of boric acid (up to 0.3M) on the tin 
determination was investigated. It was shown 
that ascorbic acid is the most effective matrix 
modifier, and a mechanism for its action has 
been postulated. 

*Fresent address: Laboratory of Organic Analysis, Depart- 
ment of Chemistry, Moscow State University, 119899, 
Moscow, USSR. 

EXPERIMENTAL 

Reagents 

Analytical-grade reagents and distilled water 
were used. A standard tin solution was prepared 
by dissolving 100 mg of tin in 2.5 ml of a 1: 3 v/v 
mixture of concentrated hydrochloric and 
nitric acids. The solution was diluted to 100 ml 
with 3M hydrochloric acid. To obtain boron 
and silicon solutions appropriate weights of 
boric acid and sodium metasilicate nonahydrate 
were dissolved in demineralized water. Only 
freshly made ascorbic acid solutions in water 
were used. 

Apparatus 

A Perkin-Elmer Zeeman/3030 atomic-ab- 
sorption spectrophotometer equipped with an 
HGA-600 electrothermal atomizer and “Inten- 
sitron” hollow-cathode lamps was used. The 
analytical lines used were 286.3 nm (band-width 
0.7 nm) for tin, 249.7 nm (band-width 0.7 nm) 
for boron and 25 1.6 nm (band-width 0.2 nm) for 
silicon. The sample solutions (5 or 10 ~1) were 
injected manually. Pyrolytic graphite platforms 
(Perkin-Elmer) and platforms home-made from 
polycrystalline graphite MPG-6 (USSR) were 
used. Graphite tubes without pyrolytic graphite 
coating were used as a rule. 

761 



I I I 

0 0.05 o.to 0.20 

CH&+, M 

Fig. 1. Effect of boric acid on tin determination in the 
graphite tube with pyrolytic graphite coating (I) and 
without coating (2-S). 1, 2, Evaporation from the wall; 3, 
evaporation from the pyrolytic graphite platform; 4, evapor- 
ation from the pyrolytic graphite platform in the presence 
of 50 mg/ml sohrtion of ascorbic acid, 5, eva~ration from 

the polycrystalline graphite platform. 

Procedure 

For study of the matrix interferences 10 ,ul of 
0.15 ~g/ml tin solution in OSM hydr~hlo~c 
acid, and 5 ~1 of boric acid solution and/or 
modifier solution were successively injected into 
the atomizer. The temperature/time programme 
optimized for tin determination in the presence 
of 0.2M boric acid (atomization from the py- 
rolytic graphite platfo~) was: drying, tempera- 
ture 120”/ramp time 5 set/hold time 25 see; 
ashing, 750’15 set/l 5 see; atomization, 2200”/0 

set/3 set (gas-stop mode); cleaning, 2600”/1 
set/2 sec. The same temperature/time pro- 
gramme was used for tin determination without 
the graphite platform, and for the determination 
of silicon. The tem~rat~e/ti,me programme for 
boron determination (atomization from the wall 
of a graphite tube with pyrolytic graphite coat- 
ing) was: drying, 1 IO”/5 set/25 set; ashing, 
400”/5 sec/l2 set; atomization, 2750”/0 set/3 set 
(gas-stop mode); cleaning, 2800*/l set/2 sec. 

RESULTS AND DISCUSSION 

Tin determination in pure solutions 

The lowest response in tin determination in 
0.5M hydrochlo~c acid is observed for atomiz- 
ation of the sample from the wall of a graphite 
tube with pyrolytic graphite coating. A higher 
signal is obtained with the graphite tube without 
coating (Fig. 1), since the partial pressure of free 
oxygen (pO,) in the atomizer gas phase is lower 
because the chemical activity of the polycrys- 
talline graphite is higher than that of the 
pyrolytic graphite.6q7 

The signal is also increased when the sample 
is atomized from the platform (Fig. 1), owing to 
the shift of the signal to higher temperatures, 
wherep,, is minimal. The platform material influ- 
ences the tin signal area negligibly, but markedly 
affects the shapes of the signals (Fig. 2a). When 

0.3 (a) 

t (set) 

t (set) 

Fig. 2. Signals for tin (1.5 ng) in the absence of the matrix (a) and in the presence of 0.2M I-l,BO, (b). 1, 
Evaporation from the polycrystalline graphite platform; 24, evaporation from the pyrolytic graphite 
platform; 3, in the presence of 50 mg/ml solution of ascorbic acid; 4, in the presence of 1 pg of palladium. 
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the polycrystalline graphite platform is used, the 
tin signal appears at higher temperatures. The 
reason for this is that the tendency of tin to form 
lamellar compounds with graphite* is reduced 
when pyrolytic graphite is used, owing to the 
relatively low chemical activity and smaller 
specific surface area of this material. 

When tin is atomized from the pyrolytic 
graphite platform in the presence of ascorbic 
acid the appearance time of the signal signifi- 
cantly increases (Fig. 2). In this case the amor- 
phous carbon formed as a result of thermal 
decomposition of the ascorbic acid may favour 
formation of the lamellar compounds. Accord- 
ing to the signal shapes (Fig. 2a) the thermal 
stability of these compounds is lower than that 
of palladium-tin alloys and the corresponding 
intermetallic compounds formed when palla- 
dium is used as the matrix modifier.9 

Tin determination in the presence of boric acid 

The mutual solubility of tin oxides and boron 
oxides is very low; the corresponding chemical 
compounds are not formed.” In our exper- 
iments the shape of the curves for tin signal us. 
ashing temperature (Fig. 3) and 11s. atomization 
temperature is not changed significantly by the 
presence of boric acid, and boric acid also does 
not greatly influence the appearance times of the 
tin signals (Fig. 2b). Hence atomization of the 
tin depends only slightly on the interaction of 
boric acid and tin compounds on the atomizer 
surface. The most likely causes of suppression of 
the tin signals in the presence of boric acid are 
the gas-phase processes. This assumption is 
corroborated by the decrease in interference 
when the sample is atomized from the graphite 

I I 
6oc 1003 

t Blh 1-c) 
Fig. 3. Effect of the ashing temperature on signal for tin (1.5 
ng); evaporation from the pyrolytic graphite platform. 1, 
Tin solution in 0.5M HCl; 2-4, determination in the 
presence of 0.2M H,BO,; 3, in the presence of 50 mg/ml 
solution of ascorbic acid; 4, in the presence of 1 pg of 

palladium. 

platform. The dissociation of the molecules in 
the gas phase is more complete in this atom- 
izer.” 

The interferences from boric acid are lower if 
the analyte is atomized from the polycrystalline 
graphite platform (Fig. l), but such platforms 
are not commercially produced and have 
relatively short lifetimes. All other experiments 
were done with the pyrolytic graphite platforms. 
Atomization of the sample from these platforms 
in the absence of the matrix modifier does not 
effectively suppress the influence of boric acid 
(Fig. 1). 

According to Havezov” the molecular ab- 
sorption lines for BO are split in the magnetic 
field and may overlap with the analytical lines of 
tin, but in our experiments (atomization from 
the graphite platform, I = 286.3 nm, band- 
width 0.7 nm) the signals from solutions of boric 
acid did not differ from the background. 

Comparison of d#erent matrix modifiers 

The influence of the atomization temperature 
on the tin signal in the presence of 0.2M boric 
acid and 1 pg of palladium was studied. In- 
crease in the atomization temperature to 
>2200” increases the peak height but has prac- 
tically no effect on the peak area, so an atomiz- 
ation temperature of 2200” is recommended 
when palladium is used as matrix modifier. For 
the maximal effectivity of this matrix modifier 
the palladium solution is added to the platform, 
then dried and ashed at 750” for 15 sec. The 
temperature/time programme is then inter- 
rupted, the solutions of tin and boron are added 
to the atomizer, and the programme is 
restarted.13 We do not use a mixture of the 
solutions of ascorbic acid and palladium as was 
used previously,‘3 since in that case a significant 
complication of the processes in the graphite 
furnace is possible because of the interaction of 
the reductant and/or its thermal decomposition 
products with the analyte. 

In the presence of boric acid and palladium 
the maximum ashing temperature is increased 
and the tin signal shifts to higher temperature 
(Figs. 2b and 3). Hence boric acid does not 
interfere in the formation of the tin-palladium 
compounds’ on the atomizer surface, but palla- 
dium does not eliminate the boron interferences 
completely (Fig. 3). 

Some water-soluble organic compounds have 
also been studied as matrix modifiers. When 5 
,ul of 0.2M boric acid is used, the tin peak area 
is increased by 20, 20 or 10% if 5 ~1 of a 50 
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mg/ml solution of glucose, oxalic or citric acids 
respectively is also used. Under these conditions 
the presence of ascorbic acid (5 ~1 of a 50 mg/ml 
solution) more than doubles the tin peak area. 
This quantity of ascorbic acid is optimal: in- 
creasing the concentration and/or the volume 
used causes rapid build-up of carbon-rich 
residue on the platform, which sharply de- 
creases the reproducibility of the determination. 
The relative standard deviation of tin determi- 
nation (10 ~1 of a 0.15 pg/ml solution) in the 
presence of 5 ~1 of 0.2M boric acid solution is 
7.8% (n = 8, P = 0.95). In the presence of 
ascorbic acid the reproducibility is improved to 
5.0% (n = 7, P = 0.95). The corresponding value 
for a pure tin solution is 4.3%. This method was 
used for the determination of 0.005-O. 100 pg/ml 
tin in 0,002-0.2M boric acid solutions.5 

Proposed mechanism of ascorbic acid action 

The most probable reason for the decrease of 
the tin signal in the presence of boron com- 
pounds is the formation of SnB(g). The equi- 
librium Sri(g) f B(g) Z$ SnB(g) is defined partly 
by the quantity of boron in the graphite furnace 
and partly by the degree of boron atomization 
at the atomization stage. 

It is known that in the presence of ascorbic 
acid the concentrations of carbon monoxide and 
hydrogen significantly increase in the ETA gas 
phase at 100-1200”,‘4 but the formation of 
boranes B, H,, ,I5 which would remove boron 
from the graphite furnace at the ashing step, is 
also slightly possible under such conditions. The 
sensitivity of boron determination is increased 

I I I I 

0 0.5 1.0 2.0 

c (%) 

Fig. 4. Effect of 10 pl of ascorbic acid solution on the signal 
for boron (1 pg). 1, Integrated signal, absorbance.sec; 2, 

absorbance. 

Fig. 5. Effect of ascorbic acid on dete~nation of tin (1.5 
ng) in the presence of 0.2M H,EO,. 

in the presence of ascorbic acid (Fig. 4), which 
confirms the data of Goyal et a1.16 It is known 
that the concentration of B(g) increases with 
decrease in the free oxygen concentration in the 
gas phase of the graphite furnace.” In the 
presence of ascorbic acid po2 decreases as a 
result of the interaction of oxygen with amor- 
phous carbon.’ 

At a relatively low tin atom~tion tempera- 
ture (2200”) boron may exist in the graphite 
furnace as B4C(s) and B(g); formation of BO(g) 
is also possible. I7 Evidently, the formation of 
B4C(s) will favour reduction of the negative 
boron interferences. The tin signal obtained in 
the presence of boric acid increases in pro- 
portion to the ascorbic acid concentration in the 
solution (Fig. 5). Apparently, in the presence of 
the chemically active carbon formed as a result 
of the thermal decomposition of ascorbic acid, 
the kinetics of B4C(s) formation is improved. 
When the ~lyc~stailine graphite platform is 
used, boron is more effectively bound as B&(s) 
because the chemical activity of this graphite is 
higher than that of pyrolytic graphite. 

We could not check experimentally the hy- 
pothesis concerning the decrease of B(g) con- 
centration in the presence of ascorbic acid at the 
atomization temperature of tin (2200”), because 
of the low sensitivity of boron determination at 
this temperature. However, it is well-known that 
the behaviour of silicon in the graphite furnace 
is to a large extent analogeous to the behaviour 
of boron. At high temperatures silicon is also 
susceptible to the formation of carbide Sic,(g) 
and oxide SiO(g).” The sensitivity of silicon 
determination by ETAAS is significantly higher 
than that for boron. Under the conditions of tin 
dete~nation the silicon signal decreases with 
increasing ascorbic acid concentration (Fig. 6). 
We propose that the concentration of free boron 
atoms in the gas phase in the graphite tube at 
2200” also decreases in the presence of ascorbic 
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Fig. 6. Effect of 10 ~1 of ascorbic acid solution on the signal 
for silicon (40 ng); evaporation from the pyrolytic graphite 

platform. 

acid. Silicon by itself, up to a concentration of 
0.2M, does not influence the tin signal. 

CONCLUSION 

The most effective matrix modifier for the 
ETAAS determination of tin in the presence of 
high concentrations of boric acid is ascorbic 
acid. The amorphous carbon formed as a result 
of thermal destruction of ascorbic acid favours 
the bonding of boron in B&(s), which is rather 
stable at the atomization temperature of tin 
(2200”). On the basis of the data obtained, 
ascorbic acid may be recommended as matrix 
modifier for the determination of other elements 
as impurities in the presence of high concen- 
trations of boron compounds. Palladium chlor- 
ide is less effective as the modifier in this case. 
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Summary--A method is presented for the determination of 2-IOM nitric acid based on the fact that the 
presence of high nitric acid concentration causes an enhancement of the intensity of some bands in the 
fluorescence spectra of rare earth ions in solution. The 616~nm band of Eu’+ shows the most dramatic 
intensity enhancement with increasing nitric acid concentration. The present method, based on the 
measurement of the ratio of Eu 3+ fluorescent band intensities is shown to be independent of Eu3+ 

concentration and realtively free of interference. This robust method allows the presence of an interferent 
to be determined from the experimental data. 

There are a number of processing environments 
that require a high nitric acid concentration for 
proper operation. Perhaps the most significant 
of these is in nuclear fuel reprocessing where the 
free acid content must be determined to ensure 
that the fuel samples are appropriately decon- 
taminated or that loss of recoverable fuel is 
minimized.‘-) Further, the free acid content 
must be known to enable the waste solutions to 
be appropriately neutralized before disposal. 

In a review of the methods which may be used 
to measure nitric acid concentrations, Gallagher 
and Johnson4 presented the requirements for a 
successful measurement technique and critiqued 
the potential methods. The requirements for 
successful determination of the mineral acid 
concentration of nuclear processing streams are 
rather severe. First, the method has to measure 
acid concentrations with a precision of f 5% 
over the concentration range l-10M. The 
method must be able to operate in the presence 
of heavy metal salts, and the processing environ- 
ment can be rather harsh. This is especially true 
of a nuclear fuel reprocessing environment 
where corrosivity and high levels of radiation 
must be expected. Thus, any method that can 
operate with all major pieces of equipment and 
all electronic components remote to the actual 
measurement site will be desirable. Spectro- 
scopic methods have the potential of utilizing 
optical fibers to enable isolation of all instru- 
mentation from the measurement site and are 
thus worthy of investigation. 

*Author for correspondence. 

We propose here a method of measurement 
of high nitric acid concentrations based on a 
fluorescence process. The measurement depends 
on the enhancement of a hypersensitive transis- 
tion of Eu3’ owing to the formation of an 
inner-sphere co-ordination complex with nitrate 
ion in highly acidic solutions. This method 
potentially meets all the requirements of a 
method capable of determining nitric acid con- 
centration over the concentration range of inter- 
est in a harsh processing environment. The Eu3+ 
probe must be present or added to the solution 
but the Ed+ concentration does not affect the 
measurement. 

EXPERIMENTAL 

Instrumentation 

Fluorescence measurements were carried out 
with an LS-5 Luminescence Spectrometer 
(Perkin-Elmer) with quartz cells (1 cm, Fisher). 
Instrument settings and data acquisition were 
carried out through an RS-232C interface be- 
tween the LS-5 and a Zenith 159 microcom- 
puter. Fluorescence spectra and intensity us. 
concentration data were acquired with software 
developed in-house for these experiments. Flu- 
orescence spectra were obtained with the follow- 
ing instrument parameters: excitation/emission 
slit aperatures set to nominal 10/S nm bandpass; 
scan speed, 120 nm/min; RC filter response, 4; 
excitation wavelengths (5-7), Eu3+/392 nm, 
Sm3+/402 nm, Dy3+/350 nm and Tb3+/372 nm. 
Spectral data were acquired every 0.5 nm. Inten- 
sity us. concentration data were obtained at the 
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same excitation wavelengths. In these exper- 
iments, excitation/emission slits were set at a 
nominal lo-nm bandpass, and the BC filter 
response had a value of 4. Software used in these 
expe~ments acquired 250 data points at fixed 
emission/excitation wavelengths, the data were 
averaged, and the standard deviation was ob- 
tained. Final intensity data were obtained by 
subtracting the blank from the analyte signal, 
and the standard deviation was determined by 
error propagation.’ 

Chemicals and solutions 

All reagents (ACS reagent grade) were used 
as’ obtained. Lanthanum(II1) oxides and the 
disodium salt of EDTA were purchased from 
Alfa Products. Acetic acid, sodium acetate, 
nitric acid, sulfuric, acid and hydrochloric acid 
were obtained from Fisher. Xylenol Orange 
(95% dye) and sodium carbonate were pur- 
chased from Aldrich. 

All solutions were prepared from triply- 
distilled water passed through cation exchange, 
anion exchange and activated carbon columns. 
Lanthanum(II1) O.OlM stock solutions were 
prepared by dissolving the corresponding oxide 
in the minimum amount of 20% (v/v) hydro- 
chloric acid. Excess of acid was removed by 
evaporation and the remaining chloride salt was 
then dissolved in the required amount of water. 
Lanthanum(II1) stock solutions were standard- 
ized versus EDTA (O.OlM) in an acetate buffer 
medium with Xylenol Orange as indicator.g 
Stock solutions of acid (12SM) were prepared 
by diluting the appropriate amount of con- 

A 

centrated acid to one liter with water. Fresh 
solutions were made weekly. Nitric acid stock 
solutions were standardized by titration against 
sodium carbonate with Bromocresol Green as 
indicator. 

Procedure 

Blank solutions consisted of purified water 
for all measurements. The solutions of different 
Ln’+/acid ratios were prepared by mixing ap- 
propriate amounts of the correspon~ng stock 
solutions and diluting to a volume of 50 ml with 
water. All solutions were allowed to stand for a 
period of at least one hour to reach room 
temperature and ensure complexation, and were 
then filtered through a sintered glass filter prior 
to use. The quartz cell was always kept in place 
inside the cell container of the LS-5 to avoid any 
errors caused by changing the cell walls facing 
the emission and/or excitation monochroma- 
tots. Before any new solution was placed in the 
cell, the cell was throughly rinsed with water 
and the new solution with a micropipette. 

RESULTS AND DISCUSSION 

There are several bands in the fluorescence 
spectrum of aqueous Et? when the solution is 
excited at 394 nm. Of these, the most intense 
bands are those observed at 591, 616 and 
694 nm.5*6 The emission bands at 616 nm 
(‘D0+‘F2, AJ = 2) and 694 nm (5D0+7Fq, 
AJ = 4) are “forbidden” according to the 
Lapporte selection rule. This accounts for their 
low emission intensity when compared to that of 

0.0 
626 656 606 846 685 726 

WAVELENGTH (nm) 

Fig. 1. Fluorescence spectra of &I”+ ions in solutions of varying nitric acid concentration. A: 10M HNO,. 
B: S.OM HNO,. C: Triply distilled water. 
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the “allowed” 591 nm (5D0+7F1, AJ = 1) 
band.‘O The 616nm band has been designated as 
a “Hypersensitive Transition” (HT).6 This term 
conveys the effect of the environment surround- 
ing the ion has on the emission intensity of this 
band.” HT or AJ = 2 transitions have also been 
observed in the fluorescence emission spectra of 
other lanthanides in aqueous media such as 
Sm3+ (640 nm, 4G5,2 +6H9,2), Tb’+ (491 nm, 
5D4+7F6) and Dy’ (577 nm, 4Fs,2 +6H,s,z).5 

Shown in Fig. 1 are the fluorescence emission 
spectra of aqueous Eu3+ ions in water (C), 5M 
nitric acid (B) and 10M nitric acid (A). The HT 
at 616 nm shows a six-fold increase when the 
solvent is changed from water to 10M nitric 
acid. This enhancement has been extensively 
discussed in the literature’@‘5 and is generally 
attributed to the inner sphere complexation of 
the nitrate ion with Eu3+. In a study of the 
fluorescence behavior of the Eu3+/HN03 sys- 
tem, Piriou and Svoronos” suggested that the 
composition of the aquanitrato complex of 
Eu3+ has the formula [Eu(NO,),(H,O),](~“)+ 
where the value of m is dependent upon the 
concentration of nitric acid. This dependence 
might suggest that the intensity of the HT is a 
direct function of the number of NO; ions 
complexed with Eu3+. When compared to the 
HT transition, the other Eu3+ transitions do not 
show dramatic intensity shifts with changes in 
nitric acid concentration. The 591 and 694 nm 
bands show only a slight increase in intensity cu. 
5%, when the solvent changes from water to 
10M nitric acid. This slight intensity change was 
previously reported by Gallagher” and is at- 
tributed to a near-linear increase in the observed 
fluorescence lifetime of the ‘Do state due to 
Eu3+/NO; complexation. Although a small 
shift in the wavelength of maximum intensity is 
observed in the band between 680 and 705 nm, 
the strongest emission remains at 694 + 2 nm in 
nitric acid concentrations above 2M. 
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NITRIC ACID CONCENTRATION Ml Although the intensity of the Ed+ band at 

Fig. 2. Intensity of the Ed+ ion bands as a function of nitric 616 nm varies dramatically with the nitric acid 
acid concentration. A: 616 nm. B: 591 nm. C: 694 nm. concentration, results obtained by using the 

As mentioned above, the fluorescence 
emission spectra of Sm3+, Tb3+ and Dy3+ also 
contain HT bands. Complementary fluor- 
escence studies of these ions in the l-10M nitric 
acid range have shown that, like Eu3+, an 
increase in the intensity of the respective HT is 
observed. However, unlike Eu3+, the AJ = 1 
bands of these ions (Sm3+, 596 nm; Tb3+, 479 
nm and Dy3+, 479 nm) show a considerable 
increase in intensity as well. The fact that the 
AJ = 1 transition of Eu3+ stays relatively con- 
stant presents the possibility of using it as an 
“internal standard.” 

A plot of emission intensity versus nitric acid 
concentration of the 591, 616 and 694~nm Eu3+ 
bands is shown in Fig. 2. The intensity of the 
616-nm band increases linearly with nitric acid 
concentration over the range 2-10M. As dis- 
cussed above, the bands at 591 and 694 nm 
increase only slightly with nitric acid concen- 
tration, N 5%. All three plots in Fig. 2 are linear 
at nitric acid concentrations above 2M. The 
features illustrated in Fig. 2 allow for the devel- 
opment of a technique to measure high nitric 
acid concentrations based on Eu’+ ion fluor- 
escence. We have used various spectral features 
to investigate the calibration of nitric acid con- 
centration: (I) the intensity of the band at 
616 nm; (II) the ratio of the intensity of the band 
at 616 nm to the intensity of the band at 591 nm; 
(III) the ratio of the intensity of the band at 
616 nm to the intensity of the band at 694 nm 
and (IV) the ratio of the intensity of the band 
at 616 nm band to the intensity of the band at 
591 nm minus the intensity of the band at 
694 nm. 

For the method to be useful, the measurement 
should not depend upon the concentration of 
Ed+ and should be insensitive to the presence 
of potential interferents. As would be expected, 
the intensity of any individual band is directly 
proportional to the Ed+ concentration. The use 
of a ratio of intensities should result in a 
measurement that does not depend upon the 
Eu3+ concentration. This is analogous to the use 
of an internal standard. Further, many potential 
interferents would be expected to affect the 
entire Eu3+ spectrum, thus the ratio of peak 
intensities should be constant. The various 
calibration procedures have been tested under 
varying conditions, and the results of these tests 
are outlined below. 
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Fig. 3. Intensity ratios as a function of nitric acid concen- 
tration. A. &/&,.,. B. 16,6/Is,. 

intensity of this band as a measure of nitric 
acid concentration proved highly unreliable. 
The band intensity varies significantly with 
excitation intensity fluctuations, the presence of 
particulate matter and the presence of other 
metals. The use of ratios of Eu3+ band inten- 
sities results in freedom from most of these 
effects (Fig. 3). All three ratios produce linear 
plots over the range 2-1OM nitric acid. The 
plots of ~~~~~(~~~, - &) and 1,,,/1,, trs. nitric 
acid concentration are nearly identical and 
somewhat more sensitive than that of Z616/1S91 US. 
nitric acid concentration. All data discussed 
above were obtained with a Eu3+ concentration 
of 150 ppm. Figure 4 shows the plots of the 
~~,~/I~~~ intensity ratios at 0, 2.5, 5.0, 7.5 and 
1OM nitric acid as a function of EURO concen- 
tration over the range S&250 ppm. The ratio 
remains constant between 100 and 250 ppm 
Eu3+. Europium(II1) concentrations below 100 
ppm show a slight decrease in the intensity ratio. 
Although not shown here, the plot of Zala/1S9l VS. 
Eu3+ concentration follows the same trend as 
that of Fig. 4. These data suggest that the 
con~n~ation of the Eu3+ ion employed in the 
fluorescence determination of nitric acid can be 
in the range 150-250 ppm Eu3+, but the exact 
concentration of Eu3+ is not important. 
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Fig. 4. Plot of the i~~~sity ratio, 16,6(Z694, versus Eu3+ 
concentration for various nitric acid concentrations. 

Table 1. Concentration of nitric acid as determined from 
the Eu3+ probe fluorescence. The nitric acid concentration 
was 6.20M in all solutions. The concomitants were all 

present at 150 ppm, except as noted 

Nitric acid concentration, M 
Solution I 616 4,6/&9, 416/&M 

Water 6.26 f 0.07 6.06 f 0.03 6.26 f 0.06 
SM 6.33 i 0.07 5.78 f 0.03 6.09 & 0.07 
Tb 6.23 f 0.07 6.30 f 0.03 6.13 f 0.07 

DY 6.25 f 0.07 6.01 f 0.03 6.08 f 0.08 
SMFbIDy 6.40 &- 0.07 5.57 _I 0.03 6.10 f 0.08 
Al 6.28 f 0.07 6.33 f 0.03 6.20 f 0.08 
Fe (50 ppm) 4.32 f 0.11 6.55 + 0.03 6.62 & 0.06 
Fe 2.15*0.19 6.39 f 0.03 6.77 * 0.06 
AI/Fe 2.15*0.19 6.44 f 0.03 6.00 f 0.06 
UO$+ (560 ppm) 6.41 f 0.03 4.92 & 0.02 6.05 f 0.03 
Ru (Satd. RuCl,) 1.09 + 0.02 6.62 f 0.02 5.93 * 0.03 

As stated above the method must be relatively 
insensitive to the presence of other metals to be 
generally useful. This point was tested by 
preparing a set of test solutions containing 
150 ppm Eu 3+, 6.20M nitric acid and a selection 
of potential interferents. The rare earth ions 
were tested because they have fluorescent prop- 
erties similar to Eu3+, their fluorescence spectra 
are affected by nitric acid and they are present 
in raffinate solutions.‘6 Iron(II1) and A13+ have 
been found to interfere in other nitric acid 
determinations due to hydrolysis?’ but the 
interference is only noted at concentrations 
higher than those typically found in raffinate 
solutions, 

The results of the interference studies are 
summarized in Table 1. All determinations are 
made by comparing the data obtained in these 
studies to calibration data obtained in pure 
water (i.e., the data presented in Fig. 3). The 
standard deviations included in the Table are 
the result of three or more inde~ndent determi- 
nations of each solution. The differences in the 
results for pure water and the expected results 
represent day-to-day variations and changing 
the cell. 

As can be seen from the data presented in 
Table I, the most significant interference ap- 
pears to be the presence of Fe3+ in the sample 
solution. The Eu3+ fluorescence is quenched by 
Fe3+, hence the large error in the nitric acid 
measurement based solely on the intensity of the 
band at 616 nm. However, the Eu3+ fluorescence 
is uniformly quenched, and the results based on 
ratio determinations remain fairly accurate. 
Using a desired accuracy of 5% (the ratio 
of dete~inations), suitable results are pro- 
duced when Fe3+ is present when using the 
intensity of the band at 616 nm divided by the 
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intensity of the band at 591 nm. The alternative the method can be used without interference 
ratio, Zs,,JZa94, produces results that are ap- from particulate matter when the Z6,6/Zs91 ratio 
proximately 9% high when Fe3+ is present. is used. 

The presence of both UO:+ and Ru3+ had 
an effect on the measurement. When present at 
150 ppm UO:+ caused little interference but at 
560 ppm (selected as this was a concentration 
measured in a raffinate so1ution’6) it did affect 
the Z6,6/Z59, ratio. Ru3+ causes a significant 
baseline shift. A baseline subtraction (linear 
baseline) yielded the results in Table 1. 

CONCLUSION 

The data in Table 1 show that there is obvi- 
ously some interference due to Sm3+. We believe 
this to be a spectral interference as Sm3+ has a 
broad excitation peak centered at 402 nm. This 
peak certainly overlaps the excitation band, 
centered at 396 nm used to excite the Eu3+ 
fluorescence. Samarium(II1) has an emission 
band at 596 nm that is enhanced by high nitric 
acid concentration. This band contributes some 
intensity to the measurement made at 591 nm, 
and the Z6,6/Z59, ratio is lowered. Thus, the result 
of the nitric acid determination with Z6,6/Zs9, is 
6.7% too low. There is no Sm3+ emission near 
the Eu3+ band at 694 nm and thus the ratio 
Z6,6/Z694 produces acceptable results when Sm3+ 
is present. 

The Eu3+ probe method presented here pro- 
duces results (< 5% error) for the determination 
of high nitric acid concentrations for most 
situations tested. The method is not ideal in that 
the probe, the Eu3+, must be added or be 
present in the analyte solution. While the 
addition of a reagent is easily accomplished in 
a laboratory setting, it might not be so straight- 
forward in a processing environment. However, 
the fact that the Eu3+ concentration can vary 
significantly and not affect the measurement 
accuracy somewhat alleviates this constraint. 
Further, the fact that the measurement can be 
made with a fiber optic system to separate the 
measurement instrumentation from the sample 
site might be a real advantage in some situ- 
ations. 

In one set of experiments, the solutions were 
run without filtering. A new set of plastic bottles 
were used to store the solutions, and the bottles 
were either not washed properly or the high 
nitric acid concentrations contributed to some 
reaction with the vessel walls, so that the sol- 
utions had significant particle concentrations. 
The particle suspensions were easily visible and 
caused a noticeable increase in scattering. The 
fluorescence spectra of these solutions were 
measured and compared to the calibration data. 
The scattering produced by these solutions were 
manifest by an increase in background signal, 
especially at low wavelengths. At the low wave- 
length end, 525 nm, the background signal was 
increased by 50% compared to filtered sol- 
utions, whereas the high wavelength end was 
increased only slightly. The nitric acid concen- 
trations, as determined from the Z6,6/Z59, ratio, 
were identical to those determined with filtered 
solutions within the deviations seen in Table 1. 

The Z616/Z694 ratio produced results that were 

A totally interference-free measurement 
would be highly desirable. The results presented 
here were based on the measurement of the 
fluorescent intensity at three fixed wavelengths. 
In the case of the Sm3+ interference (i.e., one 
that is spectral), it is highly likely that the 
interference could be allowed for by utilizing 
more of the spectral information available. 
This would be accomplished at some expense 
in instrumentation relative to the simplest 
systems envisioned for a fixed three wavelength 
measurement. 

The data in Table 1 clearly shows that the use 
of an internal standard, i.e., the Eu3+ fluor- 
escence at 591 or 694 nm, makes the measure- 
ment much less susceptible to interferents. The 

1616 I1694 ratio in general produces somewhat 
better results than does the Z6,6/Z59, data. The 
only significant deviation is produced by high 
Fe3+ concentration, a 9.1% error. Again, use of 
more of the spectral data might diminish the 
effects of Fe3+ on the measurement. 

An important point that can be seen in the 

consistently low, N lo%, when compared to the 
filtered results. The fact that the Z616/Zs91 ratio is 
unaffected by the presence of particulates is 
explained by the observation that the back- 
ground increases nearly identically at 616 nm 
and 59 1 nm when particulates are present. Thus, 

data presented here is that an interference is 
noted when the three measurement results do 
not agree. Thus, the method produces the 
correct result, or in the situation where an 
interferent is present, the potential failure of the 
method is indicated by the lack of agreement of 
the various calibration methods. 

It might be possible to immobilize the Eu3+ 
probe in a manner that would still allow the 
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required nitrate ion interaction to produce the 
intensity enhancement of the band at 616 nm. If 
this were possible, the complication of adding 
the probe ion to the analyte solution would be 
eliminated. The measurement could then be 
accomplished by placing a fiber optic probe with 
the immobilized reagent into the process stream 
or sample whose nitric acid concentration was 
to be determined. 
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Summary-Results obtained by integration of net indicator-substance signals during the progress of a 
reaction are compared to those concurrently achieved by rate estimation with the time vs. signal data, for 
glucose oxidase assays and enzymatic glucose determinations. Computer-simulated integration results 
typically exhibit data quality superior to that of rate measurements, for the entire very wide ranges of 
oxidase activities and concentrations studied. Only at extreme instrument-noise levels and low analyte 
values did any of the rate procedures (the variable-time method) show some advantage over integration. 
The data quality, expressed as relative uncertainties, of the simulated results obtained by use of the 
integration method was typically up to 120 times better than that obtained by rate methods, with greater 
enhancement at higher enzyme activities or substrate concentrations. Experimental results spanning 
physiological concentrations showed similar trends, but the advantage was not as great as that shown in 
the simulations. 

Integration of the net indicator-substance re- 
sponse over a specified time interval can be used 
for kinetic analyses.‘-7 Other methods of kinetic 
analysis include rate-estimatiorPO and curve- 
fitting.“-I3 Some of the rate-estimation methods 
employ integration of signals over two time 
intervals, which can be consecutive’4-‘6 or 
separated by a delay interval.14 The difference 
between the two integrals (which are equivalent 
to time-averaged responses) can then be used to 
mimic the two-point differential methods. The 
curve-fitting methods calculate the “best-fit” to 
response us. data. The curve is then either 
compared with a well-known set of data to 
establish analytical results,“-‘* or is extrapo- 
lated to predict a value such as an equilibrium 
concentration.‘“,‘3 

Integration over an interval has distinct 
advantages over the methods based on rate 
estimation by the fixed-time, variable-time 
and continuous derivative methods,* Often, a 
limiting requirement for rate measurements 
is that changes in transducer response should 
be directly proportional to time during the 
measurement interval. Differential methods are 
usually used with zero-order, first-order or 
pseudo first-order reactions, but only seldom 
with second- and higher-order reactions, and 
may sometimes be mistakenly used in cases 
for which their theoretical basis is not met 

*Author for correspondence. 

or is otherwise invalid. Thus, rate-estimating 
methods are sometimes beset with difficulties 
which cause determinate errors or excessive 
uncertainties,9a’4’6 or are restricted to only a 
narrow range of conditions. 

The integration method sums a large number 
of data over a fairly long period and thereby 
reduces the relative noise, by signal averaging. 
This may result in better detection limits, 
sensitivity, precision and accuracy.7 Also, the 
integration method may often be used for 
complicated reactions for which rate estimates 
may fail, e.g., those showing maxima, minima 
or inflections. 3,7 Moreover, it does not require 
well-known kinetic data’,3 nor does it require 
calculations to be made after the experimental 
run is completed.7 

In this study, the integration method is 
directly compared with the fixed-time, variable- 
time and continuous derivative methods, by 
use of identical time us. response data from 
oxygen-consuming enzymatic reactions. Repli- 
cate results for the various methods are 
collected for many variations of the main par- 
ameters. These data are characterized statisti- 
cally as relative uncertainties and compared for 
the variations explored. 

EXPERIMENTAL 

Reagents 

For laboratory comparisons, enzyme solu- 
tions were made from glucose oxidase (130 

773 
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I.U./mg) purchased from Sigma Biochemical mole 1-l. min. No oxygen-consuming or 
Co. Buffered solutions (O.lM phosphate, oxygen-depleting interferences were considered 
pH 5.5) were prepared with reagent grade in this theoretical work. The enzymatic rate 
chemicals, including d-glucose. Distilled water of reaction was assumed to be directly pro- 
was used for all dilutions. portional to the concentration of glucose: 

1 r??>,r,,, = co,, 
- const. [G.O.A.] [Glucose]( 1 - lo3 [H20J) (C%,% - Co,,) 

Instrumentation 

The amperometry cell for reactions was 
an open 30-ml beaker with a l-cm Teflon- 
coated magnetic stirring bar and an immersed 
Beckman oxygen sensor. The electrode system 
was monitored by a Princeton Applied Research 
(PAR) 174 potentiostat with the working elec- 
trode maintained at -0.55 V vs. an Ag/AgCl 
reference electrode. A typical current from the 
sensor was 16 nA for solution at equilibrium 
with air, with white noise approximating 
0.15 nA. The beaker was set on a 2-cm thick 
Styrofoam insulator above a magnetic stirring 
motor. 

For theoretical mathematical modeling, an 
Epson Equity II+ computer was used. Com- 
puter programs were written with Microsoft’s 
QuickBasic 4.0 (listings available from the 
senior author on request). 

Procedures 

Theoretically-derived current vs. time re- 
lations were calculated with mathematical 
models and kinetic data from other work.‘“” 
The sensitivity of the amperometric response to 
oxygen was assumed to be lo5 nA.l.molee’, 
yielding a current of 25 nA at 2.5 x 10m4M 
equilibrium oxygen concentration when a 
stirred analysis solution with a volume of 1 .O ml 
was used. On the basis of the oxygen-electrode 
performance, the constant white noise was 
assigned a standard deviation of 0.01 nA and 
the proportional white noise a standard devi- 
ation of O.OOli,n where i, is the measured 
current (in nA) and n is selected from the set 
n = 1.00, 1.78, 3.16, 5.624, 10, 17.8, 32.6, 56.24 
and 100. 

Inhibition by peroxide was assumed to 
diminish the initial glucose oxidase activity 
(G.O.A.) by 0. lx % where x is the hydrogen 
peroxide concentration in pmole/l. Incor- 
poration of oxygen from the atmosphere by 
the stirring and diffusion (SD) was assumed to 
be proportional to the degree of oxygen de- 
pletion of the test solution3 and its rate was 

taken as (dCo,ldOsD = 0.01 (C02,eq - Co,,J/(Co+J 

where [H,O,] is in pmole/l. and the constant 
includes the factor 0.01 from the equation for 
the rate of incorporation of oxygen from the 
atmosphere. 

For glucose determinations, the G.O.A. con- 
centration used was lo-” I.U./l. and added 
glucose concentrations were varied between 0 
and 0.075M in eight steps (1.00, 1.335, 1.78, 
2.372, 3.16, 4.217, 5.624 and 7.5) within each 
decade. For glucose oxidase assays, the initial 
concentration of glucose was set at 10p3M, 
consistent with the values used in routine 
work.3v6 The added glucose oxidase activity was 
either zero or varied in eight steps (again 1.00, 
1.335, 1.78, 2.372, 3.16, 4.217, 5.624 and 7.5) 
within each decade from lo-l3 to 10m9 I.U./l. 

For optimizations, lo-” I.U./l. glucose oxi- 
dase was used, with glucose spanning the con- 
centration ranges specified above. Integration 
time increments of 0.1, 0.25,0.5, 1.0 and 2.5 set 
were used for each entire set of glucose concen- 
trations. The calculations described below were 
done with 25 replications for each combination. 
The relative precisions were compared, to select 
the optimal integration time increment, inte- 
gration duration and fixed-time intervals used 
for subsequent studies of relative precisions. 

After optimization for each replication within 
a set of conditions, the time vs. oxygen concen- 
tration relation was simulated with O.l-set time 
increments and the time-dependent rates for 
that set of conditions. The corresponding cur- 
rent vs. time relations were also generated con- 
currently with rate estimates and integrations 
performed continuously as the i, vs. time re- 
lations developed. Fixed-time estimates were 
calculated as the difference between the current 
at 10 set after addition of the analyte, and the 
average (over 30 set) of that at equilibrium 
before initiation of the catalytic reaction; this 
procedure is consistent with that typically used 
for fixed-time measurements.* Variable-time 
estimates were calculated similarly by using the 
time required to change i, by 0.3 nA from its 
equilibrium value; the effects of time-averaging 
of the non-equilibrium data used for fixed-time 
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and variable-time measurements are being 
evaluated in other work, and the results should 
help to improve data quality for those methods. 
Maximum rates of change of i, with respect to 
time were estimated as the greatest value of 
Ai/At for any I-set time interval. Integrations 
were summed as shown in Fig. l(c). 

For each set of 25 replications for each 
variation in conditions, the average (x) and 
standard deviation (s) were calculated. The data 
quality was defined as x/s, for each set, and 
the values obtained were used in log-log plots 
against variations in conditions spanning sev- 
eral orders of magnitude. 

RESULTS AND DISCUSSION 

Results from simulations 

Short time increments, e.g., 0.1 set, produced 
the best relative uncertainty (s/x) values for 
the procedures investigated. Overall, the data 
quality for integrations was best with 90-set 
integrations, and somewhat inferior for 15-, 30-, 
60- and 120-set integrations, but each inte- 
gration time gave superior precision for some 
particular enzymatic activity range. The fixed- 

time method had its best overall precision for a 
measurement time of 10 sec. Consequently, data 
discussed below are for lo-set fixed-time inter- 
vals, 90-set integration duration and O.l-set 
data intervals, i.e., 10 Hz sampling frequency. 

The current vs. time relations were similar to 
those found for routine analyses and other 
research (see Fig. 1).3*6 Averaged results changed 
as expected, with the variable-time method 
showing high values at low catalysis rates and 
low values at high rates, the reverse of the 
behavior of other rate estimates and the inte- 
grations. At higher noise levels, all the results 
exhibit worse precision, as evidenced by less 
consistent averages (Fig. 2) and lower x/s values 
(Figs. 3 and 4). 

The relative uncertainties for glucose oxidase 
assays by the integration procedure were much 
better than those obtained with any of the 
rate-estimating methods, over all catalytic rates 
when the noise levels were low to moderate, as 
would be expected for good to poor current- 
measuring instruments. Similarly, the inte- 
gration method was substantially better than 
the fixed-time and continuous derivative 
methods over all catalytic rates and noise levels 

di : -- 
t 
i: 

dt (b) 

/‘\, 
/ \ 

/ \ 
(cl 

/ 
\ 

ReactIon 
initiation \, 

Time (WC) 

Fig. 1. Time-dependence of (a) response-current for oxygen (i), (b) -di/dt, and (c) integration data, for 
10-i’ I.U./I. glucose oxidase activity = 3.16 x lo-‘M glucose and rr,,, = (O.OOS6i + 0.01) nA. The 
integration data were obtained by summing the pre-reaction current (multiplied by 3) at 0. I-see intervals 

for 30 set, then subtracting the reaction current at O.l-set intervals over the next 90 sec. 
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evaluated. However, at very high current uncer- 
tainties [ > f (0.0056i + 0.01) nA], its variable- 
time data quality was not degraded as 
dramatically as that of the other methods, 
showing higher x/s values at low catalytic rates 
than did other rate-measuring procedures. Also, 
with extreme noise levels, e.g., f 10 nA for 
15-25 nA total current, the integration method 
gave better results than all the other methods at 
all catalytic rates investigated. 

Enzymatic determinations of glucose by 
monitoring the current in glucose oxidase 
reaction systems showed overall results 
similar to those achieved for oxidase assays 
(Fig. 4). For low to moderate noise levels, 
< f (00316i + 0.01) nA, the integration 
method gave higher x/s values than did any of 
the rate-estimating methods, for all glucose 
concentrations used, which spanned a much 
wider range than that of typical routine 
analyses. However, as observed for the G.O.A. 
assays, at high and extreme noise levels 
the variable-time method had better relative 
uncertainties than did the integration method, 
for low concentrations of glucose. For high 
glucose concentrations, however, the inte- 
grations showed better data quality than 
the rate-estimates, over all the noise levels 
explored. 

Experimental results 

Determinations of glucose concentrations 
between 0.0025 and O.OlOM (0.46-1.86 mg/ml) 
were done concurrently by the three rate- 
estimate methods and the integration method. 
Within this narrow range of physiological con- 
centrations, the integration data quality (x/s 
for n = 10) was better by a factor of 2-10 than 
the variable-time results and 2-50 than the 
fixed-time and continuous derivative methods. 
This superiority of data quality was slightly 
lower than that predicted by theory (see Fig. 4). 
Extreme concentrations and noise levels were 
not examined in these laboratory experiments. 

Relative calculations, of x/s, indicated that the 
integration method generally, but not always, 
gave better results than concurrently made rate- 
estimates did. Comparisons between integration 
and fixed-time results typically showed 5-10- 
fold enhancement of x/s when integration was 
used for glucose determinations and 2-20-fold 
enhancement for oxidase assays. Integration 
gave up to 120-fold improvement in x/s in 
comparison with the maximum continuous- 
derivative method. In comparison with variable- 
time results, integration was usually several 
times better at normal noise levels, but at very 
high noise levels the variable-time data quality 
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was nearly the same as that for integration, and 
sometimes somewhat better. 

CONCLUSIONS 

Overall, the integration method gives much 
better results than do rate-estimation pro- 
cedures, over broad variations of oxidase reac- 
tion conditions, for both simulated and 
experimental data. This is evident even when 
minima occur in the current us. time relations 
during the integration period. The improved 
data quality offered by integration may there- 
fore improve the reliability of measurements 
made on non-equilibrium systems during pro- 
gress of the reaction. 
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Summary-The uricase-like catalytic activity of the ion-exchange resins modified with metalloporphyrins 
has been investigated through the oxidation of uric acid. The anion-exchange resins modified with 
Mnr+-tetrakis(sulfophenyl)porphine and the cation-exchange resin modified with Mn3+-tetrakis(l- 
methylpyridinium-4-yl)porphine exhibited the highest uricase-like activity among the modified resins 
tested. The fact that these resins accelerated the oxidation of uric acid even after ten cycles of use indicates 
that the modified resins act as catalysts in the reaction catalyzed by uricase. Some of the modified resins 
may be effectively used for the determination of uric acid in place of uricase. 

Previously, we have demonstrated that the 
ion-exchange resins modified with metallo- 
porphyrins (M-P,) exhibit catalase-like’,2 and 
peroxidase-like 3,4 activities, and are useful for 
the determination of hydrogen peroxide in clini- 
cal assays as a mimesis of the enzymes.s*6 We 
have reported briefly that some M-P, exhibit 
enzyme-like catalytic activity in the oxidation of 
uric acid.7 As uricase is one of the important 
enzymes in the clinical analysis,8 the develop- 
ment of its effective artificial mimesis has been 
attempted. In this paper, we deal with the results 
of a detailed study on the uricase-like catalytic 
activity of M-P,, and its application to the 
determination of uric acid. 

EXPERIMENTAL 

Materials 

Tetrakis(sulfophenyl)porphine (H,-TPPS), 
tetrakis(4-carboxyphenyl)porphine (H,- 
TCPP), protoporphyrin (H,PP) and tetrakis- 

*Author for correspondence. 

(1 - methylpyridinium -4-yl) porphine (H2- 
TMPyP) were purchased from Tokyo Kasei 
Company and Dojin Chemical Laboratories, 
and were used without further purification for 
the preparation of metalloporphyrins. Other 
reagents were of analytical or reagent grade. 

Preparation of the modiJed resins 

Aqueous solutions of metalloporphyrins were 
prepared and used to modify an anion-exchange 
resin (Amberlite IRA 900, 24-42 mesh) and a 
cation-exchange resin (Dowex MSC-1, 20-50 
mesh) as described previously.‘d The absorption 
spectra of the solutions of metalloporphyrins 
agreed with those reported in the literature.‘*‘O 
All the modified resins contained 25 pmoles of 
metalloporphyrin per 1 g (dry resin). 

Apparatus 

Absorption spectra and absorbances were 
measured on a Shimadzu UV-180 double-beam 
spectrophotometer and a Shimadzu UV-100 
spectrophotometer, respectively, with a IO-mm 
fused-silica cell. 

779 
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R: GSO; M-Tetrakir Wfophenyl) porphine 
( M-TPPS) 

COO- M-Tetrakis(+carboxyphenyl~porphlne 
(M-TCPP) 

CHa M-Tetrakist I-methyl-pyridinium-4-yl)porphine 

( M-TMPyP ) 

M= Cu2+, Zn*+ , MI?+, Co%, Fe’+ 

CH3._,CH=CH2 

CH&H 

CH 

M-Protoporphyrin (M-PP) 

M=Cu~,Zn2+,Mn3+,Co3+, Fe” 

C ~)==iCH&H&OO- 

Fig. 1. Structures of metalloporphyrins. 

Aqueous solution of uric acid 

A lOO-mg amount of uric acid (Sigma Co., 
No. 21F-5062) was dissolved in about 80 ml of 
water containing 60 mg of lithium carbonate 
and the solution was diluted to exactly 100 ml 
with water. This stock solution (1 mg/ml) was 
diluted to the desired concentration with water. 

Evaluation of the uricase-like activity 

A modified resin (100 mg) was added to a 
mixture of the uric acid solution (300 pg/ml, 0.5 
ml) and 0.05M borate buffer (pH 8.0, 4.0 ml), 
and the mixture was incubated at 35” for 30 min. 
The absorbance of the supernatant was 
measured at 293 nm against water and the 
control absorbance was obtained by using IRA 
900 in place of the modified resin. The activities 
of the resins were evaluated by the decrease in 
absorbance of the control. In the case of 
M-TMPyP,, 0.2M carbonate buffer (pH 11.0) 
and the cation-exchange resin MSC-1 were used 
as the buffer and the control, respectively. 

RESULTS AND DISCUSSION 

Metalloporphyrins 

The metalloporphyrins used in this study 
are shown in Fig. 1. All of them are water- 
soluble. The complexes were immobilized 
easily and firmly on the ion-exchange resins as 
discussed previously, by ion-exchange reaction 
and physical adsorption.‘A 

Reaction catalyzed by the modified resins 

Uricase catalyzes the following reaction (l), 
and uric acid is oxidized to allantoin. 

Uric acid + O2 + 2H,O 

uricase Allantoin + H2 O2 + CO2 (1) 

To confirm that M-P, catalyzed reaction (l), 
the formation of allantoin and hydrogen per- 
oxide were investigated by using Mn3+-TPPS,. 
To detect allantoin, the supematant of the 
reaction mixture was dried and the residue 
obtained gave relatively strong IR bands 
around 1770, 1650, 1515, 1180, 810 and 
754 cn-‘, coinciding with those of standard 
allantoin, and gave mass peaks (FAB+) in 
glycerol matrix at 159 and 251, which could 
be attributed to [allantoin + H]+ and [allan- 
toin + glycerol + H] +, respectively. However, 
only trace amounts of hydrogen peroxide 
were detected in the reaction mixture by 
the colour reaction with peroxidase, phenol 
and 4-aminoantipyrine.” Hydrogen peroxide 
formed from uric acid was decomposed 
immediately by the catalase-like activity of 
Mn3+-TPPS,, which has been reported pre- 
viously. When air was replaced by nitrogen, 
the reaction hardly proceeded even in the 
presence of catalysis. We concluded from 
these results that the modified resins catalyze 
reaction (1). 

O< 
PH- 

Fig. 2. Effect of pH (1) in borate buffer. 0 Zn*+-TPPS,; 
0 Mn’+-TPPS,; A Co’+-TPPS,; A Cd+-TPPS,; 0 

Fe3+-TPPS I. 
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01 ’ I I I I 

7 8 9 IO I I 
PH - 

Fig. 3. Effect of pH (2) in borate buffer. l Mn’+-TCPP,; A 
Co3+-TCPP,; A Co’+-PP,; iJ Fe’+-TCPP,; n Fe3+-PP,. 

Reaction conditions 

The following examinations were carried out 
to obtain optimum conditions. A consider- 
able amount of uric acid is adsorbed by the 
anion-exchange resin. Accordingly, the control 
by the use of IRA 900 should be referred to in 
each examination, except for the cases of 
M-TMPyP, . 

Effect of PH. The amount of unchanged uric 
acid (“A) in reaction mixtures of various pH 
values are presented in Figs. 2-4. As seen in 
Fig. 4, Mn’+-TMPyP, decomposed most of the 
uric acid at pH 11, but not when the pH was 
below 9. 

On the other hand, the adsorption of uric acid 
by the anion-exchange resin IRA 900 increases 
at higher pH. Accordingly, we chose pH 8 for 
the resins prepared from IRA 900 and pH 11 for 
the resins prepared from MSC- 1. 

E&ct of bu$er. The decomposition of uric 
acid was found to be affected by the compo- 
sition of the buffer solutions such as 0.05M 
borate, 0.2M borate, 0.2M phosphate, 0.033M 
phosphate and 0.2M tris buffers. Among these 
buffers used, 0.05M borate, 0.033M phosphate 
and 0.2M tris buffers give good results. This 
effect may be attributed to the coordination of 
a component of the buffer to metalloporphyrins 
as an axial ligand. However, in the case of 

01 
6 7 

P$--- g ‘O ” 

Fig. 4. Effect of pH (3) in acetate (PH 6) and borate (pH 
7-11) buffer. 0 Fe3+-TMPyP,; l Mn3+-TMPyP,; A 

Co’+- TMPyP . 0 Zn2+-TMPyP . n I 

30 40 20 30 40 
Incubation Temp., “C- 

Fig. 5. Effect of incubation temperature. (A): 0 
Cu*+-TPPS,; l Mn’+-TPPS,; n H,-TPPS,. (B): 0 
Fe3+-TMPyP,; 0 Mn’+-TMPyP,; 0 Zn*+-TMPyP,; w 

H,-TMPyP, . 

M-TMPyP,, 0.2M carbonate and 0.05M borate 
buffers (pH 11) gave almost the same result. 
In this study, we used 0.2M carbonate buffer 
(pH 11) for M-TMPyP, and 0.05M borate 
buffer (pH 8) for other modified resins. 

E#ect of temperature. Unchanged uric acid 
(%) decreased with increasing incubation tem- 
perature in all cases of M-P, tested, except for 
Zr?+-TMPyP,. (Fig. 5). In particular, for 
Mn3+-TPPS, and Mn3+-TMPyP,, the increase 
in activity with increasing temperature was 
remarkable and the maximum activity was 
observed above 35”. In the case of Mn3+- 
TMPyP,, the resin crumbled to pieces at 45”. 
Hz--TMPyP, and H,-TPPS,, which contain no 
metal, decomposed uric acid only slightly in all 
the temperature ranges tested, indicating that 
the central metal is essential for the activity. 

Time courses 

A 30-min incubation period was sufficient as 
shown in Figs. 6 and 7. It is of interest that the 
time needed to attain equilibrium depended on 
the type of central metal in M-P, which indi- 
cates that the metal influences not only the 
activity but also the reaction rate. For example, 
in the case of Co3+-TPPS, the reaction came to 
equilibrium after about 10 min of reaction. 
However, the reaction by Fe3+-TMPyP, was 

01 I I I , 

0 IO 20 30 40 
Incubation Time, min. - 

Fig. 6. Time courses (1). 0 Zn*+-TPPS,; l Mn’+-TPPS,; 
A Co’+-TPPS,; A Cu*+-TPPS,; 0 Fe3+-TPPS,. 



*0 IO 
Inc%tbn 

35 40 50 60 
Time, min. 

Fig. 7. Time courses (2). 0 Fe’+-TMPyP; 0 
Mn’+-TMPyP,; A Zn*+-TMPyP,; A Fe3+-TCPP,; 0 

ZnZ+-PP I. 

found to be slow and equilibrium was attained 
after 1 hour of the reaction. As far as the 
reaction rate is concerned, Co’+--TPPS, gives 
the best catalysis. For the evaluation of the 
activity, incubation was carried out for 30 min. 

Uricase -like activity 

Table 1 shows the unchanged uric acid (%) 
after treatment with the modified resins. Some 
of the resins modified with manganese com- 
plexes gave relatively high uricase-like activity 
compared to the other resins tested, similar 
to peroxidase- and catalase-like activities.‘-I 
It is of interest that Mn’+-TMPyP,, which 
did not show both the peroxidase- and catalase- 
like activities,2*4 exhibited the highest uricase- 
like activity among the modified resins tested. 
The resins modified with Co3+-porphyrins 
showed fess activity than Mn3+-complexes. 
These results indicate that the enzyme-like ac- 
tivities of the modified resins depend not only 
on the kind of porphyrins but also the central 
metals. 

Repeated uses 

The effect of repeated use on the activity 
was examined to confirm its catalytic nature. 
The results are shown in Fig. 8. Mn3+- 
TMPyP, and Mn 3+-TPPS, maintained their 
uricase-like activity even after ten cycles of 
use, although a slight decrease in the activity 
was observed. The activity of Co3+-TPPS, 

I 2 3 4 5 6 7 8 9 IO 
RepWed Time 

Fig. 8. Effect of repeated uses. 0 Mn3+-~~P, (‘pH 11); 
0 Mn3+-TTPPS (PH 8); A Co3+-TCPP, (pH 8). 

decreased when used a second time. This result 
indicates that Mn3+-TMPyP, and Mn3+-TPPS, 
are superior to Co3+-TPPS, as a mimesis of 
uricase. 

Analytical application 

The reaction (l), catalyzed by uricase, has 
been used for the clinical assay of uric acid,8 
by measuring the decrease of absorbance at 
293 nm, where uric acid has an absorption 
ma~mum, For the application of the modified 
resins in place of uricase to the dete~ination of 
uric acid, Mn3+-TMPyP, is more suitable than 
Mn’+-TPPS,, because the adsorption of uric 
acid upon the ion-exchange resin does not take 
place for Mn3+-TMPyP, which is prepared 
from the cation-exchange resin. According to 
the procedure described above, the decrease of 
absorbance at 293 nm was measured. The cali- 
bration curve obtained with the standard sol- 
utions gave good linearity in the range 25-300 
pg of uric acid. The sensitivity was comparable 
to that of the method with uricase. This result 
indicates that Mn3+-TMPyP, can be used in 
place of uricase for the determination of uric 
acid. 

In conclusion, some of the ion-exchange 
resins modified with me~llopo~hy~ns 
exhibit uricase-like activity. In particular, 
Mn’+-TMPyP, is useful for the determi- 
nation of uric acid as an artificial mimesis 
of uricase. 

Table 1. Unchanged uric acid (%)* 

M= Mn3+ CO’+ Fe3+ Cl+ Zn2+ Hz 

M-TPPS, 16.6 32.6 70.6 84.0 77.9 84.5 
M-TCPP, 46.9 80.9 91.4 93.5 94.8 -_t 
M-PP, 100.0 47.lf 100.0 75.6 100.0 100.0 
M-TMPyP, 8.0 28.2$ 78.03 76.3$ 6O.S$ 97.5 

*In borate buffer (PH 8) at 35, except for M-TMPyP, pH 11 carbonate buffer. 
tNot tested. 
$Smail amount of M-porphyrin was eluted. 
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Summary-Two methods are reported for the indirect determination of thiosulphate down to ca. 
0.02 pg/ml by differential-pulse polarography. Both methods involve prior oxidation of thiosulphate with 
iodine, either in acidic medium to tetrathionate or in alkaline medium to sulphate, whereby ultimately 
one and eight equivalents of iodate are obtained, respectively. The concentration of iodate in the resulting 
solution is then measured by differ~tial-pose polarography under optimum conditions. The average 
recovery for each method amounted to lOO.l%, and the relative standard deviations were 1.3 and 1.4% 
for the two methods. 

Thiosulphate is used as a fixing salt in photogra- 
phy, as a detoxicating agent (through thio- 
cyanate formation) in treatment of cyanide 
poisoning, and as a titrant of universal appli- 
cation in various methods involving iodine. 
However, like other sulphur compounds? thio- 
sulphate is considered an en~ronmental pol- 
lutant, being susceptible to bacterial attack3 
yielding sulphuric acid, which is known to cause 
serious damage in many industries, particularly 
corrosion of concrete sewers. Most of the 
conventional methods for thiosulphate deter- 
mination, e.g., volumetric, amperomet~c, cou- 
lometric and potentiometric titrations# are 
designed for macro- or micro-scale levels. Use 
of 6-fold,’ 48-fold7,8 and 24-fold9 iodometric 
amplification methods has succeeded in the 
determination of micro and submicro amounts 
of thios~phate, down to about 4.5 pg.’ 

With the advent of modern polarographic 
and voltammetric techniques,‘O the reducing and 
complex-forming properties of thiosulphate 
have been exploited in developing more sensi- 
tive and selective methods.1-3*“-‘3 Knittel et ~1.~ 
developed a diff~ential-pulse anodic stripping 

*Author for correspondence. 
tThe potential differs by +0.049 V from that vs. SCE 

(cJ Henze and Neeb,‘* p. 152). 

voltammetric method specific for thiosulphate 
dete~ination from 5 ng/ml to 3 pgfml in 
aqueous media, though the calibration graph 
reported (O-5 pg/ml) was linear only from 1.5 to 

5 pg/ml. 
The present work offers an alternative 

method for the indirect dete~ination of traces 
of thiosulphate by di~erent~al-pulse polarogra- 
phy (DPP), enabling accurate measurement 
down to cu. 0.02 pg/ml in aqueous media. 

Apparatus 

All differential-pulse polarograms were ob- 
tained with a Princeton Applied Research 
(PAR) Model 264A Polarographic Analyzer/ 
Stripping Voltammeter equipped with a PAR 
Model 303A three-electrode system composed 
of a static mercury dropping electrode (SMDE) 
as the working electrode, a silver/silver chloride 
(O.lM KCl) reference electrode,? and a plati- 
num wire as counter-electrode, a IO-ml eiec- 
trode cell, a Model REO089 X-Y recorder, and 
a Model 305 stirrer. 

A “WTW” microprocessor pH-meter Model 
95 (Germany), having a combined glass elec- 
trode with integral temperature sensor and 

785 
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precise to fO.O1, was used and calibrated for from -0.20 to -0.75 V, and 20 PA full-scale 
the pH range 2-8. deflection. 

An Eppendorf microlitre pipette accurate to 
f 0.1 ~1 was used to measure 10-100 ~1 volumes 
and a Brand (Germany) microlitre pipette accu- 
rate to +0.5 ~1 for volumes of 200-1000 ~1. 

Prepare a calibration curve for 4.0 - 96 pg of 
by applying the same procedure, plotting peak 
current (PA) US. weight (pg) of iodate or thio- 
sulphate (100 pg of IO; = 64.1 pg of !&Of-). 

Reagents 

Except where otherwise mentioned, all re- 
agents were of high analytical grade (Merck 
Titrisol and Suprapur) and doubly-distilled 
demineralized water was always used. 

Sodium thiosulphate. A 2 x lo-‘M solution 
was prepared and stabilized by addition of 0.02 
g of sodium carbonate per 200 ml. This solution 
was stable for two weeks and was frequently 
standardized against potassium iodate solution. 

Sulphate procedure. Mix 5 ml of 1M sodium 
hydroxide and 0.5 ml of iodine solution in a 
lOO-ml separating funnel, add an aliquot of the 
test solution containing between 2.8 and 45 pg 
of thiosulphate and shake well for 2 min. After 
5 min, add 3.5 ml of 2M sulphuric acid and 
8.5 ml of chloroform, shake for 1 min and leave 
standing for 1 min more to allow separation. 

Potassium iodate. A O.lN solution was pre- 
pared from standard ampoules and diluted to 
0.01 or O.OOlN as required for standardization 
and for the polarographic calibration curves. 

Other reagents were a 1.2 mg/ml iodine sol- 
ution in chloroform, 2M sodium acetate, 50% 
v/v formic acid solution, saturated bromine 
water, 1 and 5M sodium hydroxide and 2M 
sulphuric acid. 

Procedures 

Discard the chloroform layer and remove the 
remaining traces of iodine by extraction with 
five 8.5-ml portions of chloroform, shaking 
vigorously for 1 min each time. Transfer the 
aqueous layer quantitatively into a lOO-ml con- 
ical flask, add 1.5 ml of 5N sodium hydroxide 
followed by 3 ml of 2M sodium acetate to give 
a pH of about 8. Add 1 ml of saturated bromine 
water and stir the mixture for 5 min. Add formic 
acid (0.8 ml) dropwise to destroy the excess of 
bromine and to adjust the solution to pH 3.5. 
Transfer the solution quantitatively into a 
100 ml-standard flask and dilute with water to 
the mark. 

Tetrathionate procedure. Transfer an aliquot 
of test solution containing between 3.5 and 
60 pg of thiosulphate into a loo-ml separating 
funnel, add 0.4 ml of the iodine solution, dilute 
to ca. 5 ml with water and add 5 ml of chloro- 
form. Shake well for 2 min and allow to stand 
for 1 min. 

Discard the chloroform layer and remove the 
last minute traces of iodine suspended in the 
aqueous layer, by extraction with five 5-ml 
portions of chloroform, with vigorous shaking 
for 1 min each time. Transfer the aqueous layer 
quantitatively into a lOO-ml conical flask, add 
1.5 ml of 2M sodium acetate, 1 ml of saturated 
bromine water and stir the mixture for 3 min. 
Destroy the excess of bromine by dropwise 
addition of formic acid (0.25 ml) and adjust the 
pH to 3.5. Transfer into a 25-ml standard flask 
and dilute with water to the mark. 

Record the differential-pulse polarogram of 
the iodate under the conditions given for the 
tetrathionate procedure, but use a lower sensi- 
tivity of 100 PA full-scale deflection. 

Prepare a calibration curve for 30-600 pg of 
iodate by the same procedure, plotting peak 
current (PA) US. weight of iodate (pug) (100 pg 
of IO; = 8.02 pg of S,O;-). 

RESULTS AND DISCUSSION 

The tetrathionate procedure 

This method makes use of the iodine- 
thiosulphate reaction yielding tetrathionate and 
iodide, which is then quantitatively oxidized 
with bromine water to iodate: 

I-+3Br,+3H20+IO;+6HBr (1) 

In earlier work,’ the Leipert reaction was 
Rinse the electrodes and the clean cell with 

a few ml of the test solution, then pipette ca. 
10 ml of it into the electrode cell. Deaerate by 
passage of pure nitrogen for 4 min and record 
the differential-pulse polarogram of the iodate 
at room temperature, using a drop time of 1 set, 
a pulse amplitude of 50 mV, a potential 
scan-rate of 2 mV/sec within the potential range 

applied to the iodate, but despite the 6-fold 
amplification, less than 0.1 mg of thiosulphate 
could not be determined. When the iodate was 
measured by d.c. polarography, by means of the 
irreversible cathodic reduction of iodate at 
the dropping mercury electrode: IO; + 6H+ + 
6e - -+ I- + 3Hz0, only mg amounts of thio- 
sulphate could be determined.14 However, d.c. 
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Fig. 1. Representative DP polarograms for the iodate 
calibration graph (tetrathionate method). Iodate @g/25 ml): 

a, 96; b, 48; c, 16; d, 8; e, 4; f, blank. 

polarography has been reported” to enable 
determination of inorganic ions only down to 
lO-*M, whereas the more sensitive DPP tech- 
nique has been reportedI to measure iodate 
con~ntrations down to cu. 2.4 x IO-$&f at 
pH 3. 

Accordingly, the present work is based on 
combination of the iodometric oxidation of 
thiosulphate to yield ultimately an equivalent 
amount of Mate, with measu~ment of the 
iodate by DPP. 

Since the half-wave potential and the peak 
height of the iodate wave are pH-dependent,14*16 
differential pulse ~larograms were initially 
recorded for a solution containing 10 pg of 
iodate and at pH 2-4, with different polaro- 
graphic settings. The most precise results were 
those obtained at pH 3.5, with the peak maxi- 
mum occurring at -0.42 V. 

modified scaled-down version has been devel- 
oped and proved suitable for the quantitative 
oxidation of thiosulphate in amounts ranging 
between 3.5 and 60 fig in a final volume of 
25 ml. At first, recoveries consistently high by 
about 2-3% were obtained, which was thought 
to be due to contamination from one or more of 
the reagents used. A series of blank determi- 
nations revealed that 5-fold extraction with 
chloroform, instead of the 3-fold extraction 
prescribed earlier,’ is necessary to eliminate the 
last traces of iodine completely, and this pro- 
cedure gave correct results. The tetrathionate 
produced has no effect on the results, and 
calibration graphs for iodate standards and 
thiosulphate standards were identical. Repre- 
sentative differential pulse polarograms from 
both sets are shown in Figs. 1 and 2. 

Experiments were then performed with the Excellent results were achieved for 3.5-56.5 
tetrathionate procedure cited elsewhere’ until a fig of thiosulphate (Table 1). 

a 

n b 

L 1 I I 
-0.2 -0.4 -0.6 

E/V 
Fig. 2. Representative DP polarograms for the thiosulphate 
calibration graph (tetrathionate method). Thiosulphate 
(@g/25 ml): a, 56.5; b, 42.6; c, 21.3; d, 10.6; e, 7.04, f, 3.52; 

g, blank. 

Table I. Results obtained by the ~t~thionate method 

Taken 3.52 7.04 10.6 21.3 42.6 56.5 
Found (8 replicates) 3.45-3.60 6.91-7.20 10.4-10.8 21.0-21.7 41.243.1 55.8-56.9 

Thiosulphate, fig Average 3.53 7.03 10.6 21.3 42.5 56.5 

Theoretical iodate equivalent, pg 5.49 11.0 16.5 33.2 66.4 88.1 
Peak current of iodate, pA I.2 2.4 3.8 8.0 17.2 21.2 
Relative standard deviation, % 1.5 1.4 1.3 1.4 1.4 0.7 
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Table 2. Results obtained by the sulphate method 

Taken 2.83 5.61 11.2 22.4 37.0 44.9 
Found (8 replicates) 2.77-2.90 5.52-5.70 11&11.4 21.8-22.9 36.3-37.8 43.w6.2 

Thiosulphate, pg Average 2.82 5.61 11.2 22.4 37.0 45.2 

Theoretical iodate equivalent, pg 35.3 70.0 140 280 462 560 
Peak height of iodate, uA 3.8 7.5 15 30 50 60 
Relative standard deviation, % 1.5 1.1 1.2 1.6 1.3 1.8 

The sulphate method 

The sulphate method depends upon the dis- 
proportionation of iodine in strongly alkaline 
medium (pH 12) to form equimolar amounts of 
hypoiodite and iodide [reaction (2)]. Thiosul- 
phate is oxidized to sulphate by hypoiodite 
[reaction (3)] which is itself reduced to iodide, 
leading to an overall stoichiometry [reaction (4)] 
of one mole of thiosulphate being equivalent to 
eight moles of iodide and to eight moles of iodate 
on oxidation with bromine water [reaction (l)]. 

12+20H-+OI-+I-+H20 (2) 

S@- + 401- + 20H- +2SO:- +41- + H,O 

(3) 

SzO:- + lOOH- +41,-+2SO:-+81- + 5H,O 

(4) 

Thus slight modifications of the iodometric 
procedures described in previous works,7*8 and 
adjustment of the pH of the iodate-containing 
solution to 3.5 as before but dilution to a larger 
final volume of 100 ml, allowed DPP measure- 
ment of the resulting iodate by use of the lowest 
sensitivity value of 100 PA full-scale deflection 
under polarographic conditions otherwise the 
same as for the tetrathionate method. The 
iodate peak maximum again occurred at - 0.42 
V, as expected. 

The lowest sensitivity and the dilution to 
100 ml final volume were selected to compensate 
for the 8-fold amplification in the sulphate 
method, as only in this way could the complete 
DPP peak be recorded on the chart (which was 
25 cm wide). 

Amounts of thiosulphate in the range 2.8845 
pg were determined and quite reproducible 
results (Table 2) were obtained. 

Unfortunately the instability of lower con- 
centrations of thiosulphate and/or their non- 
stoichiometric oxidation resulted in inconsistent 
and erroneous values. However, thiosulphate 
concentrations as low as 0.14 and 0.02 pgg/ml 
could be accurately determined by the two 
indirect methods developed, corresponding to 
0.22 and 0.35 pgg/ml iodate, which compares 

favourably with the 0.42 pg/ml limit reported 
for pure iodate solution.16 

The calibration graphs prepared with thiosul- 
phate and iodate standards were again identical. 

All anions and cations that undergo redox 
reactions with iodine, liberating iodide, interfere 
in the determination (c$ Belcher et al.‘) but 
sulphate (the reaction product in this variant) 
does not interfere. The pulse polarograms for 
the reagent blank showed slight curvature above 
the baseline, corresponding to not more than 
0.04 pg of iodate or 0.025 pg of thiosulphate, 
which is within acceptable limits; all results were 
corrected accordingly. 
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Summary-Bismuth is extracted from O.OlM citric acid at pH 3.0 with Aliquat 3363 coated on a silica 
gel column, by extraction chromatography. It was then stripped with O.lM sulphuric acid and determined 
spectrophotometrically at 460 nm as the iodide complex. Bismuth was effectively separated from binary 
as well as ternary mixtures by taking advantage of the difference in the stability of the citrate complexes 
with metal ions in mineral acids. The method was extended to the analysis of bismuth from low fusible 
alloys. 

The extractive-chromatographic methods for 
the separation of bismuth involve use of solvat- 
ing solvents and liquid ion exchangers as the 
stationary phase. The separation of bismuth 
from mineral acid media, using liquid anion 
exchangers has been studied, but such studies 
from organic acid media are few. Tributylphos- 
phate was used for the extractive- 
chromatographic separation of bismuth from 
lead, thallium and silver.‘,’ Bismuth was separ- 
ated from transition elements with trioctylphos- 
phine oxide3 and bis(2-ethylhexyl)phosphoric 
acid4 as the stationary phase. The separation 
of bismuth from silver, cadmium and zinc by 
extraction chromatography was done with tri- 
octylamine. 5*6 However, these methods failed to 
separate bismuth from elements which are as- 
sociated with fission products. 

This paper described the systematic investi- 
gation of the extractive-chromatographic stud- 
ies of bismuth with Aliquat 3363 from citric acid 
solutions. Novel methods are developed to sep- 
arate bismuth from associated elements. The 
method is applied to the determination of bis- 
muth in low fusible alloys. 

EXPERIMENTAL 

Apparatus 

A GS 866C spectrophotometer (ECIL, 
India), provided with corex glass cuvettes with 
an optical path length of 10 mm and a LI 120 
pH meter (ELICO, India) were used. 

Reagents 

Aliquat 3368 (methyltri-n-alkylammonium 
chloride) (Fluka AG, Switzerland) was used 
without further purification. 

A stock solution of bismuth was prepared by 
dissolving 2.94 g of bismuth nitrate pentahy- 
drate in 250 ml of distilled water containing 1% 
nitric acid. The solution was standardized com- 
plexometrically.’ It contained 4.7 mg/ml of bis- 
muth. A diluted solution containing 100 pgg/ml 
was prepared by appropriate dilution. 

The silica gel (100-200 mesh) was dried at 
120” for 2 hr and then packed into a U-tube. A 
stream of dry nitrogen was passed for 2-3 hr 
through a small Drechsel bottle containing 
25 ml of dimethyldichlorosilane, and then 
through a U-tube containing the silica gel to 
convert the surface silanol groups to silyl ether 
groups. The silica gel was then washed with 
anhydrous methanol to convert the unreacted 
hydroxyl groups to methoxy groups, as well 
as to remove hydrochloric acid from the silica 
gel. The treated silica gel was then dried at 
100”. In routine work 1 ml of dimethyl- 
dichlorosilane is adequate to render 10 g of 
silica gel hydrophobic. 

A solution containing 1 ml of Aliquat 336s 
in benzene was prepared and transferred into 
a flask containing 4 g of the hydrophobic silica 
gel. The benzene was slowly removed from the 
suspension with a rotary vaccum evaporator 
until dry silica gel was obtained; a low vacuum 
was applied to remove air from the micropores 
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and to accelerate evaporation of benzene. The 
silica gel coated with Aliquat 3363 was then 
slurried with citric acid solution and poured into 
a column (10 x 0.8 cm). A 4-g amount of the 
coated silica gel was sufficient to give a bed 
height of 8 cm and was used for the column 
studies.8 

General procedure 

An aliquot of solution containing 100 ,ug of 
bismuth was mixed with 5 ml of O.OlM citric 
acid. The pH of the solution was adjusted to 
3.0 with O.OlM citric acid or O.OlM sodium 
hydroxide. The solution was passed through the 
column and bismuth was extracted with Aliquat 
3368 as the stationary phase. Bismuth was 
stripped with various mineral acids. Ten 5-ml 
fractions were collected and bismuth from each 
fraction was determined spectrophotometrically 
as the iodide complex at 460 nm.’ 

RESULTS AND DISCUSSION 

Effect of pH 

The extraction studies of bismuth as a func- 
tion of pH were carried out in the pH range 
1.0-6.0. The extraction commenced at pH 1.0 
(45.4%) and it was quantitative from pH 3.0 to 
5.0. On increasing the pH further, there was a 
decrease in the extraction of bismuth, this may 
be due to hydrolytic precipitation of bismuth. 
The optimum pH for the quantitative extraction 
of bismuth was 3.0 (Fig. 1). 

Eflect of citric acid concentration 

The extraction of bismuth was carried out by 
varying the concentration of citric acid from 
1 x 10e4 to 1 x lo-‘M. The optimum concen- 
tration for complete extraction was 1 x lo-‘M. 
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Fig. 1. Effect of pH on extraction of bismuth from citric 
acid. 
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Fig. 2. Effect of citric acid concentration on extraction of 
bismuth. 

At higher concentration there was a decrease in 
extraction perhaps because of competitive equi- 
libria between the anionic bismuth citrate com- 
plex and the citrate anion itself, for the liquid 
anion exchanger. At lower citric acid concen- 
tration, however, there was a decrease in extrac- 
tion and an increase in turbidity due to the 
formation of bismuth oxysalt (Fig. 2). 

Eflect of stripping agent 

The stripping of bismuth was affected by 
various mineral acids (Table 1). The stripping 
was quantitative with 4M hydrochloric, O.lM 
sulphuric or 2M nitric acid. It was interesting to 
note that at lower concentration i.e., less than 

Table 1. Effect of stripping agents 

Stripping Concentration, Recovery, 
agents M % 

HCl 0.25 39.1 
0.5 54.2 
1.0 69.7 
1.5 16.4 
2.0 85.4 
2.5 89.2 
3.0 90.1 
3.5 94.5 
4.0 100.0 

HNO, 0.5 71.4 
1.0 96.2 
1.5 98.4 
2.0 100.0 
2.5 100.1 
3.0 99.8 

Hz SO, 0.025 74.2 
0.05 98.4 
0.1 100.5 
0.5 100.0 
1.0 100.0 
2.0 99.8 
3.0 100.0 
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2M hydrochloric acid, stripping was not quanti- 
tative as bismuth formed an anionic chloro 
complex, which in turn was re-extracted by 
Aliquat 3363 on the column. Similarly, less than 
2M nitric acid could not strip effectively. Alkali 
hydroxides were not useful as they caused either 
precipitation or solid phase formation. The 
lower concentrations of sulphuric acid were 
preferred because of the formation of sulphato 
complexes. Thus, for all practical purposes, 
0.M sulphuric acid was utilised as the stripping 
agent for bismuth. 

were separated from bismuth. The differences in 
stability of citrate complexes of various el- 
ements were exploited to devise some separ- 
ations. Zirconium, thorium, uranium and 
molybdenum formed relatively stable citrate 
complexes in comparison with the citrate com- 
plex of bismuth. Therefore, bismuth was first 
stripped with O.lM sulphuric acid and sub- 
sequently all those elements which formed 
stable complexes were stripped with 2M sul- 
phuric acid. 

Separation of bismuth from binary mixtures 
Separation of bismuth from multicomponent mix- 
tures 

Bismuth was separated from several elements A mixture of lead/nickel, bismuth and tin(IV) 
in binary mixtures by making use of the differ- were passed on the column at pH 3.0 and citrate 
ences in their ability to form anionic complexes complexes of bismuth and tin(IV) were ex- 
(Table 2). Thus, since alkali and alkaline earths, 
iron( zinc, cadmium, lead, cobalt, aluminium 

tracted while lead/nickel passed through the 
column unextracted. Then bismuth was stripped 

and manganese could not form anionic citrate with 4M hydrochloric acid and finally tin(IV) 
complexes, they were not extracted and hence was stripped with 1M sulphuric acid. 

Table 2. Separation of bismuth from other elements in 
binary mixtures (Bi added, 100 pg) 

Foreign 
ion Added as 

Recovery 
Amount, of Bi, 

/+I % 

Arsenic, bismuth and antimony were separ- 
ated by passing the mixture on the column; 
arsenic was not extracted and was washed with 
water. Then bismuth was stripped with 4M 
hydrochloric acid and antimony with 1M nitric 
acid. 

Na+ 
Li+ 

uo:+ 

Kf 

Sea:- 

Rb+ 
Be*+ 
Mg*+ 
Ca*+ 
Sr*+ 
Ba*+ 
Fe*+ 
Ag+ 

gs:+ 

Zn*+ 
Cd2+ 
Ni*+ 
cu*+ 
car+ 
Al’+ 
Pb*+ 
Mn*+ 
Tl’+ 
Sb’+ 

;;: 

Ga’+ 
Sc3+ 
V4+ 
ZflA+ 
Th4+ 

NaCl -’ - 
KC1 

Li,(SO,).H,O 

RbCl 
Be(NO, )*. 3H20 
MgSO, .7H,O 

Ca(NOr), 
Sr(N03),.2H20 
Ba(N0, ), .2H,O 
FeSO,. 7H,O 
AgNO, 
AsCl, 
Y(NO,),.2H,O 
ZnSO,. 7H,O 
Cd(NO,), .4H,O 
Ni(NO,), . 6H20 
&SO,. 5H,O 
Co(NO,), .6H,O 
Al(NO,), . 9H20 
Pb(N0, ), -._ 
MnSO,.7H,O 
TlCl, 

U02(N03),.6H20 

SbCl-, .3H,O 

Na, SeO, 

AuCl, 
Fe,(SO,), .7H,O 
GaCl, 
WNO,), 

voso, 

Zr(NO,),. 5H20 
Th(N0,),.4H,O 

4600 
5500 
6000 
1000 
2200 
1800 
2100 
1900 
2000 

300 
350 
250 
500 
250 
350 
400 
200 
250 
400 
250 
150 
250 
250 
200 
250 
100 
100 
loo 
150 
250 
200 
loo 

wo:- Na, WO, 150 
Mo,O;,- (NH,)Mo,02,.4H20 100 
SiO:- Na, SiO, 200 
CN- KCN 150 

99.8 
99.5 

100.0 
99.8 
99.4 
99.8 
99.6 
99.2 
99.6 
99.5 
99.4 
98.8 
99.2 

100.0 
99.8 

100.0 
99.7 
99.6 
99.6 

100.0 
99.2 
99.7 
98.2 
98.5 
99.4 

100.0 
99.2 
98.5 
99.0 

loo.2 
99.0 
98.5 
99.2 

100.0 
98.2 
99.0 

The separation of zinc, bismuth, thorium and 
zirconium was carried out by passing the mix- 
ture through the column; zinc passed through, 
as it did not form an extractable citrate com- 
plex, while the extracted bismuth was stripped 
with O.lM sulphuric acid, thorium with 0.25M 

Table 3. Separation of bismuth from multicomponent 
mixtures 

Amount Stripping 
taken, Recovery, agents, Standard 

Mixture ng % M deviation 

Pb/Ni 
Bi 
Sn(IV) 

As(III) 
Bi 
Sb 

Zn 
Bi 
Th 
Zr 

Pb 
Bi 
Th 
MO 

Al 
Bi 
Fe(II1) 
Tl(II1) 

100 100.0 
100 101.0 
96 96.4 

50 98.0 
100 101.0 
75 98.1 

100 100.0 
100 100.0 
110 101.0 
100 99.0 

loo 100.0 
loo 100.0 
110 98.0 
70 101.4 

90 100.0 
loo 102.0 
loo 99.0 
150.0 99.8 

H2O 

4 HCl 
1 H,SO, 

H2O 

4 HCl 
1 HNO, 

H2O 

0.1 H,SO,, 
0.25 H,SO, 
2 HCI 

H2O 

0.1 H,SO., 
0.25 H,SO, 
2 HNO, 

H2O 

0.1 H,SO, 
0.25 HCl 
1 HClO, 

0.305 
0.321 
0.435 

0.529 
0.321 
0.585 

0.057 
0.264 
0.435 
0.152 

0.305 
0.264 
0.611 
0.435 

0.305 
0.435 
0.416 
0.305 
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Table 4. Analysis of various bismuth alloys 

Alloy 

White Metal 
SD* 

Sealing Alloy 
SD 

Bismuth Solder 
SD 

Bi, % Sn, % Pb, % Sb, % 

Found Actual Found Actual Found Actual Found Actual 

0.09 0.11 - - - - - - 
0.503 

57.20 58.00 - - 35.8 36.0 5.8 6.0 
0.603 0.836 0.251 

26.60 21.50 44.9 45.0 28.0 21.5 - - 
0.458 0.321 0.153 

*SLStandard deviation. 

sulphuric acid and zirconium with 2M hydro- 
chloric acid. 

The separation of lead, bismuth, thorium and 
molybdenum was effected by washing lead with 
water, bismuth was stripped with O.lM sul- 
phuric acid, thorium with 0.25M sulphuric acid 
and molybdenum with 2M nitric acid. 

Aluminium, bismuth, iron(II1) and thal- 
lium(II1) were separated by passing the mixture 
on the column when aluminium was not ex- 
tracted; extracted bismuth was stripped with 4M 
hydrochloric acid, iron(II1) with 0.25M hydro- 
chloric acid and thallium with 1M perchloric 
acid. These analyses were carried out in tripli- 
cate and standard deviations are shown in Table 
3. In all these cases, the elements were deter- 
mined spectrophotometrically by the use of 
appropriate chromogenic ligands. 

Determination of bismuth from bismuth based 
alloys 

The method was extended to the separation 
of bismuth from white metal, sealing alloys and 
bismuth solder. 

About 0.1 g of an alloy was dissolved in 
aqua regia. The filtrate was evaporated to dry- 
ness, to remove excess acid, and then leached 
with dilute hydrochloric acid and made up to 
a known volume. An aliquot of solution con- 
taining lead, bismuth, antimony and tin was 
passed on the column from O.OlM citric acid 
buffered at pH 3.0 when all elements except 

lead were extracted. Then bismuth was stripped 
with 4M hydrochloric acid, tin with 1M sul- 
phuric acid and antimony with 1M nitric acid 
(Table 4). 

The separation of bismuth from zinc, lead, 
tin, antimony, aluminium and thallium was 
important as they are associated in various low 
fusible alloys and the separation of bismuth 
from zirconium, molybdenum and thorium was 
significant as these are associated in fission 
products. The proposed method is simple, rapid 
with the time required less than 2 hr. 
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SPECIFICATION OF COLOUR CHANGES OF 
METALLOCHROMIC INDICATORS IN THE 

TITRATION OF BISMUTH WITH EDTA 
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Summary-The quality of the colour changes at the end-point in the complexometric titration of 
bismuth(III) with EDTA, using the indicators Hemotoxylin, PAN [l-(2-Pyridylaxo)-Naphthol-21, PAR 
[4-(2Pyridylaxo)-Resorcinol], Xylenol Orange and Thoran is studied by means of the CIE 1931 
trichromatic system, using specific colour discrimination (SCD) and colour difference (AE*). The 
indicators are arranged in order of colour change quality. Of the indicators studied, Hemotoxylin is 
recommended as the most suitable for this titration. 

The detection of the end-point in a titration is 
based on the colour transition of the indicator 
at the equivalence point of the reaction between 
titrant and titrand. Evaluation of this colour 
transition, by tristimulus calorimetry,’ allows 
determination of the most adequate indicator 
for a specific determination. 

Reilley and co-workers2*3 stated that for 
specification of the colour transition of visual 
indicators, the logical choice is to employ the 
chromaticity values of the International Com- 
mission on Illumination which suggested the 
use of absorbance values instead of trans- 
mittance values in conventional tristimulus 
calorimetry calculations to determine comp- 
lementary chromaticity co-ordinates. An ex- 
pression was derived to relate these co-ordinates 
to the true colour coordinates by the following 
expression 

P, = G, - J(Qr - G,) - J*(Q, - G, + Qf> 

where P, is the true colour point, G, the 
grey point, Qr the complementary colour 
point, J the colour concentration and Qf the 
dichromatistic deviation. Breckenridge and 
Schaub4 proposed RUCS (rectangular uniform 
chromaticity scale) co-ordinates, U and V, 
for representing the colour, where equidistant 
colour points represent an equal colour dis- 
crimination which are calculated from the 

following equations: 

u = 0.075 - 
0.823(x + y - 1) 

x - 7.05336~ - 1.64023 

v = 3.697 - 5.07713~ - 1.36896 _ o 5 

x - 7.05336~ - 1.64023 ’ 

where (x, y) is the colour point on the chroma- 
ticity diagram for a given colour. Using the 
values of (U, V), Bhuchar et al.’ determined a 
parameter, the specific colour discrimination 
(SCD), which is a measure of the quality of 
colour change and is given by, 

AI3 
SCD = f(lOOO) A(C,,CM) 

where Aa =[(V,- U,)*+(V,- V,)*]“*, (CJC,) 
is the ratio of the concentration of ligand to that 
of the metal ion. 

In 1976, the CIE committee on calorimetry 
recommended the chromaticity co-ordinates 
L *, a * and b * for the specification of colours.‘,’ 
The equations for calculation of these par- 
ameters are presented as 

*Author for correspondence. 
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where X,, = 98041, Y, = 100,000 and 2, = 
118,103 are colour stimulii for white light for a 
light source C, where X, Y and 2 are tristimuli 
for an indicator solution. 

Indicators 

The chromaticity difference between two 
colours is given by the equation, 

Solutions (1 x IO-‘M) of the indicators 
Hemotoxylin (Sigma), PAN (BDH-LR) and 
Xylenol Orange (BDH-LR) in ethanol, PAR 
(BDH-LR) and Thorn (BDH-LR) in water, 
were prepared. 

AE * = [(A,? *)’ + (Au *)2 + (Ab *)2]“2 
Determination of chromatic parameters 

Cache et al.8 proposed a parameter 

to assess the quality of colour change. But 
Calatayud et al.] who stated that values of AJ 
show a non-uniform behaviour, preferred the 
parameter A$ standard deviation of colour 
matching, given by 

A lo-ml portion of O.OlM Bi(II1) solution 
and 0.1 ml of indicator solution are taken in a 
clean, dry beaker and the total volume is ad- 
justed to 50 ml with varying volumes of EDTA 
and water after adjusting the pH with dilute 
ammonia. 

AS =g,,Ax’+ 2g,,AxAy -f-g22Ay2 

where Ax and Ay are changes in CIE coordi- 
nates and g,, , g,, and g,, are the values of 
constants of MacAdam’ ellipses corresponding 
to colour points. 

Kotrly and Vytras” studied the suitability 
of six indicators in the titration of Pb(I1) 
with EDTA. Calatayud et al.” carried out 
investigations on Arsenazo(II1) as indicator 
in the titrations of Ca(II), Pb(II), Bi(III), 
Fe(II1) and La(ITI) with EDTA. Similar studies 
have been carried out in the complexometric 
titrations of the metal ions Pb(II),12 Ca(II)‘2*‘3 
and Zn(II).14 

The spectrum in each case is recorded on a 
Shimadzu s~trophotometer in the wavelength 
range 380-770 nm at 10 nm intervals. The 
absorbance values are treated with a computer 
program written in FORTRAN-77 and com- 
piled on an OMEGA-58000 computer system. 
The algorithm adapted for the calculation 
of chromaticity parameters is the weighted 
ordinate method with AA = 10 nm, using the 
coefficients of the standard illuminant C and 
“10” standard observer”.” 

RESULTS AND DISCUSSION 

In this paper, the results of a detailed investi- 
gation of the specification of colour changes of 
indicators in the titration of bismuth(III) with 
EDTA are presented and a screened indicator 
is proposed to improve the quality of colour 
change. 

The pH of the solution at the beginning of 
the titration, when using Hemotoxylin as indi- 
cator, is adjusted to 1.5 with dilute ammonia 
solution, while for the other indicators the pH is 
adjusted to the following ranges for each indi- 
cator: PAN: l-3; PAR l-2; Xylenol Orange: 
l-3 and Thoran: 2-3. 

From the spectra of the indicators at different 
values of (CL/C,,,) (Fig. la-e), the tristimulus 
values X, Y and Z are determined by using the 
expressions: 

EXPERIMENTAL X = C ZETAA 

A Shimadzu U.V. Visible double-beam 
recording spectrophotometer with temperature 
control attachment was used. An OMC 
OMEGA-58000 minicomputer was used for 
calculating the parameters, by running the pro- 
gram in FORTRAN-77 for the weighted ordi- 
nate algorithm. 

Y = I? yETA 

Z = C 5ETA.I 

Reagents 

Approp~ate amounts of bismuth nitrate and 
the sodium salt of ethylenediaminetetraacetic 
acid, both analytical-reagent grade from Sara- 
bai M. Chemicals, were dissolved in triply dis- 
tilled water to give O.OlM solutions. 

where ZE, YE and 5E (the product of the 
energy distribution values and tristimulus of 
pure spectrum colours) are values at different 
wavelengths in the range 380-770 nm with 
intervals of 10 nm, and are taken for standard 
illuminant C, where T is transmittance, The true 
colour co-ordinates of any coloured solution 
are given by 

x Y 

x=x+Y+z 
and y = 

x+y+z 



Titration of bismuth with EDTA 

0.0 6 r 

0.6 

1 

Wavelength, nm 

Fig. 1. Spectra of different indicators at different (CL/CM) ratios. (a) Hemotoxylin; (1) 0.92, (2) 0.94, (3) 
0.96, (4) 0.98, (5) 1.0, (6) 1.02, (7) 1.04. (b) PAN; (1) 0.92, (2) 0.94, (3) 0.96, (4) 0.98, (5) 1.0, (6) 1.02. 
(c) Xylenol Orange; (1) 0.914, (2) 0.936, (3) 0.957, (4) 0.978, (5) 1.00. (d) PAR; (1) 0.92, (2) 0.94, (3) 0.96, 

(4) 0.98, (5) 1.0. (e) Thoran; (1) 0.92, (2) 0.94, (3) 0.96, (4) 0.98, (5) 1.0. 

These values for all the studied indicators 
during the course of transition are tabulated in 
Table 1, along with the complementary colour 
co-ordinates (QX, Q,,) which are calculated by 
using absorbance values instead of transmit- 
tance values. The tristimulus value, Y, rep- 
resents the brightness of the colour of the 
solution, whereas the purity of the colour of 
the solution is the ratio of the distance between 
the sample point and the ill~inant point to the 
distance between the corresponding pure spec- 
trum point and illuminant point. These two 
values, along with dominant wavelength (Id), 
which is the wavelength of the pure spectrum 
colour to be mixed with standard ilhuninant 
C to achieve the colour of the solution, are 
also included in Table 1, since these three 
parameters correspond closely to the three 
psychological attributes, brilliance (Y), satu- 
ration (pe) and hue (Id). The parameter J, 

known as the colour concentration, calculated 
from the expression 

J= 
X+Y+Z 

x, + Y, + 2, 

enables calculation of the volume ratio of 
the indicator with one or two inert dyes to 
obtain a screened indicator involving a colour 
transition at the end-point between comple- 
mentary colours through greyness (colourless- 
ness), and thereby enhance the quality of colour 
change. 

The colour transition curves of all the indi- 
cators studied in the titration of bismuth(II1) 
with EDTA are presented in Fig. 2. According 
to Reilley et a1.,2*3 in compa~ng the quality of 
colour changes of different indicators at the 
equivalence point, apart from the fact that the 
distance between the colour points at the equiv- 
alence point should be large, the location of the 
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Table 1. Chromaticity co-ordinates for the colour changes of some metallochromic indicators for bismuth 

CL/C, J Y x Y Q.r Q, Ad Pe 

Hemotoxylin 

PAN 

Xylenol Orange 

0.92 
0.94 
0.96 
0.98 
1 .oo 
1.02 
1.04 
1.06 
0.92 
0.94 
0.96 
0.98 
1.00 
1.02 
1.04 
1.06 
0.893 
0.914 
0.936 
0.957 

PAR 

Thoran 

0.978 
1.000 
1.021 
1.042 
1.063 
0.92 
0.94 
0.96 
0.98 
1.00 
1.02 
0.92 
0.94 
0.96 
0.98 
1.00 
1.02 
1.04 
1.06 

0.653 1 
0.6698 
0.6357 
0.7741 
0.7088 
0.6753 
0.6102 
0.5730 
0.4530 
0.5126 
0.5200 
0.5354 
0.4398 
0.4346 
0.4375 
0.4340 
0.6123 
0.5972 
0.6084 
0.6059 
0.5382 
0.3685 
0.4226 
0.4636 
0.4153 
0.5491 
0.5706 
0.5873 
0.5844 
0.6381 
0.6326 
0.6865 
0.5919 
0.5895 
0.5761 
0.4602 
0.4609 
0.4439 
0.4455 

55932.9 
58438.5 
56623.7 
73149.1 
72331.0 
65689.6 
55551.0 
46533.0 
49438.4 
56944.7 
62100.6 
69840.4 
67467.4 
66824.3 
67406.5 
66728.7 
75473.2266 
74106.6484 
75534.7813 
75127.8672 
67799.7891 
43032.1680 
53135.5391 
61134.3320 
52806.8711 
57673.9063 
60013.5820 
62164.2617 
70922.7969 
86075.3906 
87046.3281 
7023 1.4922 
55079.8711 
54618.8633 
54872.6758 
41098.8867 
41281.9688 
40468.4531 
40072.5781 

0.2904 
0.2760 
0.3028 
0.3134 
0.2125 
0.1881 
0.1672 
0.1491 
0.3144 
0.3557 
0.3630 
0.3546 
0.2556 
0.2564 
0.2567 
0.2553 
0.3434 
0.3459 
0.3458 
0.3446 
0.2653 
0.1495 
0.1753 
0.2052 
0.1760 
0.3981 
0.3908 
0.3879 
0.3706 
0.3648 
0.3694 
0.2432 
0.1940 
0.1941 
0.1969 
0.1546 
0.1547 
0.1549 
0.1534 

0.2709 
0.2941 
0.2817 
0.3014 
0.3288 
0.3077 
0.2879 
0.2569 
0.3452 
0.3515 
0.3777 
0.4126 
0.4852 0.1465 
0.4864 0.1467 
0.4874 0.1460 
0.4863 0.1477 
0.3899 0.1643 
0.3925 0.1665 
0.3927 0.1624 
0.3922 0.1653 
0.3984 0.1594 
0.3694 0.1501 
0.3977 0.1508 
0.4171 0.1520 
0.4022 0.1506 
0.3322 0.1877 
0.3327 0.1886 
0.3348 0.1860 
0.3839 0.1656 
0.4267 0.1514 
0.4353 0.1481 
0.3236 0.1573 
0.2943 0.1431 
0.293 1 0.1434 
0.3013 0.1368 
0.2825 0.1299 
0.2833 0.1295 
0.2884 0.1314 
0.2845 0.1349 

0.3579 
0.3587 
0.3275 
0.2980 
0.1505 
0.1454 
0.1443 0.1356 598.76 0.6033 
0.1404 0.1174 591.10 0.9521 
0.2148 0.2805 
0.2120 0.2604 
0.1994 0.2147 
0.1769 

0.4205 
0.4088 
0.3932 
0.3758 
0.1409 
0.1059 

0.1524 
0.0563 
0.0595 
0.0565 
0.0598 
0.1548 
0.1577 
0.1515 
0.1530 567.4850 0.4326 
0.1303 515.0720 0.3376 
0.0522 494.9290 0.6199 
0.0504 498.3110 0.5647 
0.0583 503.0109 0.4878 
0.0518 
0.2932 
0.2914 
0.2852 
0.1867 
0.0803 
0.0711 
0.2720 
0.3049 
0.3112 
0.2744 
0.1385 
0.1358 
0.1352 
0.1430 

566.97 0.3717 
566.00 0.3192 
560.23 0.2492 
537.28 0.0836 
631.77 0.1201 
607.90 0.2131 

557.90 0.1659 
580.21 0.2876 
575.69 0.0503 
567.32 0.0490 
528.61 0.0557 
530.14 0.5760 
530.41 0.5787 
522.63 0.5747 
567.4328 0.4219 
567.8650 0.4366 
567.8000 0.5372 

504.0200 0.4762 
599.8058 0.3130 
598.5100 0.2966 
596.7093 0.2992 
576.0660 0.4594 
568.4752 0.5875 
568.4350 0.6214 
658.1666 0.3060 
599.2882 0.8345 
598.6868 0.4820 
602.8720 0.4108 
597.7512 0.6884 
598.0109 0.6805 
599.8580 0.6352 
598.5274 0.6738 

points and their relative positioning with regard 
to greyness (illuminant point) are also import- 
ant. The colour transition curve of Hemotoxylin 
shows a long separation between the colour 
points at the equivalence point, and the curve 
passes very near to that of the illuminant point, 
clearly showing that this indicator is exhibiting 
the qualities of a good indicator. In the case of 
PAN and PAR, the colour transition curves 
show similar behaviour with comparable dis- 
tances, and are present in the same location of 
the colour diagram. Even though Thoran has a 
longer distance between the points at the equiv- 
alence point, the colour change is not sharp and 
a gradual decrease in saturation of the colour is 
observed. 

Since the co-ordinates of the colour diagram 
are non-uniform, CIE has recommended new 
parameters defined by CIE La*b* 1976.6*7 The 
curves drawn (Fig. 3) between a * and b * exhibit 
clearly the superiority of the indicator Hemo- 

toxylin over all the other indicators studied, 
since its (a*, b *) curve passes very near to the 
grey point and requires no further screening. 

PAN and PAR exhibit behaviour similar 
to each other, whereas Xylenol Orange and 
Thoran have a colour transition in a single 
quadrant of the (a*, b*) graph which indicates 
a decrease in saturation as the colour changes at 
the equivalance point. 

A more quantitative method for the measure- 
ment of the quality of colour change of chemical 
indicators in visual titrations is suggested by 
Bhuchar et al.,5 and involves the calculation of 
the average number of colour discrimination 
steps for one (CL/C,) unit, which is known as 
the ‘specific colour discrimination’ (SCD). The 
SCD us. (CL/CM) curves represented in Fig. 4 
clearly show that Hemotoxylin, the indicator 
with the maximum SCD value, is the most 
suitable indicator in this titration among the 
indicators studied. The half band-width pertain- 
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Fig. 2. 
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Fig. 3. Change of colour co-ordinates a* and Ir + (Index as in Fig. 2). 



798 K. M. M. Kiusm~ PRhsAD and S. time 

2800 

2400 

t 

2ooo 

2 1600 

1200 

800 

400 

oo.88 0.92 0.98 1.04 1.58 

CL/CM - 

Fig. 4. Specific colour discrimination versus (CL/C,,,) (Index 
as in Fig. 2). 

ing to this indicator is very low, which indicates 
the higher rapidity of colour change. (The rapid- 
ity of colour change is inversely proportional 
to the half band-width of (SCD) vs. (CL/C,) 
peak.) From the absolute values of SCD at 
CL/C, = 1.0 (Table 2), the order of increasing 
quality of colour change of the studied indi- 
cators is: 

Thoran < Xylenol Orange c PAR 

< PAN -z Hemotoxylin 

Even though the value of the half band-width 
of the SCD curve of Xylenol Orange indicates 
that this indicator has a better rapidity of colour 
change in compa~son with PAR, the colour 
change of the former indicator at the end-point 
consists of only a decrease of intensity and 
hence the latter is considered to be the superior 
of the two. The absolute values of SCD shown 
in Table 2 also support this argument. A large 
number of visual titrations with all these indi- 

70- 

80- 

5o- 

t 

4Q- 

til 
Q XI-" 

20 - 

10 - 

CVCM - 

Fig. 5. E* versus (CL/C,) (Index as in Fig. 2). 

caters confirms the above mentioned order of 
quality of colour change. 

In their search for the most uniform par- 
ameter (against AS) for evaluation of the colour 
break point of the chemical indicators, Ca- 
latayud et al.’ reported that the ‘total colour 
difference’, AE*, is the most suitable parameter 
in this regard. The total colour difference values 
calculated for these indicators also exhibit the 
same order of decrease as observed in the case 
of SCD values (Table 2), indicating AE* is 
also a good parameter. The curves of AE* us. 
(CL/C,+,) (Fig. 5) confirm the adequacy of the 
parameter AE* in evaluating the quality of 
colour change of chemical indicators. 

Screening 

The quality of colour change of the indicator 
PAN in this titration is improved by mixing this 
indicator with Methylene Blue in the concen- 
tration ratio of 6: 1. The colour change at the 
equivalence point for the screened indicator is 
found to be from violet to green through grey- 
ness (a * = - 0.06; b * = -0.25 at equivalence 
point). The results obtained with screened and 

Table 2. SCD values, AE* colour difference at maximum colour change 
of some metallochromic indicators for bismuth 

SCD at max. Half band AE* at max. 
Indicator colour change width of SCD colour change 

Hematoxylin 3001.1 65.21 
PAN 2161.1 

::‘6 
62.99 

Xylenol Orange 1677.9 2.5 51.33 
PAR 1958.3 3.4 34.09 
Thoran 1669.5 2.4 18.42 
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Table 3. Results obtained with PAN (single) a~ indicator 
and PAN + Methylene Blue (6: 1) screened indicator in the 

studied in this titration. The application of the 

titration of Bi(III) with EDTA 
screened indicator PAN-Methylene Blue (6 : 1) 

Bi(III) Bi(II1) Relative Relative 
yields improved accuracy over that using just 

taken, found, standard 
PAN in this titrimetric determination. 

error, 
w 
2.42 Single 

Screened 
4.85 Single 

Screened 
7.27 Single 

Screened 
9.70 Single 

Scrkned 
12.12 Single 

Screened 

mg 
2.48 
2.44 
4.93 
4.88 
7.35 
7.31 
9.77 
9.73 

12.21 
12.14 

deviation, % 

0.66 
0.41 
0.16 
0.20 
0.13 
0.12 
0.10 
0.09 
0.07 
0.09 

% 

2.48 
0.82 
1.64 
0.61 
1.10 
0.55 
0.12 
0.31 
0.14 
0.16 

unscreened indicators, presented in Table 3, 
shows the higher accuracy achievable while 
using the screened indicator due to the distinc- 
tive colour change at the end-point which passes 
through colourlessness. 

CONCLUSION 

The quality of colour change of the indicators 
in the titration of bismuth(III) with EDTA is 
measured quantitatively with the help of tri- 
chromatic calorimetry, using the parameters 
SCD (specific colour discrimination) and AE* 
(total colour difference) and it is found that 
Hemotoxylin is the best indicator out of those 

4. 

5. 

6. 

7. 

8. 

9. 
10. 

11. 

12. 

13. 

14. 

15. 
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Summary-A highly sensitive spectrophotometric method has been developed for determination of 
chromium(VI), based on oxidation of I - to I; in acid medium, then formation of a 1: 1 ion-association 
compound of I; with a basic xanthene dye in the presence of poly(viny1 alcohol). The molar absorptivity 
is 1.79 x lo5 l.mole-‘.cm-’ at 600 nm for the Rhodamine B system, 1.56 x lo5 l.mole-‘.cm-i at 
600 nm with Ethylrhodamine B, 1.56 x 10s l.mole-‘.cm-’ at 570 nm with Rhodamine 6G and 
2.01 x 10’ l.mole-’ .cm-’ at 590 nm with Butylrhodamine B, respectively. Preconcentration of chromi- 
um(V1) by an improved trioctylamine extraction procedure greatly increases the selectivity of the method 
and can be applied in the spectrophotometric determination of trace amounts of chromium(V1) in tap 
water, hot-spring water and river water. 

For the spectrophotometric determination of 
chromium(VI), the diphenylcarbazide (DPC) 
method is most commonly used.’ The method 
has good selectivity, but the sensitivity is not 
very high, the molar absorptivity being only 
4.3 x lo4 l.molee’.cm-‘.’ 

In recent years, some highly sensitive spec- 
trophotometric methods for determination 
of chromium(V1) have been developed, 
for example, the o-hydroxyhydroquinone- 
phthalein-cetyltrimethylammonium chloride,’ o- 
nitrophenylfluorone-cetyltrimethylammonium 
bromide3 and p-chlorophenylfluorone-CTAB- 
sodium laurylsulphonate method,4 with molar 
absorptivities of about 1 x 10’ l.mole-I .cm-‘, 
but lengthy heating is needed and the selectivity 
is rather poor. 

Spectrophotometric determination of sel- 
enium(W) by its oxidation of iodide to tri- 
iodide, and extraction of the tri-iodide ion-as- 
sociation complex with a basic dye in the pres- 
ence of a surfactant has been reported,’ and the 
same principle is now applied for determination 
of chromium(V1). Poly(viny1 alcohol), PVA, is 
used as the surfactant and Rhodamine B (RhB), 
Rhodamine 6G (Rh6G), and the ethyl and butyl 
esters of Rhodamine B (ERhB and BRhB re- 
spectively) are used as the counter-ion. The 
colour reactions have high sensitivities, with 
molar absorptivities between 1.56 x lo5 and 
2.01 x lo5 l.mole-‘.cn-‘. 

EXPERIMENTAL 

Reagents 

Standard chromium( VI) solution. A stock sol- 
ution containing 100 pg/ml chromium was pre- 
pared by dissolving 282.9 mg of pure potassium 
dichromate in 1000 ml of distilled water, and 
diluted further as required. 

Phosphoric acid, 4M. 
Potassium iodide solution, 100 mglml. 
PVA solution, l%, 
RhB solution, 0.2 mglml. 
ERhB solution, 0.2 mglml. 
BRhB solution, 0.1 mglml. 
Rh6G solution, 0.1 mglml. 
Trioctylamine (TOA) solution, 5% in chloro- 

form. 
Saturated sodium sulphate solution. 
Saturated sodium chloride solution. 

Apparatus 

A Hitachi U-3400 spectrophotometer and 
a 721 spectrophotometer were employed for 
absorbance measurement. 

Procedure 

Place a sample (< 5 ml) containing up to 5 fig 
of chromium(V1) in a 25-ml standard flask, add 
1 ml of 4M phosphoric acid and 2 ml of 
potassium iodide solution and dilute to 10 ml 
with water. Set aside for 5 min, then add 5 ml 

801 
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I , 1 1 1 I 

500 (120 540 360 sea SO0 500320 !I4Osso 530600620 

X,nm X,nm 

Fig. I. Absorption spectra of the ion-associates: 1, RhB us. water; 2, Cr(VI)-KI-RhB us. RhB [G(W), 
4 pg]; 3, Rh6G OS. water; 4, Cr(VI)-KI-Rh6G vs. Rh6G [Cr(VI) 3 pgl; 5, ERhB vs. water; 6, 
Cr(VI)-KI-ERhB vs. ERhB [Cr(VI) 3 pg]; 7, BRhB vs. water; 8, Cr(VI)-KI-BRhB vs. BRhB 

[CrW) 2 MI. 

of basic dye solution and 2 ml of PVA solution. 
Dilute to the mark with water and mix. Measure 
the absorbance in a l-cm cell at the wave-length 
of ma~mum absorbance against a reagent 
blank. 

RESULTS AND DISCUSSION 

Absorption spectra 

Figure 1 shows the absorption spectra of the 
ion-associates of the I; ion with four basic 
xanthene dyes. The absorption maxima are at 
600 nm for the RhB and ERhB systems, 570 nm 
for the Rh6G system and 590 nm for the BRhB 
system; a bathochromic shift of 20-40 nm from 
the absorption maxima of the reagent blanks. 

Ejgect of acidity 

Figure 2 shows the dependence of the ab- 
sorbance of the ion-associate on acidity. All the 
reactions are carried out in dilute phosphoric 
acid medium, but the optimum acidity ranges 
vary according to the system. 

Efect of reagent concentrations 

The optimum concentrations of potassium 
iodide are 0.024-0.~8~ for the RhB and 
BRhB systems, 0.036-0.~~ for the Rh6G 
system, and 0.0480.072M for the ERhB sys- 
tem, respectively. 

The optimum concentrations of the basic dyes 
are as follows: (0.76-1.35) x 10m4M RhB, 
(0.84-1.01) x 10-4M Rh6G, (0.70-0.94) x 
10w4M ERhB and (0.76-1.06) x 10-‘&f BRhB. 

Eflect of PVA and /I-cyclodextrin 

In the presence of PVA or /I-cyclodextrin 
(/?-CD), the solution remains clear and the 
absorbance has good stability. The optimum 
amounts of 10 mg/ml PVA or /?-CD solution 
are between 0.5 and 4.0 ml. With PVA the 
absorbance is stable for 60 min for the RhB, 
Rh6G and ERhB systems, and 30 min for the 
BRhB system. In the absence of PVA or /?-CD, 
the ion-associates are precipitated and the 
solutions are turbid. 

Composition of the ion -associates 

The reacting ratio of chromium(V1) to RhB 
was found to be 2: 3 by the Job method and the 

0.7 
“_..__. 

1 yf ;&-& 
0.4 - 

0.3 - 

0 
0.4 0.3 0.6 

wo4. M 

Fig. 2. Effect of acidity on determination of 5 pg of Cr(V1): 
1, Cr(VI)-KI-RhB system; 2, Cr(VI)-KI-ERhB system; 
3, Cr(VI)-KI-Rh6G system; 4, Cr(VI)-KI-BRhB system. 
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Table 1. Interference of foreign ions in the determination of 
5 pg of chromimn(V1) with the RhB system 

Amount Cr(VI) Amount Cr(VI) 
added, found, added, found, 

Ion /% n&r Ion !+J BB 

2::: 10000 10000 4.7 5*o Br- HCO, 10000 10000 4.7 5.0 
Ni*+ 10000 4.8 F- 5000 5.0 

Al)++ z+ 

‘0000 5.2 Ac- 5000 5.0 

5000 20 5.0 5.2 NO, BO; 5000 5000 5.2 5.0 
cuz+ 10 5.1 ClO, 500 5.3 
HgZ+ 10 4.8 AsO; 500 5.2 
co*+ 10 4.8 !3*0:- 5 5.0 

EF 5 5 5.1 5.0 NO, HSO, 5 1 5.0 5.0 
Pb2+ : 48 

5’2 
1 5.1 

Cd*+ 
Ag+ 2 5:o 

equilibrium shift method, indicating that the 
colour system is based on the equations 

Cr,O:- + 91- + 14H+ = 2Cr3+ + 31; + 7H20 

31; + 3RhB+ =3RhB+I; 

Sensitivity and selectivity 

The molar absorptivities were found to be 
2.01 x lo5 1. mole-‘. cm-’ for the BRhB system, 
1.79 x 10’ l.mole-’ .cm-’ with RhB, and 
1.56 x 10’ 1 .mole-’ .cm-’ with Rh6G and 
ERhB. Beer’s law is obeyed over the range O-O.2 
,ug/ml chromium (but O-0.08 pg/ml for the 
BRhB system). 

The selectivity of the RhB system was investi- 
gated in the determination of 5 pg of chro- 
mium(V1) in the presence of a series of other 
ions. Table 1 shows the results. The main inter- 
fering ions are Hg(II), Pb(II), Sb(II1, V), Fe(III), 
Ag(I), Cu(II), Se(V1) and some strong oxidants 

or reductants. Se(N) interferes when present in 
amounts > 2 pg. 

The interference of MnO; can be eliminated 
by added dropwise suitable amounts of sodium 
nitrite solution, and the effect of nitrite can be 
eliminated by adding urea. 

Adam and PiibiP have reported a procedure 
for extraction of chromium(V1) with trioctyl- 
amine, which very effectively separates it from 
large amounts of iron, aluminium, copper, 
cobalt, zinc, uranium, vanadium, etc. We have 
improved the procedure, extracting chrom- 
ium(V1) with a chloroform solution of tri- 
octylamine from 0.1-0.2M sulphuric acid, then 
stripping the chromium(V1) with 0.3M sodium 
hydroxide. The chromium(V1) is then deter- 
mined as already described. The interference of 
many common metal ions and strong oxidants 
or reductants is eliminated. Thus the method 
has very high sensitivity and selectivity, and can 
be applied to the spectrophotometric determi- 
nation of trace amounts of chromium(V1) in 
environmental water samples etc. Se(IV) can 
then be tolerated in amounts up to 5 pg. 

Extraction of Cr(VI) 

Concentrate 250 ml of water sample to 25 ml 
by heating, add 1 ml of saturated sodium sul- 
phate solution, 10 ml of saturated sodium chlor- 
ide solution. 10 ml of IM sulphuric acid and 
dilute with water to about 50 ml. Shape with 
5 ml of TOA solution in chloroform for 2 min, 
and discard the aqueous layer. Add 5 ml of 
0.3M sodium hydroxide to the organic layer, 
shake the mixture for 2 min, and transfer the 
aqueous layer to a 25-ml standard flask. Com- 
plete the determination as above. 

Table 2. Determination of chromium(V1) in synthetic water samples 

Cr(VI) Cr(VI) 
added, found, 

No. mgll. Sample composition, mg/l. mgll. 

1 0.200 Fe)+ 200 
U(W) 20: 

A13+ 200 Ca*+ 
V(V) 20, Ti(VI) 

200 Zn*+ 200 
10, MO(W) ld 

Cu*+ 200 ’ Co*+ 20 
’ 

0.210 

2 0.120 Fe3+ 200 
U(W) 20: 

A13+ 200 Ca*+ 
V(V) 20, ‘Ti(IV) 

200 Zn*+ 200 
10, ‘Mo(V1) ld, 

Cu*+ 200 
0.2,’ 

Co*+ 20 ’ 0.114 
Pb*+ 

Hgr+ 0.4, Sb(V) 0.2, Ag+ 0.08, Cd*+ 0.08 

Table 3. Determination of chromium(W) in water samnles 

Name of samples 

North hot spring water 
Campus lake water 
Jialing water 1 
Jialing water 2 

Cr(VI) 
Cr(VI) found, added, Cr(VI) found, Recoveries, 

mgll. mgll. mgll. % 

0.008 0.0506 0.0490 98 
0.008 0.0200 0.0195 97 
0.006 0.0200 0.0258 99 
0.006 0.0240 0.0288 95 
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Summary-It has been common practice to use sodium or potassium nitrate as a supposedly inert back- 
ground electrolyte or for adjustment of ionic strength, but nitrate forms sufficiently stabie complexes with 
many metals for its use to result in erroneous values for stability constants. This note surveys the effects. 

It is generally accepted that volt~mmet~c, and 
indeed all, electrochemical methods for deter- 
mining low concentrations of a test substance 
(ion) must be applied in the presence of a large 
excess of a supporting (background) electrolyte, 
i.e., that a constant and fairly high ionic 
strength (1) must be mainlined in the test 
solution. The reasons for this requirement are so 
well known that it is not necessary to examine 
this subject here. It is obvious that this support- 
ing electrolyte should in no way affect the test 
system or the electrode and hence the results 
obtained. 

Fifteen or twenty or even more years ago, 
when the nature of electrochemical processes 
was not fully understood, considerable effort 
was expended to elucidate the mechanisms of 
electrochemical reactions. consequently, the 
supporting electrolyte and other components of 
the solution were not taken for granted and 
consequently ignored in investigation of the 
main reaction of interest, as has often happened 
in more recent work, but were considered as 
potential participants in the overall electro- 
chemical processes. As will be seen below, con- 
siderable information has been obtained on the 
role that the supporting electrolyte can play in 
these reactions. In recent years, the shift of 
interest away from theoretical study of voltam- 
metric and polarographic processes and greater 
concern with the applications of these methods 
has led to a tendency to ignore the literature on 
the potential participation of “inert” electro- 
lytes in electrode processes. There is a general 

impre~ion that ~rchlorates are always “inert” 
as background electrolytes and that nitrates are 
very similar, and that no great error is incurred 
in assuming them to have no effect on electro- 
chemical processes occurring in the solution. 
These assumptions ignore the fact that the 
supporting electrolyte solution always contains 
ions that can interact in some manner with the 
test ions and/or the electrode surface and thus 
affect the reactions (properties) being studied. 
Unless there is a fairly detailed understanding 
of the types and magnitudes of these inter- 
actions, no assumptions can be made about 
the degree of inertness of a given electrolyte, 
and when these assumptions are made blindly, 
there is a very real danger (as will be pointed 
out below) that the whole set of measured data 
may be seriously in error. These considerations 
hold for all types of supporting electrolytes 
and buffer solutions, but only the case of ni- 
trates in this context will be examined more 
closely here, as they provide particularly 
good example of the pitfalls in wait for the 
unwary. 

The possible interactions of nitrates with the 
electrode/electrolyte/test substance system fall 
into a number of categories. These will be 
considered separately, but of course more than 
one type may be operative (and not necessarily 
i~de~ndently) in a particular system. The 
cation in the supporting electrolyte will be 
neglected, not because it is not also a potential 
participant, but as being beyond the scope of 
this discussion. 
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Complex formation 

The likelihood of formation of complexes of 
the test ion (usually a metal cation) with ni- 
trate’” is by far the greatest danger in the use of 
nitrates as “inert” electrolytes, but tends to be 
frequently ignored. In addition, mixed com- 
plexes can be formed with the participation of 
other anions or cations present in the solution.6,7 
Neglecting such complexes can lead to serious 
errors when stability constants of weak com- 
plexes are measured, especially when the metal 
ion is present in excess and the change in free 
ligand is measured. A high nitrate concentration 
can then significantly decrease the concentration 
of free metal ion. When mixed nitrate/test 
anion/test cation complexes are formed, the 
results can be even more misleading. A large 
number of original papers on nitrate complexes 
have been published, and the stability constants 
have been tabulated in various compilations. 
Although this danger has been repeatedly 
pointed out in the literature,4q5 subsequent 
papers have consistently ignored earlier warn- 
ings, although it is obvious that doing so can at 
the very least lead to doubt as to the reliability 
of the results obtained. For example, nitrate was 
employed as the supporting electrolyte anionI 
in a study of the stability constants of fluoride 
and chloride complexes of a number of metal 
ions, although an earlier works had specifically 
pointed out that this approach must necessarily 
lead to errors in these results. 

The tendency for mixed complexes, including 
nitrate ions from the supporting electrolyte, to 
be formed and the effect that this can have on 
electrochemical studies have been discussed in 
a number of papers. For example, mixed 
cadmium-azide-nitrate complexes can be 
formed and their formation constants have been 
determined.6 The effect of these complexes on 
the electrochemical behaviour led the authors to 
suggest perchlorate as a replacement for nitrate 
in these systems, although this exchange may 
not be without its own dangers; a detailed 
discussion was given of the effect of mixed 
complexes on the electrochemical system.6 No 
attempt will be made here to give a detailed 
survey of the determination of the stability 
constants of nitrate complexes with various ions 
(see, for example, references 1-13) or of papers 
that have consistently ignored this danger. 
Rather, it will be pointed out that this factor 
should always be considered when employing 
nitrate and mixed electrolytes and that a careful 

literature survey is the only basis for reliable 
results. 

Electrode efects 

So far, we have considered only the effects 
that can arise from interactions in the electrolyte 
solution. However, the effect that the solution 
components can have on the processes occur- 
ring at the electrode surface is obviously a factor 
that cannot (or at least should not) be ignored. 

Nitrate ions can affect the electrode surface 
and reactions in a number of ways. For 
example, it has been found for certain solutions 
(where there was no evidence for complex for- 
mation between the test ion and nitrate) that 
nitrate ions were nonetheless specifically ad- 
sorbed on the electrode surface.15 This adsorp- 
tion hindered the charge-transfer reaction of 
interest and was especially pronounced for the 
Cu+/Cu reaction at mercury electrodes.” In an 
apparently far more complicated interaction, 
nitrate has been found to enhance the adsorp- 
tion of 2,2’-bipyridyl cadmium(I1) complexes, 
through a complex equilibrium.16 A number of 
other papers have been published considering 
these specific adsorption effects (e.g., by Fawcett 
and Solomon,” and by Cachet et al.“). The 
effect of adsorption on the stability constants 
determined by polarographic methods of com- 
plexes of metal ions with adsorbable ligands was 
considered in a comprehensive work some 
twenty years ago.” 

The effect of the adsorption of electrolyte 
species on the electrode surface is not, of course, 
limited to simple physical occupation of active 
electrode sites. These species must also necess- 
arily affect the properties of the electrode double 
layer, as was pointed out a quarter of a century 
agozO but is now often forgotten. Double-layer 
effects in the absence of specific adsorption can 
also be significant (see, for example, references 
21-23). 

An effect that is not often considered is the 
catalytic influence that the test ion can have on 
reduction of nitrate. Such processes can lead to 
electrode responses that would be absent in the 
base electrolyte alone and could erroneously be 
attributed to the electrode reaction(s) of the test 
ion(s). For example, lanthanum has been found 
to catalyse nitrate reduction through the for- 
mation of at least two types of complexes,24 
which also affect the concentration of lan- 
thanum available for electrode reactions. The 
underpotential deposition of cadmium has also 
been found to catalyse the reduction of nitrate 
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ions2s*26 and lead reduced on the surface of a 
gold electrode has a similar effect.27 Studies have 
been carried out (see, for example, references 
28-30) to elucidate the mechanisms of these 
effects, which have even been utilized in the 
development of methods for nitrate determi- 
nation, for example by Boese et ~1.~’ and by 
Gomez-Nieto et a1.32 

CONCLUSIONS 

The list of ways in which the electrolyte ions 
can affect the test ions (through complexation, 
changes in the hydration,” solubility effects,33 
changes in the diffusion coefficients and solution 
viscosity34) and the electrode surface35*36 
(double-layer effects, changes in the number and 
type of active sites, specific adsorption of simple 
and complex ions, changes in the zero-charge 
potentials, 37 effects on the electrode kinetics3*) is 
far longer than is generally acknowledged in 
most practical applications (and even in some 
theoretical studies). Obviously, a detailed de- 
scription of these effects for all types of test 
systems is more suited to a book than to such 
a short review. Here, it will only be emphasized 
again that a thorough literature survey includ- 
ing all the pertinent papers (e.g., for possible 
effects on the determination of stability con- 
stants3g and formation constantPA’ ) is essential 
before beginning any experimental work with an 
“inert” electrolyte. 
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BOOK REVIEWS 

Advances in Spectroscopy, Volume RI-Thne Resolved Spe&aaeopy: R.J.H. CLARK and R. E. Hmrua (editors), Wiley, 
Chichester, 1989. Pages xxi + 406. E100.00. 

It is only fairly recently that experimental techniques and fundamental theory have progressed suiEciently to allow the 
probing of a rate process directly at the microscopic, molecular level. This achievement has required a major international 
scientific effort in the development of time-resolved spectroscopic methods to monitor both reaction kinetics and the 
molecular dynamic changes which occur during chemical and biological reactions. This book is, therefore, a timely 
contribution to the considerable progress made in this field and provides a detailed account of the state of some optically 
based techniques at the time of publication. A series of nine chapters by an international team of authors from the U.S.A., 
U.S.S.R., Canada, France and Japan provides a comprehensive review of the field, with all chapters quoting references up 
to 1988 and most up to 1989. The book is technique-based and all chapters provide a basic outline of the theoretical 
principles underlying a specific technique, a detailed experimental description and, finally, a discussion of some chemical 
systems to illustrate the type of information generated. A valuable feature of all the articles is the summary outline, by 
the authors, of future applications and development. 

Chapter 1 introduces the novel technique of picosecond transient-phase grating spectroscopy which derives information 
on non-radiative energy relaxation processes in optically excited molecules by monitoring the changes in the index of 
refraction induced in the material by these processes. A substantial part of the book (Chapters 2,3,4,6 and 7) is dedicated 
to developments in time-resolved Raman spectroscopy. Chapter 2 discusses the use of resonance rotational Raman 
spectroscopy to yield sub-picosecond dephasing of resonant electronic states of gases with rotational and vibrational 
specificity, and Chapter 3 discusses the monitoring of sub-picosecond vibrational dephasing in the condensed phase 
by coherent Raman scattering and libration relaxation by degenerate four-wave mixing using temporally incoherent 
light. Time-resolved resonance Raman spectroscopy is reviewed in Chapter 4, with a focus on transient radical intermediates 
produced in radiation and photochemical reactions in solution. A valuable discussion on time-resolved Fourier-transform 
infrared spectroscopy is given in Chapter 5, demonstrating the use of continuous-scan and step-and-sample 
(SAS) techniques to overcome a natural disadvantage of Fourier transform instruments, namely the requirement of a 
complete scan of the moving mirror in the Michelson interferometer to generate an interferogram from which 
spectral information is obtained. At the time of publication, microsecond time resolution had been achieved, with new 
instruments being developed capable of nanosecond time resolution. The application of time-resolved spectroscopy to 
biochemical systems is tackled in Chapters 6, 7 and 8 which demonstrate the use of resonance Raman and FTIR 
spectroscopy in obtaining vibrational information on the transient states in photosynthetic bacterial reaction centres and 
in obtaining sub-picosecond resonance Raman spectra of hemeproteins. The final chapter in the book provides an exciting 
review of the current state-of-the-art in the generation of ultrashort optical pulses to realize femtosecond time-resolved 
spectroscopy. 

This text represents another excellent addition to the “Advances in Infrared and Raman Spectroscopy” series and is an 
extremely worthwhile contribution to the field of time-resolved spectroscopy. 

R. RAVAL 

Electroanalysis of BiologIcally Important Compoumlp: J. P. HART, Ellis Horwood, Chichester, 1990. Pages 213. f.42.50. 

This book surveys amperometric electrochemical methods of estimating clinical and biochemical analytes. The techniques 
covered are voltammetry, polarography, stripping voltammetry and the use of amperometric detectors in liquid 
chromatography. 

After a brief chapter on theory which serves to survey the various techniques, there follows the bulk of the book, which 
reviews recent work on a wide variety of analytes. There are separate chapters on pyrimidines and purities, amino-acids, 
peptides and proteins, vitamins, and coenzymes. Each chapter has sections on electroanalysis and liquid chromatography. 
New apparatus and techniques, and improvements to old methods, are all included. There is a very useful index of chemical 
substances and a rather short general index. 

The book contains a great deal of useful information about the electrochemistry of the analytes discussed and 
experimental detail about possible methods of estimation. This information should be useful to an analytical expert when 
deciding which techniques are applicable to the solution of a particular problem. 

This is an excellent book for an expert in either electrochemistry or biochemical or clinical analysis, but is not suitable 
for the novice, as it assumes considerable background knowledge and experience. 

B. G. Cootcssv 
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Field Desorption Mass Spectromeby, L. PROKAI, Dekker, New York, 1990, Pages vi + 291. $99.75 (U.S.A. and Canada), 
$119.50 (elsewhere). 

The aim of this volume 9 in the “Practical Spectroscopy Series” is a relatively complete description of fundamentals, recent 
developments in instrumentation and experimental techniques. The text is written for specialists working in the field of 
organic mass spectrometry. The book contains four chapters, each with lO@-150 references. 

The first part discusses the mechanisms of ion formation. The fundamentals of field desorption and ionization are treated 
only briefly but there is an excellent book by E&key on this subject. Consequently, attention is directed primarily to the 
description of ion emission from the analyte on the emitter. Aspects such as transport along the emitter, the volatility of 
sample, and field-included extraction from electrolytic solutions and salts are dealt with. 

The second chapter is devoted to experimental techniques and represents a major strength of the book. The different 
approaches for preparation and activation of the emitters are extensively treated, with many practical details and 
illustrations, showing the experimental set-up as well as ~~o~aphs of the resulting emitters. The operational procedures 
(e.g., temperature selection) are discussed. Concerning instrumentation, many data and observations are packed into rather 
long sections. A better structure with more headings would have improved the readability of this part of the book. 
Additional topics such as high resolution, negative ions, tandem instruments and kinetics of the FD method are included. 
The chapter fulfils the two objectives of the book: an excellent source for practice and a valuable starting point for further 
reading. 

A major part of the third chapter concentrates on the chemistry at the emitter surface. The principal processes and the 
~ssibilities to exploit additives and matrices are highlighted in a concise and very accessible way. A good coverage of typical 
fragmentations and their use for structural analysis is given. The problems related to quantification, and the precautions 
required, are presented with abundant references. Finally, field desorption is evaluated within the context of other methods 
for the analysis of thermolabile, high molecular-weight compounds and polymers. The discussion is primarily based on a 
table of representative papers. It would have been desirable to extend this section substantially and to give more adequate 
comments on the respective advantages and disadvantages of the techniques mentioned. The selection of the most 
appropriate technique for a practical problem remains the most important and frequently encountered task of a modern 
chemist and the specialists should share all their expertise on this aspect. 

Part of this criticism is answered indirectly by the last chapter, dealing with selected applications in the field of 
pharmaceutical research and biosciences, environmental studies, characterization of fossil fuel and petrochemicals, study 
of inorganic and organometallic compounds and polymer applications. These topics give a well balanced view of the merits 
of field desorption for qualitative purposes as well as for quantification. Sometimes, the use of other techniques is mentioned, 
but little comparison is made. 

In concision, this book provides excellent coverage of the practical aspects and fulfils its scope as a starting point for 
further reading on most aspects of the method. The major criticisms concerns the somewhat long sections, which could 
be better structured, and the lack of comparative discussion of field desorption in relation to other recent ionization 
techniques in organic mass spectrometry. 

R. OIJBELS 

Principles and Practice of Analytical C&&&y, 3rd Edition: F. W. FIFIELD and D. KEALEY, lackie, Glasgow, 1990. Pages 
xii + 521. E19.95 (softback only). 

The fact that this is the third edition of this book indicates both the success of earlier editions and the changing nature 
of the broad subject area, which necessitates frequent updating of material. 

Following a short introduction which incorporates a glossary of terms, there is a short but useful chapter on the 
assessment of analyticai data. The labelling of Fig. 2 can be construed as being deliberately vague as the section heading 
is “The Nature and Origin of Errors”. A few worked examples on statistics are included but in general the problem exercises 
in the text are, unfortunately, not supplied with answers. Chapter 3 covers pH, complexation and solubility equilibria. These 
topics are dealt with at a very basic level, requiring no previous knowledge in these subject areas. 

The amount of space devoted to each analytical technique is based upon its application in industry and Chapter 4 on 
separation techniques is the largest in the book. Solvent extraction, chromatography and zone electrophoresis are covered. 
More detail on HPLC instrumentation has been included and GC-mass spectrometry and GC-IR are mentioned. Chapter 
5 introduces titrimetry and gravimetry and Chapter 6 covers el~trochemical techniques. 

Analytical spectrometry is introduced in Chapter 7 and dealt with at the atomic level (absorption and emission) and at 
the molecular level in subsequent chapters. Both qualitative and quantitative aspects of analysis are covered. Mass 
fragmentation analysis (strictly not a spectroscopic technique), NMR and IR are included along with visible and ultraviolet 
spectrometry. I would like to have seen some mention of spectrofluorimetry in this section. 

A separate chapter on radiochemical methods is very basic and attempts to cover this entire field in less than thirty pages. 
The chapter on thermal methods (new for the 3rd edition) is an essential addition for a general text on analytical chemistry. 

The penultimate chapter includes very useful examples of real analytical problems and discusses how the analyst selects 
relevant procedures to determine analytes present in a sample. The excellent examples could be supplements with one 
involving the use of HPLC. The book concludes with a very competent chapter on the role of computers in analytical 
chemistry. 

Overall this book is to be recommended for the undergraduate student because all the important analytical techniques 
are covered at an elementary level. It is also a very useful book for the analyst to have in the laboratory as a convenient 
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chemistry. 

Overall this book is to be recommended for the undergraduate student because all the important analytical techniques 
are covered at an elementary level. It is also a very useful book for the analyst to have in the laboratory as a convenient 
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reference source for most available techniques. (Some minor techniques are omitted and others such as flow-injection 
analysis are mentioned only briefly.) If more detail of techniques is required the reader can refer to the lists of recommended 
books, which are given at the end of each chapter. The book compares favourably with “Fundamentals of Analytical 
Chemistry” by Skoog and West. 

P. J. Cox 

TrAC-Trends in Analytical Chemistry, Reference Edition Vol. 7: Elsevier, Amsterdam, 1988, Pages xii + 404. USS200.0, 
Dfl. 380.00. 

This book is the current volume in a series presenting a compilation of the archival material reprinted from the regular 
monthly edition of Trends in Analytical Chemistry (TrAC) 1988. 

The regular monthly topics of feature, trends, computer corner, interface, meeting reports, book reviews and in the news 

are all reprinted. The page numbers are common to both editions. 
The stated scope of TrAC is to provide broadly-based, easy-to-read scientific reviews of current developments in the 

analytical sciences, backed up by news and other features of interest to analytical chemists. Particular attention is paid to 
the impact of computers and biotechnology on analytical chemistry. 

In all of the articles this remit has been fulfilled: the items are relatively short and very readable. However, there are 
only two items listed under biotechnology focus: chemiluminescence immunoassays and flow-through microfluorometry of 
immobilized enzymes-more might have been hoped for. The effect of computers is much more evident, with a regular 
monthly article computer corner and the four articles on interfacing; some of the trend items are also computer-orientated. 

This book is well produced but at $200 (El00 + ) it is costly. 

W. BRYCE 

Silent Spring Revisited: G. J. MARCO, R. M. HOLLINGWORTH and W. DURHAM (editors), ACS, Washington, 1987. Pages 
xxiii + 214. U.S.A. and Canada: $17.95 (softback), S29.95 (hardback). Elsewhere: $21.95 (softback), S35.95 (hardback). 

The focal point of Silent Spring Revisited, Rachel Carson’s Silent Spring, has always been a seminal work. This 12chapter 
symposium is an appraisal of recent knowledge and thinking on the application of pesticides in relation to the 1962 
publication. As such it is difficult to categorize, but it would seem to have a role as a general and specialized source. The 
two main sections, Regulations and Overviews, include areas of concern which have been expanded since Carson, 
particularly the contamination of ground water, its effect on aquatics and also the analysis of toxic residues. If Carson’s 
major contribution was to alert the authorities to the dangers of organochlorine insecticides, which resulted in their 
withdrawal in the U.S.A., then the preoccupation of the nineties may well be whether the replacement organophosphates 
and carbamates are really safe. The controversial question of carcinogenesis is also discussed. Some useful tables of data 
illustrate the effects of pesticides on both wildlife and human populations. Each chapter includes references and a glossary, 
but there are some overlaps and slightly confusing synonyms. A comprehensive index helps to weld together a rather 
disparate work. 

H. J. FLETCHER 

Fourier Transforms in N.M.R., Optical and Mass Spectrometry, A User’s Handbook: A. G. MARSHALL and F. R. VERDUN, 
Elsevier, Amsterdam, 1990. Pages xvi + 450. U.S. $107.25, Dfl. 220.00 (hardback), U.S. $46.25, Dfl. 95.00 (softback). 

The commercial availability of computer-controlled, pulsed, generating and detecting equipment is presently stimulating 
a renaissance in nearly all branches of spectroscopy. Applications of pulse techniques are continuously being developed 
and extended, and not only are they causing enormous changes in physics, chemistry, biochemistry, biology and medicine, 
they are also enormously influencing the training of spectroscopists. It is now crucially important that spectroscopists 
understand Fourier transform methods and be able to apply them. 

This very interesting book has arrived at just the right time. It provides a self-contained unified mathematical treatment 
of Fourier transform methods and their applications to several branches of spectroscopy. It is aimed at practising 
spectroscopists, so non-ideal effects are treated in some detail. Noise, non-linear response, limits to spectrometer 
performance arising from finite detection periods, finite data size, misphasing, etc., are all considered. The use of complex 
variables to represent physically real quantities, the interpretation of negative-frequency signals, chirping, on-resonance us. 
off-resonance responses, Hadamard codes, multiplex advantages and disadvantages, are just examples of topics that are 
explained. 

The fundamental line shapes that are encountered in all branches of spectroscopy are introduced in Chapter 1. Chapters 
2 and 3 summarize the basic mathematics of continuous (analogue) and discrete (digital) Fourier transforms, and their 
practical implications. Chapter 4 discusses common experimental aspects of signals encountered in spectroscopy. Chapter 
5 similarly discusses noise. In Chapter 6, non-Fourier transform methods, including autoregression and maximum entropy 
methods, are introduced and critically compared with Fourier transform techniques. Chapters 7 and 8 discuss aspects of 
Fourier transform spectroscopy that are unique to ion cyclotron mass spectroscopy and nuclear magnetic resonance 
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spectroscopy. Chapter 9 briefly considers Fourier ~ansfo~~inte~erorne~ applications in other regions of the spectrum, 
particularly in infrared and Raman spectroscopy. 

This is a timely, well-written, well-indexed book. Each chapter has a set of well-constructed examples, and their solutions. 
The lists of references include historically important key articles and reviews. The appendices include integrals and theorems 
for Fourier transform applications, Fast Fourier Transform program listings in both Fortran and Basic, and a pictorial 
atlas of Fourier transform pairs. 

This is a book that deserves to be carefully read by all modem serious spectroscopists, of all kinds. 

A. L. Ponm 

An Introduction to Surface Analysis by Electron Spectroscopy: J. F. WATTS, OUP, Oxford, 1990. Pages x + 85. E9.95 
(softback). 

This book provides a short but excellent and comprehensive overview of the theory, practice, and application of X-ray 
photoelectron and Auger electron spectroscopy in surface analysis. The basic concepts, spectrometer design, and 
interpretation of spectra are described in clear and simple terms with an ample supply of illustrations. The sections on 
compositional depth profiling, applications to material science, and comparisons with other analytical techniques indicate 
clearly that this is now one of the principal methods of qualitative and quantitative analysis, and potential users of this 
and related techniques will find this book to be one of the best on the subject and exceedingly good value for money. 

J. B. C&IO 

Practical Surface Analysis, Volume I-Auger and X-Ray Wotoekctron Spectrowopy: D. BRIGGS and M. P. SEAH (editors), 
2nd Edition, Wiley, Chichester, 1990. Pages xiv $657. E85.00. 

The first edition of this book was published in 1983 and quickly achieved a very high reputation among surface 
spectroscopists. As in other fields, information and developments have expanded to such an extent that a new edition became 
necessary. 

The book opens with a perspective by the principal authors on the analysis of surfaces and interfaces: this is followed 
by chapters on instrumentation, spectral interpretation, and depth profiling and quantification by Auger electron and X-ray 
photoelectron spectroscopy. The remaining chapters deal with the applications of AES in microelectronics, metallurgy, and 
heterogeneous catalysis, with the application of XPS in polymer technology, and with the applications of both techniques 
in corrosion science. There are nine appendices dealing comprehensively with scale calibration, charge referencing 
techniques, data analysis, chemical shifts, photoelectron and Auger energies, sensitivity factors, line positions, and kinetic 
energies. 

Each chapter is well written, well illustrated and well documented, and the book is remarkably inexpensive; the reviewer 
has no hesitation in recommending this edition to practical and theoretical surface spectroscopists and to those in industry 
who desire better qualitative and quantitative surface characterization of their products. It is to be hoped that the covers 
of this edition are strong enough to withstand the constant usage that it is likely to encounter. 

J. B. CRAIG 

U~~~t~ ksulh~ A~~~~i~ and Molecular M~ha~~~ J. ESPINAL, Ellis Horwood, Chichester, 1989. 
Pages 129. f26.00. 

There is a large amount of work currently published annually on insulin and this compact text presents primarily the recent 
facts and ideas. Details of metabolism and its control are only included when they relate directly to insulin, and relevant 
background knowledge is required. 

The initial chapter attempts to convey the significance of the discovery of insulin by outlining the history of diabetes 
mellitus. This brief review covers the period from the description of the disease in the first century AD to the production 
of genetically engineered insulin in 1979. This is followed by a chapter on the chemistry, synthesis and secretion of insulin, 
and incorporates a section on the insulin gene. A chapter on the pathophysiology of insulin covers the effect of the hormone 
on muscle, adipose tissue and the liver. The metabolism of these tissues is examined in relation to the action of insulin and 
within this limitation it provides a useful review of the control of carbohydrate and fat metabolism. The latter part of this 
chapter discusses diabetes mellitus, its classification, diagnosis, symptoms, aetiology, complications and treatment. Under 
the heading of molecular mechanisms involved in insulin action consideration is given to the effects of insulin on proteins 
through enzyme phosphorylation/dephosphorylation and the movement of target proteins within the cell. Further chapters 
consider the insulin receptor and a number of compounds which have been proposed as possible secondary messengers 
within the cell. Finally the author attempts to summarize the data and provide a current molecular mechanism for the mode 
of action of insulin. 

As a user of such texts I found this book valuable and a good source of references to review articles on insulin and related 
topics. 

J. E. ATKINSON 
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Chid Separathm by HPLC-Applicrtio~ to Flmrmaceuticd Compounds A. M. KRsTuLovrC (editor), Ellis Horwood, 
Chichester, 1989. Pages 548. E78.45. 

This book fully achieves the aim set out by the editor in the preface, namely to present the state of the art in chiral HPLC 
separations. The editor is to be complimented on achieving a consistently high standard of content and presentation from 
many different international experts. 

Part I consists of four chapters dealing with chirality in nature, the unacceptability of data on racemates, enzymes, and 
enantiomer separation by crystallization. To some extent, Part I is remote from the main thrust of the book but Chapters 
2 and 3 do serve to point out forcefully (and accurately) the limitations of drug investigations which ignore the existence 
of cbirality. Part II covers, in three chapters, the main types of mobile phase additives; metal ions, chiral counter-ions; and 
the cyclodextrins. Part III forms the majority of the volume and begins with two chapters which give an introduction to 
the use of chromatography for chiral separations, and some pharmacokinetic and metabolism applications. Subsequent 
chapters deal with the diverse types of chiral stationary phases in current use. All of the chapters in Parts I and II incorporate 
good coverage of the principles of interaction and examples of separations achieved. 

The content of the book as a whole is broad enough to provide the reader with a useful overview. Each chapter, however, 
is sufhciently detailed anbd well enough referenced to be useful to chromatographers practically engaged in chiral separation 
and analysis. 

R. B. TAYLQR 

Flow Injection Atomic Spectwcopy: J. L. BURGUERA (editor), Dekker, New York, 1989. Pages xii + 353. S.125 (U.S.A. and 
Canada), 8150 (elsewhere). 

The development of flow injection analysis (FIA) has seen probably the most remarkable increase in research activity, as 
evidenced by publications, of any of the recent advances in instrumental analytical chemistry. This text breaks new ground 
in that it is the first on FIA to deal with a specific aspect, FIA as a sample introduction system for atomic spectrometry. 
The various aspects of the subject are covered, including theoretical aspects, instrumentation, applications and current 
trends. There are a large number of contributors, which leads to a certain amount of repetition and even conflicting 
view-points so the book is stimulating in this regard. It is thus not a text book presenting material in a logical sequence 
of steps but rather it sets out to serve both as a practical handbook on experimental aspects and also to bring the reader 
up to date with recent developments. It certainly succeeds with the latter objective, being a most comprehensive account 
of the state of the subject. I would criticize the book in that FIA is essentially a practical subject and more information 
could have been given on building systems from standard laboratory components. Much is left vague, requiring consultation 
with the literature to investigate whether any more detailed experimental information is available, particularly with regard 
to the flow-injection-spectrometer interface. In this regard the book is insuthcient to let experimenters see for themselves 
the potential of such systems prior to purchasing commercial equipment. This book will be of most use to those analytical 
chemists who need to be rapidly acquainted with potential applications of FIA-atomic spectrometry or those who are 
already users and wish to extend the application to new samples. 

A. R. MGRRJSSON 

Atomic Spectrascopy: J. W. ROBINXIN, Dekker, New York, 1990. Pages vi + 299. $55.00 (on orders of 5 or more copies, 
for classroom use only). $99.75 (U.S.A. and Canada). Sll9.50 (all other countries). 

There are some good points about this book, but overall I was disappointed by Professor Robinson’s introductory text 
on atomic spectroscopy. 

Chapter 1 provides a brief but comprehensive background to the subject with useful sections on atomic structure and 
atomic spectra. Those new to the subject (e.g., undergraduates) will find the comments on significant figures, reliability of 
results and sampling of particular interest. Chapter 2 is devoted to atomic-absorption spectrometry (AAS). The basics of 
AAS instrumentation are described, but there is little information on atomization and interference. mechanisms in both flame 
and electrothermal atomization (ETA). Indeed, of the fourteen pages on ETA, only two pages describe modern 
developments. Unfortunately, Chapter 2 is dated in many respects. Most commercial AAS instruments only permit 
operation with premixed air/acetylene and nitrous oxide/acetylene flames, so details about total consumption burners and 
the use of air/hydrogen or air/coal gas flames are unnecessary. Contrary to the author’s comments, oxy-acetylene and 
oxy-hydrogen flames are not routinely used in AAS. 

Chapter 3 covers the basics of atomic-fluorescence spectrometry (AFS) and gives balanced comments on the advantages 
and limitations of the technique. Unfortunately, little information is given about the main commercial AFS system, which 
uses an inductively coupled plasma (ICP) as the atomizer. Also, there is no mention of the benefits of laser AFS with an 
electrothermal atomizer. 

I am not sure why a separate chapter was devoted to ilame atomic-emission spectrometry (FAES), or Flame Photometry 
as Chapter 4 is titled, as few analysts now use this technique. I suppose the table of FAES wavelengths will be useful to 
some readers who may perform occasional analyses by FAES, with commercial FAAS instruments. 
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in that it is the first on FIA to deal with a specific aspect, FIA as a sample introduction system for atomic spectrometry. 
The various aspects of the subject are covered, including theoretical aspects, instrumentation, applications and current 
trends. There are a large number of contributors, which leads to a certain amount of repetition and even conflicting 
view-points so the book is stimulating in this regard. It is thus not a text book presenting material in a logical sequence 
of steps but rather it sets out to serve both as a practical handbook on experimental aspects and also to bring the reader 
up to date with recent developments. It certainly succeeds with the latter objective, being a most comprehensive account 
of the state of the subject. I would criticize the book in that FIA is essentially a practical subject and more information 
could have been given on building systems from standard laboratory components. Much is left vague, requiring consultation 
with the literature to investigate whether any more detailed experimental information is available, particularly with regard 
to the flow-injection-spectrometer interface. In this regard the book is insuthcient to let experimenters see for themselves 
the potential of such systems prior to purchasing commercial equipment. This book will be of most use to those analytical 
chemists who need to be rapidly acquainted with potential applications of FIA-atomic spectrometry or those who are 
already users and wish to extend the application to new samples. 

A. R. MGRRJSSON 

Atomic Spectrascopy: J. W. ROBINXIN, Dekker, New York, 1990. Pages vi + 299. $55.00 (on orders of 5 or more copies, 
for classroom use only). $99.75 (U.S.A. and Canada). Sll9.50 (all other countries). 

There are some good points about this book, but overall I was disappointed by Professor Robinson’s introductory text 
on atomic spectroscopy. 

Chapter 1 provides a brief but comprehensive background to the subject with useful sections on atomic structure and 
atomic spectra. Those new to the subject (e.g., undergraduates) will find the comments on significant figures, reliability of 
results and sampling of particular interest. Chapter 2 is devoted to atomic-absorption spectrometry (AAS). The basics of 
AAS instrumentation are described, but there is little information on atomization and interference. mechanisms in both flame 
and electrothermal atomization (ETA). Indeed, of the fourteen pages on ETA, only two pages describe modern 
developments. Unfortunately, Chapter 2 is dated in many respects. Most commercial AAS instruments only permit 
operation with premixed air/acetylene and nitrous oxide/acetylene flames, so details about total consumption burners and 
the use of air/hydrogen or air/coal gas flames are unnecessary. Contrary to the author’s comments, oxy-acetylene and 
oxy-hydrogen flames are not routinely used in AAS. 

Chapter 3 covers the basics of atomic-fluorescence spectrometry (AFS) and gives balanced comments on the advantages 
and limitations of the technique. Unfortunately, little information is given about the main commercial AFS system, which 
uses an inductively coupled plasma (ICP) as the atomizer. Also, there is no mention of the benefits of laser AFS with an 
electrothermal atomizer. 

I am not sure why a separate chapter was devoted to ilame atomic-emission spectrometry (FAES), or Flame Photometry 
as Chapter 4 is titled, as few analysts now use this technique. I suppose the table of FAES wavelengths will be useful to 
some readers who may perform occasional analyses by FAES, with commercial FAAS instruments. 
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Chapter 5 provides an introduction to arc and spark atomic~~~ion spectrometry. The latter technique is still widely 
used in the rnet~l~~~l industry, but arc AES is rarely used in modern laboratories. The chapter has an inst~men~i bias 
and is of historical interest. The tables of arc and spark detection limits provide a good basis for comparison of the 
techniques. 

Chapter 6 describes the newer developments in emission spectrometry, with emphasis on inductively coupled plasma (ICP) 
and direct current plasma (DCP) sources. The instrumentation required for both techniques is discussed but the fundamental 
processes of plasma spectroscopy are not covered in any detail. A few pages on ICP-mass spectrometry are included at 
the end of the chapter. 

At the reduced bulk purchase price, this book may be an attractive introductory text for undergraduate courses on atomic 
spectrometry, but it would need to be supplemented by more detailed information on recent developments if such a course 
was to be truly up-to-date. Its most useful features are the tables of wavelengths for AAS, AFS and AES, the comparative 
data on detection limits and the information on instrumental systems. However, at the full-cost price, I suspect that the 
book will not be considered great value by analytical chemists looking for a fundamental text or an up-to-date reference 
text on analytical methodology. 

Che~Application~ of Mathematics and Statistics to Laboratory Systems: R. G. BRERETON, Ellis Horwood, 
Chichester, 1990. Pages 307. E45.00. 

Chemometrics (the design and analysis of laboratory experiments) is of undoubted importance-it does not need much more 
than a brief scan through the scientific literature to see how poorly many experiments are planned, and how inadequately 
their data are processed. In many ways the wide availability of the laboratory microcomputer-controlled experiment makes 
the need for a good understanding of design even more important, yet it is scarcely even mentioned at undergraduate level. 
Richard Brereton’s book will help: it gives good explanations, is readily understood with a minimum of mathematics and 
covers a wide range of topics. It is very much a “how to do it” publication, although necessarily within the confines of 
307 pages the detail may not always be sufficient to enable readers to carry out such procedures for themselves without 
further info~tion. However, the background obtained from this book will be invaluable when moving to more advanced 
references. 

The topics include factorial design, principal component analysis, univariate and multiva~ate analysis, and pattern 
recognition. Interestingly, the maximum entropy method is included with an example involving NMR spectroscopy. 

I have one criticism. In its natural handling of prior knowledge and its modification through experiment, Bayesian 
statistics is the obvious way to proceed in chemometrics rather than use of classical, frequential statistics. Throughout the 
book the author uses the language of Bayesian statistics; his approach is also Bayesian. Why then is his mathematical 
formalism based on classical approaches with not even a mention of the Bayes theorem? 

Nonetheless, this is a book to be welcomed-I know I shall be using it. 

C.J. GILMORE 
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Summary-Polyaniline synthesis by chemical and electrochemical methods is reviewed. The considerable 
progress which has been made in characterizing and understanding the properties of polyaniline derived 
from aniline is discussed. Finally, the progress towards technological applications is evaluated. 

The evolution of conducting polymers began in 
1975, with the discovery that polysulphur nitride, 
[(SN)x], becomes superconducting at low tem- 
peratures.’ Two years later, a linear, conjugated 
organic polymer, polyacetylene, was shown to 
have metallic properties.*” This gave rise to a 
surge of activity directed towards the explor- 
ation, synthesis and characterization of the 
members of this class of material. Polyaniline 
is one such organic polymer, which has been 
rediscovered as a result of this exploration.4 

Polyaniline (PANI) is now establishing itself 
as a novel material in the field of conducting 
polymers. The proposed and anticipated techno- 
logical potential of PAN1 is due to its remarkable 
stability and processibility. 

The variety and complexity of the behaviour 
of PANI-which is assumed to be a reflection of 
its complicated structure-is clearly manifested 
in the literature, wherein divergent views have 
been put forth by different schools of research 
working on several basic aspects, such as pol- 
ymerization and redox mechanisms, electronic 
and ionic conductance, role of protons and 
water, importance of capacity effects and electro- 
static interactions, and stability and solubility, 
to mention just a few. Therefore, it is not 
surprising that much of the work on PAN1 has 
been, up until now, rudimentary and exploratory 
in nature. The purpose of this article is to provide 
an overview of the status and understanding of 
this complex and interesting polymer. 

HISTORICAL BACKGROUND 

Polyaniline was first known in 1835 as “aniline 
black”, a term used for any product obtained by 
the oxidation of aniline. A few years later, 

*Author for correspondence. 

Fritzches*6 carried out the tentative analysis of 
the products obtained by the chemical oxidation 
of this aromatic amine. Thereafter, Letheby7 
discovered that the final product of anodic 
oxidation of aniline at a platinum electrode, in 
aqueous sulphuric acid solution, is a dark 
brown precipitate. Subsequent investigators”” 
have verified these results, and similar observ- 
ations have been made during the oxidation of 
aqueous hydrochloric acid solutions of aniline.‘* 
Bucherer’3v’4 proposed a phenazene type structure 
which is more complex, contrary to the present 
day understanding. Green and co-workers’s-20 
proposed a linear octameric structure, of the 
quinone-imine type in the para-position, for 
the product obtained by the chemical oxidation 
of aniline. The base of the octamer is leuco- 
emeraldine which exhibits four distinct states of 
oxidation. They are: protoemeraldine, emer- 
aldine, nigraniline and pernigraniline (Fig. 1). 
In 1935, Yasui*’ suggested a reaction scheme 
for the anodic oxidation of aniline at a carbon 
electrode. No further research was carried out 
until the middle of this century when Khomutov 
and Gorbachev****’ re-examined the results of 
Yasui, and verified Letheby’s original observ- 
ation about the green precipitate. In addition, 
on the basis of current-time curves, two differ- 
ent mechanisms for the electrode reaction were 
proposed. It seems that pursuit of the earlier 
lines of research on oxidative condensation of 
aniline, will help us obtain a better understand- 
ing of aniline polymerization and the structure 
of PAN1 which are currently of interest. 

CONSTITUTION AND NOMENCLATURE 

Since the resurgence of PANI, there has 
been considerable confusion regarding its con- 
stitution. Studies since then have resulted in the 
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H2NJyqJyqgyQqjfyI 

LEucoEMERALDm 

F%RNlGRANILINE 

Fig. 1. Four oxidation states of leucoemeraldine. 

formulation of a proposed structure for the PAN1 may be described as a combination 
polyanilines, together with a modification of the of any desired relative ratio of the idealized 
nomenclature based on the older concepts. As repeating units depending on the experimental 
mentioned earlier, Green and Woodhead’s gave conditions to which the polymer is subjected. 
various trivial names to PANI, but they did not Different names have been proposed in the 
know the structure of the polymer at that time, literature. For the sake of simplicity, we may 
believing it to be an octameric molecule. summarize them as follows. PAN1 contains two 

Amine form : A 

Amine form : A 

Reduced form Oxidized form 

Fig. 2. Chemical structures of polyaniline. 
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principal units: (i) the completely reduced form 
of a repeat unit containing two benzenoid rings 
(Fig. 2a) and (ii) the completely oxidized form 
of a repeat unit containing one benzenoid ring 
and one quinonoid ring (Fig. 2b). In both cases, 
either one or both, of the nitrogen atoms in a 
repeat unit may be protonated, depending on 
the pH of the solution to which the polymer has 
been exposed. The base and protonated forms 
are referred to as the amine (A) and the salt (S) 
forms respectively24 (Figs 2a and 2b). Proto- 
emeraldine, emeraldine and nigaraniline are the 
intermediate oxidation states of the above men- 
tioned forms of PANI. Older nomenclature is 
also still in use; the only difference now being 
that ‘poly’ is prefixed to the earlier names. For 
example, the older term, ‘emeraldine’, is now 
replaced by ‘polyemeraldine’. However, it is 
interesting to note that the smallest number of 
reduced and/or oxidized repeat units which can 
be used, and which will permit interconversion 
between the above five compositions, is eight- 
a finding which is in full agreement with the 
structure proposed by Green and co-workers’s-20 
for polyaniline. The conversion of the com- 
pletely reduced form to the completely oxidized 
state involves a loss of electrons and protons, as 
illustrated in Fig. 2c. The reversibility of the 
reaction opens up technological applications 
which will be discussed later. 

Of the five oxidation states of PANI, poly- 
emeraldine, with the structure shown in Fig. 1 
has been most widely studied. For the conven- 
ience of readers, the term ‘emeraldine’ or ‘poly- 
emeraldine’ will henceforth be used for the 
emeraldine oxidation state of polyaniline, and 
the term ‘polyaniline’ (PANI) for the polymer 
skeleton containing any one or more oxidation 
states of polylaniline. 

SYNTHESIS 

Polyaniline may be synthesized by two prin- 
cipal methods: the direct oxidation of aniline by 
chemical oxidants, or by anodic oxidation on an 
inert electrode. (Henceforth, the term PANIC 
will be used to represent chemically synthesized 
polyaniline, and PANIE for electrochemically 
polymerized polyanilines.) 

Chemical synthesis 

PANIC is a precipitated product from an 
aqueous solution containing typical reagents: 
ammonium peroxydisulphate (persulphate), 

acids like hydrochloric, sulphuric, nitric or per- 
chloric, and aniline. This direct route represents 
the classical approach to polyaniline synthesis 
in which, aniline, the monomer, is converted 
directly to a conjugated polymer by a conden- 
sation process. One of the disadvantages of this 
direct approach stems from the experimental 
observation that an excess of the oxidant and 
higher ionic strength of the medium lead to 
materials25*26~27 that are essentially intractable. 

It is not possible to polymerize the ortho- and 
meta-substituted aniline derivatives, due to the 
steric and weak inductance effects of the sub- 
stituents. The para-position should be kept 
free for radical coupling. During oxidative con- 
densation of aniline, the solution progressively 
becomes coloured and yields a black precipitate. 
The colouration of the solvent is probably due 
to the soluble oligomers. The intensity of colour- 
ation depends on the nature of the medium and 
the concentration of the oxidant. 

Many variations of the synthesis of PANIC 
have appeared in the literature. Four major 
parameters affect the course of the reaction, 
and the nature of the final product. These are: 
(1) nature of the medium, (2) concentration 
of the oxidant, (3) duration of the reaction and 
(4) temperature of the medium. Besides these, 
we have studied the combined effect of the con- 
centration of ammonium persulphate (oxidant), 
and of duration of the polymerization reaction 
on the percentage yield of insoluble precipitate 
(polyaniline). The results are displayed in a 
three-dimensional diagram (Fig. 3). 

Fig. 3. Chemical synthesis of polyaniline. Three-dimensional 
diagram. 
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Medium. While choosing a medium for the 
synthesis of PANIC the following factors have 
to be kept in mind to obtain desirable results: 
(1) low ionic strength, (2) volatility and (3) non- 
corrosive nature of the medium. No medium 
satisfies all of the above requirements. Sulphuric 
acid is dependable, but due to low volatility, a 
thin film of acid is left on the polyaniline powder 
after drying (to remove water) under dynamic 
vacuum. Hydrochloric acid and a novel 
anhydrous medium2’-a eutectic mixture of HF 
and NH,F with an average formula of NH,F- 
2.3HF (henceforth referred to as NF) are both 
corrosive, even though they are more volatile 
than sulphuric acid. The demonstrated advan- 
tage of the NF medium is that the percentage 
yield of PANIC is maximum, when compared to 
any other medium. 27 Thus, the oligomers formed 
in the reaction are at a minimum, and one can 
expect an ordered material. We have employed2’ 
sulphuric acid containing OSM sodium sulphate 
(pH = 1) as a medium for the synthesis of 
PANIC. A low sulphuric acid concentration 
avoids undesirable cations2sv26 While the pres- 
ence of appreciable amounts of sulphate ions 
enhances the growth rate of the polymer chain.28 
It is generally admitted that the faster growth 
rate of nucleation yields better results. The un- 
wanted thin film of sulphuric acid remaining on 
the particles of the powder could be eliminated 
by simple equilibration of the powder with 1M 
HC1.29 This treatment imposes the chloride ions 
on the polymer, and eliminates sulphate ions. 
This has been demonstrated in many polyanilines 
prepared under various conditions, and thus, can 
be regarded as a general feature of polyanilines. 
Elimination of sulphate ions assumes importance 
if PAN1 is used as a battery material in non- 
aqueous solvents such as propylene carbonate- 
1M lithium perchlorate medium, because the 
presence of sulphate ions in the polymer matrix 
leads to undesirable precipitation of lithium 
sulphate.29 The use of salts, such as sodium 
sulphate or sodium chloride, in sulphuric or 
hydrochloric acid, may probably contribute to 
the buffer effect and conductivity of the medium. 
Thus, the net effect results in augmentation of 
percentage yield of the insoluble precipitate, and 
of the ‘quality’ of the polymer obtained. 

Concetitration of the oxidant. Ammonium per- 
sulphate, potassium dichromate, ceric sulphate, 
sodium vanadate, potassium ferricyanide, potas- 
sium iodate and hydrogen peroxide have been 
employed as oxidants for the polymerization of 
aniline in acidic media. Ammonium persulphate 

is most extensively used and the yield, elemental 
composition, conductivity and degree of oxi- 
dation of the resulting polymer are essentially 
independent of the value of the initial aniline/ 
persulphate mole ratio (r), when r < 1.15.30”’ 
However, an r > 1.15 results in over-oxidation 
of the polyaniline, with a concomitant decrease 
in the conductivity3’ and yield of the polymer.32 
A marked change in morphology is also ob- 
served.32 In the case of higher concentrations 
(r > 1.15) of the oxidants, such as cerium(IV) 
sulphate, potassium dichromate, sodium vana- 
date and potassium ferricyanide, a complexation 
reaction probably occurs which results in prod- 
ucts containing a large percentage of the metal,32 
as is indicated by elemental composition data. 
This supposition may be further confirmed by 
igniting the sample, and analyzing the residue 
which must indicate the presence of the metal.32 

Duration of the reaction. The percentage yield 
of the polyaniline increases with time (O-2 hr), 
when r G 1.15. Thereafter, the duration of the 
reaction has only a limited influence on the 
yield, conductivity and elemental composition 
of the polymer.3’“2 

Efict of temperature. The process of chemical 
oxidation of aniline consists of a slow endo- 
thermic step, which is dependent on the pH, 
temperature and the concentration of the reac- 
tants, and in which the dissolved oxygen in the 
solvent does not have any influence (in contrast 
to oxidation-reduction reagents which reduce 
the induction time); and a fast exothermic step 
which depends on the temperature and varies 
with the concentration of the oxidant. Further- 
more, the rate of the polymerization reaction 
varies with temperature in the range O-80”, 
whereas, the total enthalpy of the reaction 
(H = 372 kJ/mole) remains almost constant.33 

Apart from the major parameters discussed 
above, we have studied the effect of the standard 
reduction potential (SRP) of the chemical 
oxidant on the nature and yield of the final 
product, the polyaniline. The results of our 
preliminary studies along with the conclusions 
drawn by Pron et al.” are summarized below: 

We have employed27v32 five oxidants, namely: 
ammonium persulphate, cerium(IV) sulphate, 
potassium dichromate, sodium vanadate and 
potassium ferricyanide. These oxidants have 
their SRP in the range 2.01-0.36 V US. NHE. 
Pron et a1.34 have employed potassium iodate 
and hydrogen peroxide, as well as ammonium 
persulphate and potassium dichromate. The 
major conclusions we draw from these studies 
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Table 1. Chemical svnthesis of PAN1 using different oxidants and varied reaction conditions 
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Oxidant 

Time of 
reaction, 

hr 
Temperature, 

“C 

Normalized 
Reaction aniline/oxidant Yield, 
medium E&O % 

*KIO, 15 Zero 2M HCl 0.61 100.0 
*KIO1 3 Zero 2M HCl 0.61 48.5 
*(NH,),S,O~ 1.5 Zero 2M HCI 0.61 82.4 
*Hz02 15 Room temp. 4M HCl 0.61 60.0 
(NW2S2Q 1 Room temp. 1M H$O, 1.00 99.0 
Ce@O,h 1 Room temp. 1M H2S0, 1.00 75.4 
K,Cr,O, 1 Room temp. 1M H,SO, 1.00 96.0 
Na VO, 1 Room temo. 1M H,SO, 1.00 94.4 
WWh.1 1 Room terni. 1M H;SO; 1.00 2.1 

*Data from Pron et al.” 

are: (1) the SRP of the oxidant greatly affects 
the yield of polyaniline and (2) ammonium 
persulphate is a better oxidant for the poly- 
merization of aniline, because of (i) high SRP, 
(ii) non-metallic oxidizing species and (iii) non- 
interference of the reduction product, namely 
the sulphate ion. On the other hand, Pron et al. 
are of the opinion that: (1) the process of 
polymerization of aniline is probably much less 
dependent on the redox potential than on the 
degradation process; (2) degradation is signifi- 
cantly slowed down in the case of chemical 
preparation; (3) hydrogen peroxide is ruled 
out as a reagent in the synthesis of PANIC; and 
(4) potassium iodate is the most convenient, 
since it gives good quality samples in a wide 
range of synthesis parameters. However, it is 
desirable to mention that the latter employed 
different temperatures and reaction times for 
different oxidizing agents (Table 1). Hence, the 
conclusion drawn that potassium iodate is a 
better oxidant for the synthesis of PANIC 
appears to be arbitrary. Nevertheless, another 
recent communication reports35 that potassium 
iodate has been used as the oxidant for the 
preparation of colloidal polyaniline. 

Summing up the procedure, one may state 
that polyaniline was obtained as an insoluble 
residue during the oxidative condensation of 
aniline; it was then separated by filtration, 
washed with a copious amount of the acidic 
solution of desired ionic strength to remove 
oligomers, and dried under dynamic vacuum for 
cu. 48 hr. The resulting dark powder was gener- 
ally transferred to a soxhlet apparatus to remove 
low-molecular-weight species, and extracted with 
CHJN until the extract was colourless. The 
material was dried under dynamic vacuum. 

Chemical synthesis of emeraldine hydrochloride 
and emeraldine base 

The method36 used for the synthesis of emer- 

aldine hydrochloride is summarized as follows. 
An aqueous solution of ammonium persulphate 
was added slowly to a solution of aniline in 
1.0 mole/dm3 aqueous hydrochloric acid (both 
solutions precooled to 1”). The reaction mixture 
was stirred for about an hour (-5’). The 
precipitate formed was removed by filtration, 
and washed repeatedly with l.OM hydrochloric 
acid, and dried under dynamic vacuum for 48 hr. 
The material thus obtained was identified as 
emeraldine hydrochloride.24 

The moist emeraldine hydrochloride precipi- 
tate cake was suspended in ammonium hydrox- 
ide solution for N 15 hr. The separated powder 
was washed and dried under dynamic vacuum, 
as described earlier. The powder obtained was 
analyzed as emeraldine base.37 In conclusion, the 
chemical preparation of polyaniline is a good 
method, and at present, electrochemical methods 
also provide a satisfactory route. 

Electrochemical polymerization 

There is at present a two-fold interest in the 
electrochemical polymerization (ECP) process. 
First, ECP reactions provide a new method of 
polymerization with a fine control of the initia- 
tion and termination steps. Second, ECP have 
technological potential. Besides, one of the 
important features found in ECP reactions of 
conducting polymers is that they proceed with 
electrochemical stoichiometry. This is because 
electrochemical reactions are often much cleaner, 
with respect to possible pollutants, than chemical 
reactions. Moreover, electrons, as a reagent, are 
inherently pollution-free, at least, at the point of 
use. 

Electrochemical methods generally employed 
for ECP of aniline are: (1) constant current or 
galvanostatic; (2) constant potential or potentio- 
static and (3) potential scanning/cycling or 
sweeping methods. The first essentially consists 
of a two-electrode assembly dipped in an electro- 
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lyte solution containing the monomer. Passing a 
current density of ca. 1 mA/cm’ will lead to the 
deposition of a PANIE film on the surface of a 
platinum foil electrode. Polymerization of aniline 
at constant potential produces a powder which 
adheres poorly to the electrode.4 On the other 
hand, electrooxidation of aniline by continuous 
cycling between the predetermined potentials 
produces an even polymeric film which adheres 
strongly to the electrode surface.4*3&40 This thin 
film can be cycled between oxidized and reduced 
states which are conducting. Thicker films can 
be produced and can be peeled off from the 
electrode surface to yield a free-standing, electri- 
cally conducting film. As these films are in the 
oxidized state, they represent polyaniline cations, 
and their overall charge balance is achieved by 
incorporation of counter anions from the electro- 
lyte of the solution. The counter anions reported 
in the literature are F-,38-40 C1-,24 C10~,~’ 
so2- 28,29 and BFi .24*4’ 

‘I!he anodic oxidation of aniline is generally 
carried out on an inert electrode. Though the 
usual anode material would be platinum, or 
conducting glass, many metals such as Fe,42-44 
Cu4’ and Au& have been employed. Graphite:’ 
vitreous carbon,s.49 stainless steel32 and n-type 
siliconSO have been used. Metals such as Ag or 
Al, which get oxidized more readily than aniline 
monomer, would obviously not be a good choice 
for the anode. Until recently, it was believed that 
PANIE deposited from aprotic solutions such 
as CH3CN is electro-inactive, and, therefore, it 
was thought that electroactive polyaniline could 
be formed only from acidic aqueous solutions. 
However, it has been demonstrated that electro- 
active polyaniline can be synthesized in an 
aprotic solvent, such as a propylene carbonate 
solution containing an organic acid (CF,COOH) 
and an electrolyte, lithium perchlorate.5’ 

The ECP of aniline is described as a bi- 
molecular reaction involving a radical cation 
intermediate. The reaction has a AH equal to 121 
kJ/moled3, cm equal to 1.2-l .3,52 where n = 2.53 
Here, n is the number of electrons consumed 
during the electrochemical polymerization and 
c( is the transfer coefficient. The values reported 
in the literature for the number of electrons (n) 
consumed during ECP of aniline are 2.60- 
2.70,39.40 2.16,4 and 2.25-2.29.28 In summary, 
electrochemical methods have definite advant- 
ages over chemical methods of synthesis of poly- 
aniline, mostly because of the reliability of the 
techniques. Moreover, the results show that 
the stoichiometric electropolymerization reaction 

can be a general procedure for the preparation 
of organic polymer films, with electroactive prop- 
erties and good electrode behaviour, polyaniline 
is one such example. 

MECHANISMS OF 
POLYANILINE FORMATION 

The numerous methods employed to synthe- 
size PAN1 have produced several products which 
differ in their nature and properties and must 
represent the results of a multitude of polymer- 
ization mechanisms of aniline. In general, poly- 
merization proceeds via the radical cation of 
the monomer, which then reacts with a second 
radical cation of the monomer to give a dimer 
by eliminating two protons, At the potential 
required to oxidize the monomer, the dimer or 
higher oligomer would also be oxidized, and thus 
could react further with the radical cation of the 
monomer to build up the aniline chain. 

Mohilner et uL.,‘~ Breitenbach and Heckner,%-% 
Hand and Nelson,48*49 and Genies and co- 
workers38*39 have proposed mechanisms for 
electropolymerization of aniline. The point of 
agreement in the proposed mechanisms is the 
first step of oxidation of aniline, i.e., formation 
of the radical cation. This radical cation gives 
three different resonance forms as shown in 
Fig. 4. Two mechanisms for the anodic oxidation 
of aniline in acidic and alkaline media have been 
reported. s2**56 The mechanism in acidic media 
was proposed by Mohilner et aLs2 based upon 
measurement of the kinetic parameters for the 
initial charge transfer step, and upon direct 
comparison of the properties, including infrared 
studies of the precipitate formed on the anode. 
On the basis of their experimental evidence, it 
was suggested that p-aminodiphenylamine is 
one of the intermediates in the electrochemical 
oxidation of aniline. They also demonstrated p- 
aminodiphenylamine undergoing electrochemical 
oxidation with greater facility than aniline. 
The mechanism of polymerization of aniline 
in a basic medium, like ~acetonitrile-pyridine, 
proceeds in a way essentially similar to that 
proposed earlier in the acid medium. 

The anodic oxidation of aniline stipulates 
only the dimerization process.“v49 The formation 
of oligomers with the n value > 2 is ruled out in 
case the resulting product is a linear chain. 
Furthermore, it was concluded that the electro- 
lysis product of aniline earlier characterized as 
“aniline black”, emeraldine, etc., is largely, if 



Review: Polyaniline-A novel polymeric material 821 

FORMATION OF ANILINE RADICAL CATION 

RBSONANCEFORMSOFANIUNE RADICAL CATION 

Fig. 4. Formation of aniline radical cation. Resonance forms of aniline radical cation. 

not completely, composed of quinone-hydro- 
quinone mixtures with a small amount of benzi- 
dine salt, and composition contingent upon the 
parent molecule. This is contradictory to our 
present understanding where the n value deter- 
mined by gel permeation studies is shown to be 
greater than 800 repeat units.3* 

The mechanism proposed by Genies and 

co-workers38*3g for the electropolymerization 
of aniline in acidic media is based on detailed 
studies.s7-5g Nevertheless, the results concern- 
ing the chronoamperometric plots during poten- 
tial scanning, and potential step methods of 
electrodeposition of PANI have been taken into 
account.3G40 The mechanism is displayed in 
Fig. 5. 

Fig. 5. Mechanism of formation of conducting polyaniline. 38 Reprinted with permission of Gordon and 
Breach, U.S.A. 
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CHARACI’ERIZATION 

General considerations of “Doping ” in conjugated 
polymers 

The treatment of a conjugated polymer with 
ionizing agents (charge-transfer agents) leads 
to a concomitant increase in conductivity. This 
process was named “doping”, by analogy with 
the treatment of silicon with such elements as 
arsenic, boron and phosphorus. In crystalline 
silicon, which is tetravalent, the tri- or penta- 
valent element replaces silicon at a lattice site 
to produce a “hole” or “electron”, respectively. 
These dopants as they are called are only added 
at ppm level as the mobility of the carriers is so 
high, whereas, the charge carriers of the polymers 
under discussion have lower mobility. Hence, the 
dopant concentration is increased considerably 
to attain desired mobility. The polymers derived 
from organic compounds, with n-electron con- 
jugation and high “dopant” concentration, are 
termed conducting organic polymers. The nature 
of the dopant decides the type of conduction in 
the resulting conducting polymer chain. For 
example, positive charge carriers in an acceptor- 
doped polymer results in p-type conduction, 
while, negative charge carriers in a donor-doped 
polymer show n-type conduction. 

The name “doping” has raised some contro- 
versy among scientists for the following reasons: 
(1) the presence of the “dopant” in conducting 
polymers is to balance the charge created either 
by electron removal or addition in the polymer 
chain, by a redox process unlike that in inorganic 
semiconductors; (2) the dopants are added at 
ppm levels to an inorganic material to make it 
semiconducting, while the amount of counterions 
in conducting polymers are in the range lo-50% 
by weight of the material composition; and 
(3) in inorganic semiconductors the dopants 
are metals, whereas in organic polymers they 
are generally non-metallic species. However, the 
word “doping” is still in use, probably because: 
(1) it helps to demonstrate similarities between 
conducting polymers and inorganic semiconduc- 
tors; (2) in both cases doping changes the state 
of oxidation without changing the structure (in 
conducting polymers, doping changes only pack- 
ing order, whereas the 1 -dimensional properties 
exhibit only along the chains); and (3) the higher 
concentration of dopants in conducting polymers 
is to attain desired mobility of the charge car- 
riers on par with inorganic semiconductors. For 
intrinsic conductivity the carrier concentration 
decreases exponentially with increasing band gap 

(roughly equivalent to the optical absorption 
threshold), whereas, in conjugated polymers, due 
to relatively large band gaps, (the conductivity 
is not intrinsic) the concentration of free carriers 
is very low at normal temperatures. Therefore, 
even though conjugated polymers have backbone 
structures well suited to conduction (i.e., high 
carrier mobilities), the low carrier concentration 
results in negligible conductivity. The other 
question, which remains unclear, is whether 
doping of polymers is also at random, as it is 
in a classical semiconductor. Here it is assumed 
that the dopant “dissolves” in the polymer 
matrix, unless the doping level exceeds a certain 
limit of solubility, which is perhaps in the 
vicinity of a few per cent. This assumption does 
not contradict the available structural data 
and is supported by the experimental results on 
the temperature-dependence of the electrical 
conductivity in the low doping regime. 

Doping in polyaniline: A new concept 

The novelty of the polyaniline is that it has 
a symmetrical conjugated structure, having 
extensive charge delocalization, resulting from 
a new type of doping of an organic-polymer salt 
formation rather than oxidation which occurs in 
the p-doping of all other conducting polymer 
systems. PAN1 differs from earlier studied con- 
ducting polymers such as polyacetylene and 
polypyrrole in that the electronic state of PANI 
can be controlled through both variation in 
the number of electrons and in the number of 
protons per repeat unit (Fig. 6). 

The redox activity of PAN1 is pH-dependent 
in aqueous medium. It has been established that 
the electroactivity of PAN1 ceases in aqueous 
media of pH > 4. *‘*** On the other hand, the 
electrochemical behaviour of PANI, investigated 
in an aprotic solvent, such as propylene carbon- 
ate, in the presence of 1M lithium perchlorate as 
supporting electrolyte demonstrates two purely 
electronic processes. 29 However, these redox 
processes also vanish, if a small amount of 
2,4,6-trimethyl pyridine (a strong base) is added 
to the system. 3g*40 Furthermore, the dramatic 
effect of conductivity of PAN1 upon variation of 
pH (changing pH from 0 to 6 decreases electrical 
conductivity, cr, by six orders of magnitude)60 
clearly demonstrates that besides, the dopants 
(counterions), the presence of protons invariably 
has a pronounced effect on the conductivity. 
In a recent study,6’ evidence is provided which 
proves that the emeraldine base form of poly- 
aniline is doped by protonic acids to the metallic 
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conducting regime by a process involving neither 
oxidation nor reduction of the polymer, thereby 
introducing a new concept of doping to the con- 
ducting polymer field. In brief, proton-induced 
conductivity in polyaniline is a remarkable 
physical phenomenon demanding explanation. 

Conductivity measurements 

The electrical conductivity (a) of a polymer 
may be defined as the ratio of net charge motion, 
J (or current density), brought about by an 
electric field, E. 

0 =J/E 

Poor solubility of polyaniline in commonly 
known solvents is the prime factor for the solid- 
state conductivity measurements. Both DC and 
AC conductivity experiments on polyaniline are 
reported in the literature. In DC conductivity 
studies, only the net charge which traverses the 
entire polymer is measured. In contrast, for AC 

conductivity experiments, the electrical conduc- 
tivity is measured as a function of the frequency 
of an alternating electric field. 

The DC conductivity measurements of 
chemically synthesized polyaniline were first 
carried out by French scientists.2s*26,62*63 A thin 
13-mm diameter pellet previously compressed 
was placed between two mercury conductors and 
its conductivity was measured. The technique 
that is generally used now for measuring the 
solid-state conductivity of pressed pellets, or 
films of polyaniline, was developed by van der 
Pauw.64 Here, four points of contact, almost 
equally spaced on the periphery of the sample, 
are made with a conductive paste such as 
electrodag. Alternatively, four wires can be 
embedded into the periphery of the sample. 
Current (i) is passed through two adjacent 
contacts while the voltage drop (V) is measured 
across the other two as shown in Fig. 7. The 
van der Pauw technique takes into account 
the sample thickness (d) and thus it must be 
measured along with the current-voltage 
characteristics of the sample. The formula 
employed for the measurement of conductivity, 
u, is: 

ln2 i 
Q =-- 

wd V 

A configuration based on the models of Fan 
et a1.65 and Paul et al.& for the in situ resistance 
measurement of polyaniline is reported in the 
literature.& The authors claim that this con- 
figuration is simpler than the one used earlier. 
The problems usually encountered in conduc- 
tivity measurements are degradation of the 
physical form of the polyaniline pellet or film, 
such as cracking, exfoliation, and loss of electri- 
cal contact, to mention just a few. In summary, 
the electrical conductivity measured by any of 

Fig. 7. van der Pauw configuration for the measurement of 
conductivity. Fig. 6. Electroactive molecular structures in polyaniline. 
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the above techniques represents a lower limit for 
the inherent doped polyaniline. 

Factors afleeting the conductivity of polyaniline 

The DC conductivity (henceforth referred 
to as conductivity) of chemically and electro- 
chemically synthesized PAN1 is dependent 
on a number of parameters. For example, 
temperature,60*67-69 protonation/pH,4’@,61.70-79 
humidity,7'J+7',79-81 oxidation state70,'4.7S,78,82 and 

counterion” exert major influences on the 
conductivity of PANI. Besides, temperature 
of synthesis,85 pressure, and duration of com- 
pression of PAN1 powders25,26’0*32 also have a 
considerable influence on the conductivity of 
PANI. 

Temperature. It is well known that the effect 
of temperature on the conductivity of metallic 
conductors and on semiconductors is quite 
different. In metals, or metal-like substances an 
increase in temperature causes a gradual decrease 
in conductivity, while the heating of a semi- 
conductor results in a sharp increase in con- 
ductivity. The conductivity of PAN1 has been 
studied over a wide range of temperatures, viz. 
5-300 K,@’ 20-340 Km and 80-300 K.67 The data 
reveal the metallic character of the polymer. 
Besides temperature dependence, thermopower’* 
and wide range frequency (dc, lo’-lo5 Hz, 6.5 
x lo9 Hz)~ the effect on conductivity has also 
been reported in the literature. The temperature 
dependence of the dielectric constant indicates 
an increase of the coherence length with increas- 
ing temperature. 68 The details are beyond the 
scope of this article. Hence, the readers are 
requested to refer to the original papers cited 
under reference. 

Protonation. Insulator-to-metal transition in 
polyaniline, effected via protonation, was first 
reported in 1985.4’*60 Since then, extensive 
investigations have been carried out to establish 
proton induced insulator-to-metal transition phe- 
nomenon through magnetic,69*73.77 optical,83.86@“’ 
photoinduced optical:‘“* transport,@‘s6*.‘” thermo- 
power” and ESR studies.93 The earlier studies 
led to the proposal that the electronic structure 
of insulator polyaniline (also referred to as emer- 
aldine base) is transformed to that of a granular 
polaron metal upon protonation (also referred 
to as emeraldine salt form). Recent studies 
on protonic acid doping of the emeraldine salt 
form of polyaniline lend support to the idea that 
the distribution of protons between polymer 
and bathing solution is in thermodynamic 
equilibrium.” 

In brief, the conductivity of polyaniline is a 
function of protonation. The proton induced 
insulator-to-metal (a z lo-” ohm-’ cm-‘- 
N 10’ ohm-’ cm-‘) transition is an interesting 
phenomenon in polyaniline. This is not observed 
in other conducting polymers such as polythio- 
phene and polypyrrole. This unique behaviour 
of polyaniline is due to three important causes. 
First of all, polyaniline does not have symmetric 
charge conjugation. That is, the Fermi level and 
band gap are not formed in the centre of the 
band, so that valence and conduction bands are 
quite asymmetric. Secondly, both carbon rings 
and nitrogen atoms lie within the conjugation 
path. This configuration differs, for example, 
from polypyrrole, whose heteroatoms do not 
contribute significantly to the k-band formation. 
Thirdly, the electronic state of the polymer can 
be changed through variation of either the 
number of electrons or the number of protons. 

Humidity. This is an important parameter 
which greatly affects the conductivity of poly- 
aniline. As indicated earlier, it was reported in 
197162*63 which led to the important conclusion 
that electronic conductivity is associated with 
the ionic state of the polymer. This information 
has aroused a great deal of interest. Extensive 
studies in recent years have demonstrated the 
importance of moisture content in understand- 
ing the behaviour and conduction mechanism of 
polyaniline. The details will be discussed later. 
In brief, the conductivity of polyaniline increases 
extremely rapidly upon exposure to water vapour 
in contrast to the slow decrease in conductivity 
under dynamic vacuum.8o 

Oxidation state. PAN1 exists in many forms 
classified as follows: fully reduced and neutral- 
ized PAN1 (NH); the protonated species (NH: ); 
the first oxidized, neutral and/or protonated 
forms, N= and NH+; and the fully oxidized state, 
N+. These forms are in thermodynamic relation 
to each other according to a classical “square 
scheme”. Based on the hypothesis concerning 
the relative thermodynamic potential and pK- 
values for electron transfer, some interesting 
potential vs. pH diagrams are reported in the 
literature.74~75~78 These diagrams have contributed 
to a better understanding of that fact that 
quinonic imine is more basic than the corre- 
sponding aromatic amine in the polymer chain. 
These particulars are in conformity with the 
earlier observations. 

A novel method of representing “state” of 
polyaniline in a three dimensional diagram was 
first reported by Salaneck er a1.74 Later Genies 
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and Vieil’* proposed a three-dimensional surface 
diagram for the charge and conductivity to 
enable convenient and unambiguous description 
of the electrically conducting state of polyaniline- 
based polymers. These diagrams are useful, 
for example, in battery applications and electro- 
magnetic interference (EMI) shielding.78 

Counterion. The dependence of resistivity 
of electrochemically synthesized polyaniline 
(PANIE) on the nature of the counterion was 
first observed by Paul, Ricco and Wrighton.& 
This resistivity shows typical U-type functional 
dependence on the electrochemical potential. 
The experiment was repeated by Fock and co- 
workers70*7’ who used different anions [hydrion 
buffer, paratoluene sulphonate (CH,-C, H,- 
SO; ), tetrafluoroborate (BF; ), trifluoroacetate 
(CF3COO-) and chloride (Cl-)] at pH 2. 
They also observed a similar U-type functional 
dependence. 

In summary, proton assisted doping-induced 
conductivity in PAN1 is a remarkable physical 
phenomenon, greatly in need of explanation. 

CONDUCTION MECHANISMS 

The charge transfer in the “emeraldine” form 
of polyaniline has become the subject of in- 
creased study because of the interesting discovery 
of insulator-to-metal transition as a function 
of protonation. The proposal of the transition 
from the electronic structure for insulator PAN1 
(base form of emeraldine) to a polaronic, metal- 
electronic structure of PAN1 (salt form of 
emeraldine) upon protonation is supported by a 
series of optical, magnetic and band structure 
studies (references cited in the preceding section). 
Much of the work on conduction mechanisms 
of polyaniline is centred around French81*95,96 
and American68,70*7’*79 groups. The only point of 
agreement between the two groups is that the 
conductivity of the metallic emeraldine salt 
polymer is sensitive to environmental humidity. 
The French group of researchers have proposed 
the presence of a conduction mechanism based 
on electron hopping between localized states, 
with a proton-exchange-assisted conduction of 
electrons, which they enthusiastically refer to 

*An exciton is a non-conduction, non-localized, excited 
electron state as in a semiconductor. 

tA polaron is an excitation in a solid consisting of polar 
molecules, resulting from the interaction between an 
electron and its strain field. The presence of a polaron 
can be detected by irregularities in the shape of the 
conduction band. 

as PEACE. On the other hand, the American 
group, after extensive studies, have concluded 
that a charging-energy-limited-tunneling theory 
is most suitable for the explanation of transport 
phenomena in the emeraldine form of poly- 
aniline. 

The PEACE mechanisms’ is based on room 
temperature studies of the frequency dependence 
of conductivity in the range 10’ Hz-lo” Hz. The 
French scientists’ observation is that the conduc- 
tion of protonated emeraldine is independent 
of frequency in this range. But an American 
group has disputed the choice of this range, and 
maintained that the measurement should have 
been conducted at frequencies above and below 
the aforesaid range also. Their argument is that 
the hopping mechanism proposed by the French 
group is not the most suitable for the transport 
phenomena in the usually existing emeraldine 
form of PANI. 

The American group has carried out an 
extensive set of optical, photoinduced optical, 
magnetic, transport, electrochemical and mech- 
anical studies on the polyaniline systems. Their 
study focuses on the essential role of molecular 
excitons* and polaronst. Photoexcitation of the 
exciton absorption in the insulator form leads to 
the occurrence of polaron absorption features. 
Insulator-to-metal transition causes a transform- 
ation of the electronic structure of the chain into 
a polaron lattice. These results are in agreement 
with the charging-energy-limited tunnelling 
theory. The presence of metallic islands of about 
100-200 A size and average charging energy, E, 
of about 20 meV and the presence of structural 
defects, broken bonds, chain links, excess proto- 
nation etc., is responsible for sizable barriers 
between metallic islands. For want of space, this 
description must necessarily remain incomplete; 
the reader is requested to refer to the cited 
original papers, for a more detailed analysis. 

In summary, the broad range of optical, mag- 
netic and transport studies show that polyaniline 
is a system with physics substantially different 
from polyacetylene and polypyrole. The present 
theories certainly account for conduction mech- 
anisms which are interesting, but not conclusive. 
There is great need to further elucidate the 
various phenomena in this novel conducting 
polymer. 

ELECIROCHEMICAL STUDIES 

As indicated in the preceding sections, polym- 
erization of aniline can be effected by electro- 
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Fig. 8. Electrochemical behaviour of PANI showing two 
redox systems. 

chemical and chemical methods. In the former 
case, by choosing a suitable medium, polyaniline 
is obtained which adheres strongly to the elec- 
trode. In certain cases a regular growth with 
almost 100% polymerization yield is seen.38-40 
The strong adherence to the inert electrode has 
been the basis of detailed electrochemical studies. 
In contrast, the polyaniline obtained by chemical 
methods is a dark green, violet, or black amor- 
phous powder which does not adhere to any 
electrode material. This property has been a 
serious limitation for extensive electrochemical 
investigations. 

the oxidation of aniline is observed at 0.7 V US. 
Ag/Ag+ lo-‘it4 (Ag/Ag+ IO-‘M refers to silver 
wire dipped in lo-‘it4 silver nitrate solution). 

Polyaniline deposited on an inert electrode is 
conducting in both anodic and cathodic regions. 
The observations on the electrochemical be- 
haviour of PAN1 suggest a redox mechanism.3”40 
Notably, the cyclic voltamperogram shows well- 
defined electroactive regions with at least two 
rapidly reversible and clearly defined electro- 
chemical systems (Fig. 8). 

Electrochemical synthesis of polyaniline 

E&ct of anodic potential. The cyclic volt- 
amperograms recorded during the electropoly- 
merization of aniline are shown in Fig. 9. At 
the first cycle, a distant peak corresponding to 

Fig. 10. Cyclic voltamperograms showing the appearance 
of the third redox system 2,2’, when the anodic potential is 
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Fig. 9. Cyclic voltamperograms showing the growth of 
polyaniline film. 

V 
volts 

increased. 
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New peaks, which are ascribed to the electro- 
chemical response of PAN1 deposits formed 
during the oxidation process of aniline, appear 
after the first cycle. The following cycles indicate 
a regular growth of polymer deposits. In Fig. 8 
the polyaniline shows two redox systems. If the 
higher potential is applied (up to 0.9 V), the third 
redox system, 2,2’ having its redox potential 
between 1,l’ and 3,3’ is seen (Fig. 10). The shape, 
the redox potentials and the electrochemical 
behaviour of systems 1,l’ and 3,3’ remain identi- 
cal in the presence and in the absence of system 
2,2’. Therefore, it is suggested that system 2,2’ 
which shows a redox mechanism independent of 
the mechanism attributed to system 1,l’ and 3,3’, 
probably corresponds to a different polymeric 
structure.3gs40 Genies et al. in their recent study 
have attributed the redox system 2,2’ to the 
presence of a polymer containing phenazine 
rings, which is correlated to the formation of 
cross-linked polyaniline chains by a direct 
reaction of nitrenium aniline cation (C,H5NH+) 
and the nitrenium of the polyaniline polymer 
(-C6H4N+-).” We” have carried out similar 
studies on chemically synthesized polyanilines, 
and drawn some different conclusions which 
will be discussed later. 

If the anodic potential exceeds a certain limit, 
degradation of the polyaniline results. This 

ImA 

Fig. 1 I. Cyclic voltamperograms showing the loss of electro- 
active sites, as the anodic potential is increased after a 
certain limit (-----) cyclic voltamperogram recorded after 

deterioration of the PANI film. 

behaviour has been observed by a number of 
researchers.27,39*44*49~52*a2+9a’02 The degradation 
products of the polymer depend on the applied 
anodic potential during electropolymerization, 
and thereafter. Oxidative degradation of poly- 
aniline refers to the loss of electroactive sites 
as illustrated in Fig. 11. In most of the cases, 
degradation occurs in two steps: (1) broadening 
of the peaks and (2) gradual disappearance of 
the electroactive sites (redox peaks). High poten- 
tials ca. 1.8 V in CH,CN medium, or 1.9 V in 
aqueous medium, result in the cracking of the 
film. This is more likely in the case of aqueous 
media.32 However, it is reported that the redox 
potential of the 3,3’ redox peak is sufficient for 
the degradation of polyaniline. Quinone and 
hydroquinone are generally believed to be the 
products of the oxidative degradation of poly- 
aniline.9*-‘00 the mechanism of which has been 
reported in the literature.‘*-‘” 

Efict of anions. It has been indicated in the 
preceding section that anions have a limited 
influence on the conductivity of polyaniline. In 
contrast, the counterions derived from the sup- 
porting electrolyte have considerable influence 
on the rate of polymerization of aniline, and on 
the properties of the resulting products.28.‘03.‘@’ 
The growth rate of a PAN1 film is 2.7-2.8 times 
faster in sulphuric acid than in perchloric, nitric, 
or hydrochloric acids. 28 This behaviour has been 
shown to be due to porous and granular struc- 
tures of PANI, when synthesized in a sulphuric 
acid medium, as against smooth morphology of 
PAN1 synthesized in hydrochloric or perchloric 
acid medium. ‘03*‘04 This property is explained on 
the assumption that the polymerization process 
proceeds in two stages. The first stage is the 
polymerization on the bare platinum electrode, 
or partially blocked electrode, by polyaniline. 
The second stage is polymerization on the 
platinum electrode completely covered by poly- 
aniline. In the first stage the Pt-electrode surface 
is expected to be one of the determining factors 
of the polymerization rate. When the deposited 
polyaniline film blocks the platinum electrode 
surface, the aniline polymerization becomes more 
difficult, so the polymerization rate decreases. 
Consequently, further polymerization of aniline 
(second stage), would depend to some extent, on 
the morphology of films formed. At this juncture, 
a pore-rich structure is preferable to a smooth 
one. Hence, the growth-rate of polyaniline is 
more pronounced in sulphuric acid solution 
than in hydrochloric or perchloric acid solution. 
Similarly, use of HBF,, H,PO, or HF results in 



828 AKHEEL A. SYED and MARAVATTICKAL K. DINESAN 

net morphological structure. This morphology been shown that the number of electrons in the 
like granular or porous structure helps for redox mechanism is independent of the thickness 
“higher rate”, of polymerization of aniline than of the PAN1 layer, but is influenced by anions 
perchloric or hydrochloric acid medium.‘03*‘” in the so1ution.3gq” 

In an interesting study, it is demonstrated that 
polyaniline has a selectivity for high molecular 
weight dopants. ‘OS The electrochemical poly- 
merization of aniline was done in an aqueous 
solution containing 1M perchloric acid and 
1 x IO-*A4 sodium salt of polystyrene sulphonic 
acid, or polyvinyl sulphonic acids, or poly-(Z 
acrylamide-Zmethyl-l-propane) sulphonic acid. 
The resulting PAN1 film was subjected to wide- 
scan electron spectroscopy which revealed the 
association of polymer electrolyte with the 
PAN1 chain. Although, the concentration of 
polymer electrolyte was one hundredth to that 
of perchloric acid, it is surprising that polymer 
electrolyte was selectively incorporated into the 
polyaniline matrix. This incorporation is ex- 
plained in terms of a polymer effect, whereby 
incorporation proceeds just like the closing of a 
zipper.‘05 

EfSect of the solvent and pH. The solvent has 
a pronounced effect on the shape of the cyclic 
voltamperogram of PANI. Discrete and well- 
defined peaks are observed in the case when 
polyaniline is synthesized in a eutectic mixture 
of HF and NH3,3g*40 while in the case of other 
media, comparatively broader peaks are ob- 
served. Furthermore, the electroactivity of poly- 
aniline is not seen in solvents such as DMF, 
DMSO, methanol and ethanol. This probably 
results from the increase in nucleophilicity of the 
solvent. This conclusion is further supported by 
the fact that polyaniline does not exhibit electro- 
activity in a solution with pH greater than 4.*’ 

Investigations on the conducting properties 
and the charge transfer during the redox process 
of PANI, and measurement of the electron trans- 
fer reaction rate at the polymer/solution interface 
have been carried out with Levich’s direct and 
inverse criteria.‘06 This technique is generally 
used for the study of electrochemical behaviour 
of the polymer-coated electrodes. The method 
consists of following the evolution of the current 
potential curves, corresponding to the electro- 
lysis of redox species in solution, with respect to 
the rotation rate of the rotating disk electrode 
(RDE).“’ The evolution of these curves, during 
the reactions on naked platinum and Pt/PANI 
RDE allows us to estimate the conducting prop- 
erties of PAN1 and helps in the measurement of 
the electron transfer rate at the polymer/solution 
interface.“’ It is reported that the charge trans- 
fer is a rapid phenomenon3g*40 at the polymer/ 
solution interface, and in the polymeric bulk. 

Cyclic voltammetry studies of chemically 
synthesized polyaniline 

Electroanalytical techniques 

Chronoamperometry and chronocoulometry 
methods have also been employed for the char- 
acterization of PANI. The former technique 
necessarily derives from the potential step, and 
the response is measured in terms of I = f (1). 
From the type of curves, it is possible to distin- 
guish the “quality” of the PAN1 synthesized in 
different media and supporting electrolytes. For 
example, it is shown that polyaniline synthesized 
in a eutectic mixture of NH3 and HF medium 
has better utility for rechargeable batteries than 
that synthesized in other media.38 The latter 
technique, also known as potential step chrono- 
coulometric method (PSE), has been employed 
to determine the number of electrons involved 
in the redox mechanism of PANI.38-40 It has 

Electrochemical characterization of chemically 
synthesized polyanilines presents a real challenge, 
because of their insolubility in solvents com- 
monly employed for electrochemical investiga- 
tions. Furthermore, they do not adhere to any 
electrode material, which makes electrochemical 
investigations extremely difficult. Nevertheless, 
four methods for the cyclic voltammetric (CV) 
study of chemically synthesized polyanilines have 
been reported in the literature. Two of the four 
methods were developed by American scien- 
tists,24 and the other two by ourselves.*‘**’ The 
details of the first two methods are as follows: 
(1) The polymer was ground to a fine powder 
and cu. 1 mg was impregnated into glass filter 
paper (cu. 1 cm*), either with a spatula or a finger 
covered with a rubber glove. The filter paper was 
then shaken to remove the excess of polyaniline 
powder and placed on a platinum mesh which 
was folded so as to encase the filter paper on 
both sides. (2) Finely ground polyaniline powder 
was suspended in acetone or chloroform, and 
a few drops of suspension were poured on to a 
platinum foil (cu. 1 cm*) electrode and allowed to 
dry in air. The authors claim that these methods 
yield identical cyclic voltamperograms. However, 
a preconditioning of chemically prepared polyani- 
line is necessary to obtain reproducible results. 
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The methods developed by us are as follows: 
(1) 2-3 mg of chemically synthesized PANI were 
pressed on a thin inox ,grid which acts as a 
working electrode; an aluminum disc was used 
as counter electrode, and Ag/Ag+ lo-‘M in 
propylene carbonate as reference electrode. 
The specially designed electrochemical cell was 
developed by French scientists.‘08 The diagram 
and details of the components are published 
elsewhere.lw The working electrode is mechani- 
cally maintained between the current collector 
and a plastic grid. On most occasions, 1M 
lithium perchlorate in propylene carbonate was 
used as electrolyte. One of the limitations of the 
above method is that the cell is unsuitable for 
use in aqueous media such as 1M hydrochloric 
or sulphuric acid. (2) In the other method,*’ we 
employed a mixture of chemically synthesized 
polyaniline (an amorphous powder), furnace 
black (a non-electroactive conductor), and poly- 
vinylidene fluoride, (-CH,CF,-), (slightly ionic 
conductor and binder) in the ratio 2: 5 : 5 by 
weight. The mixture was made into a paste by 
the addition of one or two drops of DMSO 
solvent. The previously washed platinum wire 
(area 0.03 cm2) of the Taccussel electrode was 
pushed back into the teflon. The paste was 
smeared and the excess of the DMSO solvent was 
evaporated by placing the electrode in a vacuum 
desiccator for about 15 min. This procedure 
leaves a thin layer adhering to the platinum. The 
advantage of this method is that the modified 
electrode can be employed in aqueous and 
non-aqueous media. Both methods yield en- 
couraging results. We have studied2’ the influ- 
ence of sweep rate on the ipa and iw values, using 
our above-mentioned methods. The values rise 
linearly with the sweep rate as is expected for the 
redox reaction involving surface attached species. 
This experiment demonstrates the validity and 
dependency of our proposed methods. All the 
four methods involve permeation of electrolyte 
into the polymer powder particles. 

A great deal of information concerning the 
reversibility and the nature of electron transfer 
steps can be obtained from cyclic voltampero- 
grams. The characteristics of each scan, in most 
cases, can be determined by the way peak 
current and potentials vary with sweep rate. In 
our studies on PANIC, we have found the values 
of the slope of log i,, us. log v curves for the two 
anodic and cathodic waves in the range 0.9-l .O. 
These values demonstrate that ip tends to be 
proportional to v for anodic and cathodic 
waves.27 

Voltammetric peak currents are proportional 
to v in the case of thin-layer geometries only 
when electron-transfer is rapid (“reversible” 
systems). When electron-transfer begins to exert 
rate control, the dependence of peak current on 
v becomes less than one. Currents observed at 
polymer-modified electrodes which are first-order 
in v are indicative of rapid interfacial electron 
transfer as well as of facile charge transport 
through the film. 

We2g have demonstrated a very large capaci- 
tance background “current” associated with the 
cyclic voltamperogram of chemically synthesized 
PANI. From our results we have shown that 
40% of the total charge stored in the polymer 
is the “capacitive” charge which is not related 
to any chemical redox reactions. The “non- 
capacitive” currents, representing the current 
due to the charges involved in the redox process, 
are too slow to follow, and thus contribute to 
the a.c. signal. Thus, two kinds of doping sites 
which are characterized by a long relaxation 
time (r, > 1000 set) and a short relaxation 
(T2 > 10 set) are present in polyanilines. The 
total “capacitive” and “non-capacitive” charges 
can be deduced by integration of the voltampero- 
grams. They are of the same order of magnitude, 
and represent about 40 and 60%, respectively, 
of the total charge stored in the polymer. 

Another interesting feature associated with 
chemically synthesized polyanilines is reported 
by us. From our cyclic voltammetric studies we 
have shown that chemically synthesized PANI 
are l-dimensional conducting polymers. The first 
scan of the CV of PAN1 reveals two well-defined 
redox systems 1,1’ and 3,3’. Subsequent increase 
in the anodic potential, and/or repeated cycling, 
results in the 2,2’ redox system which is an out- 
come of a higher oxidation level of PANI than 
that for the system 1,l’ and 3,3’. Supporting 
evidence has come from solid-state 13C NMR 
studies of PANI.““~l” The spectra obtained for 
PAN1 synthesized at a higher anodic potential 
is quite complex, which reveals the possibility 
of ortho-coupling, or a 3-dimensional matrix.32 

In summary, electroanalytical techniques such 
as chronoamperometry, chronocoulometry and 
cyclic voltammetry have been used for the char- 
acterization of polyaniline. The latter has played 
a yeoman role in solving some bewildering prob- 
lems, such as effect of pH, ionic and electronic 
processes, ortho-coupling and cross linking, 
capacitance effects and degradation phenomena, 
to mention a few. Though CV is fundamentally 
a characterization technique, it does provide a 
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procedure for the polymerization of aniline-like hydrogen-bonding. ‘I* In brief, solubility data of 
monomers. Today it is also employed as a polyanilines makes possible systematic studies 
powerful electroanalytical tool by scientists directed towards the understanding of this 
working on “conducting polymers”. interesting polymer. 

SOLUBILITY AND MOLECULAR WEIGHT 
DETERMINATION 

The solubilization of polyaniline is of 
paramount importance, both scientifically and 
commercially. Scientifically, it provides a 
medium more conducive to the production 
of well-resolved analytical data, especially in 
the determination of molecular weight which 
helps in elucidating molecular configuration 
and structure in the conducting and insulator 
states. In commercial applications, polyaniline 
solutions would provide a form more amenable 
to conventional plastics processing technology. 

There are conflicting reports on the solubility 
of polyaniline, contradictory views being 
advanced as early as 1910. Willstatter and 
Dorgil12.113 reported that an oligomeric (eight- 
monomer chain compound) aniline was largely 
insoluble. Green and Woodhead” repeated their 
experiments and claimed solubility of this 
material in 80% acetic acid, 60% formic acid, 
pyridine and concentrated sulphuric acid. Later 
DMF was added to the list of solvents for 
electrochemically synthesized polyaniline.s2 Par- 
tial solubility of polyanilines in its emeraldine 
base form in N-methylpyrrolidone,80 THF,“4~“5 
benzene, DMSQll6-‘2’ chloroform,s0,‘14.119.1*0 

and methanol”9*‘*0 was also reported. As a 
result, it has become common practice to re- 
move insoluble material*’ and use the soluble, 
possibly lower-molecular-weight, fraction for 
the preparations of films. Such cast films are 
predominantly amorphous and, generally, they 
have been categorized as intractable and 
amorphous material. 

A preliminary investigation on the molecular 
weight of the soluble fraction of PAN1 in DMF 
was first reported in 1985.38 An interesting facet 
of the reported data, pertinent to the present dis- 
cussion, is that polyaniline is a macromolecule, 
and not an octomer, as believed earlier.‘5-20~52 
These results were further confirmed by different 
workers. It is claimed*‘s that electrochemically 
synthesized polyaniline has a fraction whose 
molecular weight is at least 9000. Yet, another 
report mentions the molecular weight of 4300, 
measured by the GPC method.“’ The viscosity 
measurements of polyaniline solution in sul- 
phuric acid give an estimate of 12,000 molecular 
weight (rigid chain limit) and 40,000 molecular 
weight (flexible chain limit).‘23 Since the con- 
formation of polyaniline in the liquid state is not 
yet established, the viscosity data appear to be 
more of an approximation. 

The procedure of dissolving polyaniline and 
determining its molecular weight has generated 
much activity among those interested in the 
commercialization of this novel material. Many 
new studies have been made in recent years, and 
continued research will undoubtedly lead to new 
discoveries and technology. 

SPECTROSCOPIC STUDIES 

Routes towards soluble polyaniline include the 
preparation of graft polymers,‘*’ copolymers’** 
and polyaniline derivatives.“4 Unfortunately 
these species invariably show significantly 
reduced conductivities in comparison with the 
unmodified homopolymer. In a recent communi- 
cation,lz3 the feasibility of solution processing of 
crystalline, electrically conductive, polyaniline 
fibres and films was demonstrated. The authors 
claim that dissolution in sulphuric acid provides 
a simple means of processing polyaniline into 
films, fibre etc. In a separate communication, 
solubility of conducting polymers in organic 
acids (polar solvents) has been attributed to 

Structural characterization of polyaniline 
with spectroscopic techniques presents a real 
challenge. Because of the amorphous nature of 
this material, information obtained from X-ray 
and neutron diffraction is quite limited, while its 
limited solubility restricts the use of standard 
characterization techniques for classical poly- 
mers. (Only recently was polyaniline, in the 
form of its emeraldine salt, recovered in crys- 
talline form from a solution in sulphuric acid, 
by precipitation with water or methanol.)‘23 
Furthermore, the optical properties of PANI 
vary considerably, when it is doped, and when 
its state of oxidation is altered. New spectro- 
scopic transitions induced by doping offer 
clues on the identity of the charged species: 
~pectroelectrochemica~,3~~~4~~~~ES~~~~E8~1*4-1*9 uv- 
visible 69.89.116,130-136.139 IR 37,90,91.92,116,131~135,137,138,140,141 

Rama; 86,87,88,142-I44 j&R 9l-93,126.127.145 and 
XPS’46-‘49 methods have be& employed to this 
end. Solid-stateNMRspectroscopy”0~“‘~’M~’5’~i55~’~ 
is found useful for the characterization of 
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insulator forms of PANI. The results of these 
studies are summarized briefly below. 

Electrochemical spectroscopy 

Spectroelectrochemical techniques are the 
combination of optical and electrochemical 
techniques. These techniques are a convenient 
means for obtaining the spectra and electro- 
chemical potentials, and for observing subse- 
quent chemical reactions during polymerization 
of aniline, and the doping/undoping of the 
resultant polymer. UV-visible-, IR-,37 ESR-‘26.‘27 
and Raman-spectroelectrochemical’7~88 tech- 
niques have been employed to this end. Some 
of the salient features of the studies are: 
(1) doping/undoping of the polymer has a 
profound influence on the chromatic behaviour 
of PANI; (2) using the aforesaid techniques, 
four forms of PAN1 can be distinguished;74*75 
(3) existence of two polaron-bipolaron states in 
the polymer has been established12’ and (4) pres- 
ence of more quinonoid rings in the oxidized 
state of PAN1 has been demonstrated.87~88 

UV-visible spectroscopy 

UV-visible absorption spectra of the electro- 
chemically deposited polyaniline on substrates, 
such as (i) polyester plastic film coated with a 
thin layer of gold,‘28 (ii) ITO-covered glass 
slides,87.88 and (iii) gold sputtered on a glass 
substrate,87,B have been reported in the literature. 
Attempts have also been made to record spectra 
of thin free standing film but with limited 
success,32 probably due to strong absorptions 
in the optical range. Of late, most of the W- 
visible studies are centred around a soluble 
emeraldine base.‘39 The data derived from the 
studies demonstrate a red shift in both 2.0 eV 
and 3.8 eV absorption peaks, comparable to the 
shifts observed for emeraldine films and powders. 
The narrow strong absorption peak without the 
free electron absorption tail was explained as due 
to strong localization of polarons in solution 
form. 

Infrared spectroscopy 

Infrared spectra can yield valuable evidence 
concerning the electronic structure (and thus the 
geometry) of the PANI. A systematic IR study 
of chemically synthesized polyaniline powders, 
and of the anode precipitate prepared by con- 
stant potential electrolysis of aniline in sulphuric 
acid with platinum anode was first reported by 
Mohilner et a1.52 The data from the IR spectra 
indicated the structural similarity of the anodic 

precipitate with the chemically synthesized 
emeraldine and even more so with nigraniline 
(polyemeraldine and polynigraniline are the 
names commonly used in the present day litera- 
ture). The fact that the spectrum of the anodic 
precipitate is not identical in every detail with 
either of the chemically synthesized compounds 
may imply that the electrochemically produced 
material is not a single substance, but rather a 
mixture of nigraniline and emeraldine.52 The 
marked similarities in the other properties of the 
anode precipitate and emeraldine-in particular, 
solubility in 80% acetic acid-strongly support 
the hypothesis that the anodically formed 
material is principally emeraldine. These results 
were confirmed by Ohira et a1.lM However, they 
note that polyaniline produced by the electro- 
chemical method in neutral or basic media, 
essentially have l- and 3-substituted benzene 
structures which are electroinactive even in acidic 
solutions. Fourier transform infrared studies on 
polyaniline analogues such as phenyl-capped 
octaaniline,‘3’ aniline oligomers (n = 2-4),14’ 
the electropolymerization product of para- 
amino diphenylamine57Ws9 and polyaniline/zeolite 
hybrids’33 are also reported in the literature. 

Resonance Raman spectroscopy 

The Resonance Raman Scattering (RRS) of 
PAN1 offers valuable information on the struc- 
ture of the polymers. Moreover, it provides 
definite structural characterization because of the 
characteristic dependence of the Raman spectral 
pattern on the disposition of the ring substituents 
of aromatic compounds.‘” Furthermore, one of 
the distinct advantages of RRS over other optical 
techniques is the possibility of studying the 
optical transitions even of powdered material. 
The first study of RRS on PAN1 powders was 
carried out by uss6 and the results are in full 
agreement with the optical absorption studies 
of electrochemically synthesized PAN1 films. 
Resonance raman scattering studies with electro- 
chemically synthesized PANIlm and its deriva- 
tives,‘43 and with polyaniline-metalloporphyrin’” 
are also to be found in the literature. Neverthe- 
less, in situ Raman-spectroelectrochemical 
experiments appear to have resolved the compli- 
cated behaviotir of the spectra for the various 
forms of PANI.87~88 In brief, RRS is useful in the 
structural study of complex multichromophore 
materials like PANI. Information on each 
chromophore can be obtained separately by 
a proper choice of exciting wavelength. The 
results indicate that: (1) the chemically, or 
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electrochemically, synthesized PAN1 chain con- for this are: (1) compositional defects; (2) a 
sists of a mixture of benzenoid and quinonoid distribution of torsion angles between adjacent 
rings, the relative proportions of which depend rings; (3) variations in syn and anticonforma- 
on the reduced or oxidized state of the polymer; tional arrangements about the benzenoid rings, 
(2) para-substituted benzene and quinone di- or ci~ and transconfigurations about the quin- 
imine moieties are present in the base form of onoid rings; (4) variation in the sequencing of 
emeraldine; and (3) there is some evidence in benzenoid and quinonoid units; (5) thermally 
favour of head-to-tail polymerization of aniline, induced molecular motions; (6) the possibility of 
with no orrho incorporation of phenylene diimine rotations or flips of benzenoid rings about their 
groups,‘43 especially when combined with other 1,4 axes and (7) a non-uniform charge, and/or 
evidence from IR studies. spin distribution, for the conducting salts. 

X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is 
capable of providing information with respect to 
the surface elemental composition and dopant 
level in PANI’46-‘4g and its derivatives.‘50J5’ The 
data regarding binding energies and surface 
composition offer some clues on the identity of 
a desired element present in a complex chemical 
environment. This information is particularly 
important in the determination of surface ele- 

Despite broad lines, 13C crosspolarization 
magic angle spinning nuclear magnetic reson- 
ance (CPMAS NMR) spectra of deprotonated 
PAN1 (insulator form) resolve localized benz- 
enoid and quinonoid ring structures, indicating 
that extensive electron delocalization along the 
backbone does not occur.‘52-‘54 Recent 13C 
NMR studies”“~“‘,‘55~‘56 have determined that 
the emeraldine base consists primarily of a 
well-defined microstructure of alternating 1 A 
and 2A units as shown below: 

mental stoichiometry. Interestingly, XPS data 
of Cl-doped PAN1 has indicated the presence of 
covalent chlorine along with the two different 
ionic chlorine environments in PANI.14’ The 
relative contribution to the total chlorine signal 
was observed to be dependent on the applied 
potential.‘4g 

13C NMR spectroscopy 

The exact nature of the oxidized form of poly- 
aniline is still unclear. As discussed earlier, the 
chemical and electrochemical evidence suggests 
that increasing the oxidation level of polyaniline 
results in creation of an increasing number of 
quinone-imine or other type of oxidized polymer 
sub-units. It is not yet known whether the 
perturbation in the polymer x-system, induced 
by an oxidized site, is localized or extensively 
delocalized. 

The chemical shift data of PANI, derived 
from solid-state 13C NMR spectroscopy provides 
valuable information on the chemical structure 
of the polymer’52-‘57 and its derivatives.15’ How- 
ever, sequence distributions and chain conform- 
ations result in low spectroscopic resolutions, 
because of broad line-width. Possible reasons 

The 13C NMR spectra of polyaniline in 
non-aqueous solvents are also reported in the 
literature.‘4’*‘45 Recently solid-state 15N NMR 
spectroscopy has been utilized as a structural 
probe for the emeraldine base forms of PANI.15* 

MORPHOLOGY 

Studies on morphology of chemically and 
electrochemically synthesized PAN1 are import- 
ant for investigating the intrinsic characteristics 
of the polymer. Many of the studies”*‘03*‘04.‘5g-162 
conducted up till now are rudimentary and 
exploratory in nature. The dependence of 
morphology upon variables such as different 
anions employed in the synthesis, the nature of 
the electrodes, and/or differences in chemical 
and electrochemical procedures need to be 
investigated in detail. 

APPLICATIONS 

Rechargeable batteries 

For the last few years intense activity has been 
generated in the construction of a polyaniline- 
metal battery. This is because polyaniline has 
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certain advantages over other conducting 
polymers, such as simplicity and rapidity of 
preparation of the polymer by the chemical or 
electrochemical method, and chemical durability 
against aerial oxidation and moisture. Further- 
more, the ability of polyaniline to store a 
considerable charge through the redox process 
has led to proposals for both non-aqueous38*‘63-‘67 
and aqueous batteries.2s*26*‘68-‘7’ 

In a non-aqueous medium, lithium is usually 
employed as the anode material in rechargeable 
batteries. But the use of a non-aqueous solvent 
in polyaniline-lithium batteries is beset with a 
serious problem: on charging, there is a tendency 
for dendrites to form when lithium is plated on 
the lithium electrodes, particularly at high charg- 
ing rates. These dendrites can grow to consider- 
able lengths, and shortcircuit a cell internally. 
Also, the high cathodic potential of the Li/Li+ 
couple often causes decomposition of the sol- 
vent, the mechanism of which has not yet been 
fully elucidated.“’ 

The use of polyaniline as cathode material, in 
conjunction with lithium-doped aluminium as 
anode material, in propylene carbonate contain- 
ing 1M lithium perchlorate, results in an open 
circuit voltage of 3.7 V.38 The massic capacity 
of 145 Ah/kg, and the self discharge (with 
separator) rate of about 8% after 90 days make 
the polyaniline-lithium battery more attractive 
for new types of technological applications. 

In a recent communication,16’ PANIE was 
shown to have a maximum discharge capacity 
of 164 Ah/kg, a low rate of self-discharge, and 
a long life, as a positive active material in a 
secondary lithium battery. The larger massic 
capacity of PANIE is attributed to its fibrous 
structure which is produced galvanostatically, 
in an aqueous 1M perchloric acid solution 
containing 0.5M aniline at room temperature, 
when using the current density of 5 mA/cm*. In 
our experiments, we have observed that PAN1 
synthesized in sulphuric acid media has a gran- 
ular structure, which is in accordance with the 
observation made by the aforecited authors.16’ 
Propylene carbonate is a good electrolyte sol- 
vent, extensively employed in secondary lithium 
batteries, to ensure longer life and lower self- 
discharge for PANI. Further research efforts are 
required to find a new electrolyte system that is 
compatible with lithium and PANI. 

The development of a practical Li/PANI 
battery is not a simple task. Apart from the 
technical shortcomings mentioned earlier, there 
remains the problem of ‘safety’ from the stand- 

point of pollution. As Li is evidently a serious 
pollutant, it seems realistic to exploit aqueous 
batteries rather than non-aqueous Li-PAN1 
cells. Also, the use of a water-based electrolyte 
in rechargeable batteries has certain advantages 
-an important one being that the ionic conduc- 
tivity of aqueous electrolytes is greater than that 
of non-aqueous electrolytes; and hence, other 
factors being equal, cells employing aqueous 
electrolytes might be expected to deliver a higher 
output current. 

French scientists25J6 were the first to employ 
two different oxidation states of PAN1 (now 
commonly known as 1S and 2s forms) as anode 
and cathode in a rechargeable battery cell in 
aqueous 1N sulphuric acid. These cells exhibited 
an open circuit voltage of - 0.40 volts. Very few 
data are available concerning the recyclability of 
either the anode material or the cathode material, 
in any aqueous electrolyte. 

There were renewed efforts to employ poly- 
aniline in conjunction with zinc?-” or lead 
oxide”‘*“’ as the counter electrode. Polyaniline 
acts as the negative pole when combined with 
zinc, while it acts as the positive pole when com- 
bined with lead oxide. A difficulty, experienced 
with zinc as the counter electrode, is its spon- 
taneous dissolution in acidic media, while poly- 
aniline is electroactive only in the lower pH 
region. An advantage of using lead oxide as 
counter electrode is that no special caution is 
needed to avoid over-charging. 

In brief, polyaniline is a promising material 
for both aqueous and non-aqueous storage 
batteries. 

The question whether non-aqueous or aqueous 
electrolytes would be preferable for a specific 
purpose cannot be answered until much more 
information has become available. The use of 
aqueous electrolytes will, in general, be accepted 
to result in cells having a smaller potential, and 
hence, a smaller energy density than batteries 
employing a non-aqueous electrolyte. Real 
long-term advances in the field can only be 
accomplished by detailed studies on chemical 
and electrochemical reactions, occurring during 
storage and recycling, under a wide variety of 
experimental conditions. 

Electrochromic devices 

The optical characteristics of the PAN1 films 
undergo changes with the corresponding changes 
in the conductivity. 9~‘oo~‘72-‘74, In the oxidized 
state, PAN1 films are coloured and highly con- 
ductive; while in the reduced state, they are 
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optically transparent with low conductivity. In 
fact, colouration and conductivity are associated 
with the doping of the films. 

Kobayashi et a1.98-‘00 were the first to report 
the mechanism of the electrochromic reactions 
of PAN1 films and its applications to practical 
electrochromic display devices with liquid 
electrolytes. The colour of PAN1 films is re- 
versibly changed to green by oxidation; and to 
transparent yellow by reduction in 1M hydro- 
chloric acid, in the potential range from -0.2 V 
to +0.6 V us. SCE. The reversibility of the 
colour change can be observed more than lo6 
times in the aforesaid potential range, with 
rapid response of less than 100 msec. However, 
Akhtar et a1.‘72 are of the opinion that the 
problems of longrange stability, and of encapsu- 
lating devices with liquid electrolytes are many, 
so that the use of a solid-state electrolyte ap- 
pears to be an attractive alternative. The advan- 
tages claimed in their report are protection from 
atmospheric oxidation and easy control of 
solid-state electrolyte composition. 

In an interesting study, it has been demon- 
strated that the surface of an oxidized PAN1 
electrochromic film, in contact with pure water, 
is more hydrophilic than that of a reduced 
surface. Furthermore, hydrophilicity is directly 
related to the conductivity of the film: the higher 
the conductivity, the greater the hydrophilicity 
of the surface.‘73 

Photoelectrochemical cells 

The conversion of solar energy to chemical or 
electrical energy by photoelectrochemical cells 
(PECs) has attracted considerable attention 
during the last decade. ‘75*‘76 This is because of 
their inherent simplicity of manufacture and 
consequently reduced cost. However, the suscep- 
tibility of narrow band-gap semiconductors to 
photodegradation has been a serious limitation 
on its wide popularity. 

Two applications of PAN1 in PECs have been 
studied to date: protection against photo- 
corrosion of inorganic semiconductors,” and 
photoresponse of junction PAN1 film.“’ In the 
former case, the polyaniline-coated semiconduct- 
ing electrodes (Cd-chalcogenides, Si, GaAs, Gap) 
exhibited enhanced stability of the photocurrent 
when compared to the current of the naked 
electrodes; while in the latter case, the photo- 
current is induced when visible light from a 500 
W xenon lamp is,allowed to fall on a PAN1 film 
coated on platinum. “’ The authors mention a 
slow current photo-response of the order of 

minutes for PAN1 in aqueous solution. Subse- 
quent development in this field has resulted in a 
fast photoresponse of junction polyaniline 
film.“* 

Electronic devices 

A large change in electronic conductivity of 
PAN1 with a change in electrochemical potential 
is the basis for the development of PANI-based 
electronic devices. In practice, PAN1 deposited 
on to a gold microelectrode array has been 
shown to behave like electronic devices such as 
a diode and a transistor.& These polymer-based, 
transistor-like devices can be turned ‘on’ and 
‘off’ by electrical or chemical signals that oxidize 
and reduce the polymer. For example, redox 
reagents such as Fe(CN)i- and Ru(NH,)i+ can 
be used to turn a polyaniline-based transistop 
on and off. In a separate communication, 
the design and operation of a PANI-transistor 
sensitive to moisture have been described.‘79 

Catalysis 

Polyaniline and modified polyaniline have 
been shown to exhibit catalytic activity.“‘* ‘83 
During oxidation of formic acid, using poly- 
aniline-coated electrodes,‘*0 it was observed that 
oxidation rates of polyaniline electrodes are 
comparable to the oxidation rate at a platinized 
platinum electrode at low overpotentials. This 
behaviour is the basis for evaluation of modified 
PAN1 as a fuel cell electrode.lsO The electrolytic 
reduction of oxygen and protons with modi- 
fied polyaniline films has been reported in the 
literature.‘82 

In an interesting study, electrodeposition of 
platinum microparticles onto polyaniline film has 
been demonstrated.‘83 The resultant film exhibits 
catalytic activity for hydrogen evolution and 
methanol oxidation. In another communication, 
polyaniline-nafion composite films have been 
shown to display better reversibility than the 
polyaniline alone. “‘I In brief, catalytic and 
electrocatalytic activity of polyaniline is of great 
importance and further research will certainly 
lead to newer technological applications of 
polyaniline. 

Indicators 

The multiple colour changes of polyaniline 
films’4S*‘*4 on electrodes and chromatic reactions 
of polyaniline solutions in different pH ranges”’ 
are the bases for development of PAN1 as an 
indicator. Recently, Jiang and Dong’84 have 
developed a PANI/Pt electrode as a redox 
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colour indicator in the titration of iron(I1) with 
cerium(IV) solution. Welas have developed 
soluble polyaniline solution as an acid-base 
indicator in the titration of 0.05-0.5M sodium 
hydroxide x sulphuric, hydrochloric, perchloric 
or nitric acid. The use of polyaniline solution as 
redox indicator is also investigated.32 

Zon exchange chromatography 

Unlike other conducting polymers such as 
polypyrrole and polythiophene, PAN1 has a 
unique feature that the equilibration by acid 
solution imposes the anion in the polymer. This 
has been the basis for the use of PAN1 as an 
anion exchange polymer.i8’ Weu5 have shown 
that mixtures of halide ions can be separated on 
polyaniline. 

CONCLUSIONS 

The rediscovered polymer, the polyaniline, 
in less than a decade’s time has travelled the 
arduous route from laboratory benches to 
commercial markets. This concise review has 
attempted to describe the synthesis and the 
physicochemical properties of polyaniline and 
to point out its potential in technology. The 
possibilities disclosed by its unique character- 
istics are, nevertheless, challenging. The newer 
applications of polyaniline in diversified technol- 
ogies will attract increasing attention and inter- 
est from industrial and academic laboratories. 
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Summary-Five materials were investigated for use as diluent matrices for diffuse reflectance infrared 
Fourier transform (DRIFT) spectrometry of powdered samples. DRIFT spectra of powdered carbazole 
dispersed in germanium, silicon, diamond, potassium chloride and a chalcogenide glass were compared. 
Three particle size ranges were investigated for five concentrations of carbazole ranging from 0.1~10%. 
The effects of particle size and refractive index of the matrix are discussed. 

Diffuse reflectance infrared Fourier transform 
(DRIFT) spectrometry has been used to study 
such varied samples as coals,‘** polymers,3-5 
silanes in glass fibers, 6,7 silicon dioxide in silicon 
carbide* and silanes in silica gel.9 DRIFT spec- 
tra have been acquired of neat, unground 
samples,426 of neat, ground samples,‘~* of samples 
with a thin potassium chloride overlayer,3s7 and 
of samples abraded onto silicon-carbide-coated 
paper.5 As most commonly practiced, however, 
the analyte is dispersed in a non-absorbing 
matrix and the diffusely reflected radiation is 
collected to obtain the spectrum.“” DRIFT 
spectra of samples prepared in this manner most 
closely resemble transmission spectra of samples 
pressed in alkali halide pellets.” The diluent 
matrix for DR spectrometry is often an alkali 
halide such as potassium chloride, favored be- 
cause of its transparency throughout the mid-in- 
frared, its ease of grinding and its non-toxicity. 
Drawbacks include its hydrophilicity and ionic 
nature. Water adsorbs quickly and tenaciously 
on potassium chloride and the resulting bands 
in the DRIFT spectra can interfere with the 
absorptions due to the analyte. Analyte spectra 
can also be altered by ionic exchange between 
the analyte and the alkali halide matrix.13 A 
further complication arises when alkali halides 
are left in a powdered state for several hours 
before use, as they show a proclivity to adsorb 
air-borne organic compounds leading to the 

*Author for correspondence. 

appearance of bands around 3000-2800 cm-‘. 
It would be advantageous to employ a matrix 

which was non-absorbing, non-hygroscopic, 
non-reactive, non-toxic and easily ground. 
Kaihara et al.” proposed a matrix composed of 
a mixture of ceasium iodide and potassium 
bromide but such a matrix has no advantage 
over potassium bromide or potassium chloride 
alone.14 Azarraga and co-workers investigated 
several possible matrices,15 including calcium 
and magnesium fluoride, sulfur and silver 
halides. The spectra of calcium fluoride and 
magnesium fluoride have too many bands that 
would interfere with the bands in the DRIFT 
spectrum of the analyte at long wavelengths. 
Sulfur suffered the same problem and was 
deemed too reactive for use in some situations, 
while the silver halides were too soft to grind 
well. Diamond powder appeared to be the most 
promising material of those studied. However, 
the specific effect of a change in matrix on the 
infrared spectrum of a sample was not studied. 

An important application of DRIFT 
spectroscopy has been for detection and 
identification in high-performance liquid 
chromatography (HPLC)‘“‘* and thin layer 
chromatography (TLC).‘9*20 With a direct depo- 
sition interface, the chromatographic effluent is 
sprayed onto the diluent matrix. The presence of 
water in the effluent can be disastrous if a 
water-soluble matrix such as an alkali halide is 
used.ls A TLC/DRIFT interface, originally de- 
veloped in our laboratory*’ and now marketed 
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commercially by Laser Precision Analytical 
(Irvine, CA) uses a chalcogenide glass** for the 
matrix. This interface is currently used in our 
laboratory to study the extracts of coals separ- 
ated with TLC.*’ The chalcogenide glass pos- 
sesses many of the properties of an ideal matrix: 
it is nonhygroscopic, inert, easily ground and 
insoluble in common chromatographic solvents. 
It is composed of germanium, antimony and 
selenium with the approximate formula 
GezsSb,* Se,, and has a refractive index of 2.7. 
How the spectra obtained with the chalcogenide 
matrix differ from those acquired with a potass- 
ium chloride matrix or a diluent of higher 
refractive index has never been reported. 

Silicon’2’3 and germanium’2*‘3~24 have also 
been suggested for use as matrix materials. Like 
the chalcogenide glass, both elements are hydro- 
phobic, easy to grind, have relatively featureless 
infrared spectra, and are inert. They possess 
rather high refractive indices of 3.4 and 4.0, 
respectively. The refractive index of potassium 
chloride in comparison, is only 1.5 while that of 
diamond is 2.4. Most organic compounds have 
refractive indices of around 1.5. It is known that 
a high refractive index matrix reduces the inten- 
sity of the analyte bands,‘* but the effect of the 
matrix on band intensities and linearity with 
respect to concentration is unknown. A matrix 
with a higher refractive index will have higher 
front surface reflection, which should lead to 
more scattering. Since the scattering coefficient 
varies with wavenumber, the effect will not be 
uniform over the entire spectrum. Also, the 
penetration depth of the infrared radiation de- 
creases dramatically as the scattering coefficient 
is increased,25 which would lead to less intense 
bands. The decrease in effective penetration 
depth has been postulated to explain the 
significantly decreased band intensities in 
spectra of compounds diluted in matrices of 
high refractive index.‘2*25~26 

A second parameter which should affect band 
intensities in DRIFT spectra is the particle size 
of the matrix. With potassium chloride as the 
matrix, it has been shown9*‘0,‘2*‘4,24 that bands 
become stronger and sharper with decreasing 
particle size. In one study, particles 5-10 pm in 
diameter were found to give spectra of higher 
contrast than larger particles,” although 
another report showed little difference in the 
spectra of weakly absorbing compounds as long 
as the particles were less than 75 pm in size.‘* 
For diamond powder, the optimal particle 
diameter was reported to be 6 prn.15 However, 

whether this size is appropriate for matrices 
with a higher refractive index has not been 
studied. Since the scattering properties of a 
powder are dependent upon both particle size 
and refractive index, it is difficult to determine 
the ideal particle size for germanium and silicon 
a priori. 

The effective penetration depth of radiation 
into a powdered sample is controlled by several 
factors. For a given matrix and concentration of 
analyte, the particle sizes of the analyte’2*26~27 and 
its diluent matrix govern the effective pen- 
etration depth. As the particle size of the sample 
increases, the beam is increasingly attenuated on 
transmission through a sample particle. It can 
be calculated that the absorbance of most fun- 
damentals in the transmission spectrum of a 
carbazole particle 20 pm in diameter would 
exceed 2.0 for all but the weakest bands, and 
particles over 50 pm would completely attenu- 
ate the radiation across essentially all spectral 
features. Assuming some of the radiation reach- 
ing the detector has not passed through one 
analyte particle, the result will be an apparent 
broadening of all bands in the spectrum. 

The effect of particle size can be counteracted 
through a change in the refractive index of the 
surrounding matrix. Depending on how the 
sample is packed prior to spectral acquisition, 
bands in the DR spectrum of carbazole diluted 
in potassium chloride can be up to two orders 
of magnitude greater in intensity than those of 
carbazole in silicon. ‘* When the single beam 
spectrum of germanium powder is ratioed 
against that of potassium chloride, the resulting 
reflectance is less than 50%. The single beam 
spectra of all four matrices were ratioed against 
that of potassium chloride, and the resulting 
reflectance spectra are shown in Fig. l(A-D). 
Reflectance spectra of small (5-10 pm diameter) 
particles of diamond, chalcogenide glass, silicon 
and germanium are shown in Fig. l(A), (B), (C) 
and (D), respectively. Upward-going features in 
the four spectra arise from the uncompensated 
bands in the reference spectrum due to adsor- 
bates on the potassium chloride. The inverted 
bands at 3400 and 1640 cm-’ result from the 
presence of water in the potassium chloride, 
while that at 2900 cm-’ is due to adsorbed 
organic compounds. The small, sharp feature at 
1390 cm-’ is from a nitrate contaminant in the 
potassium chloride. The Si-0 stretching band 
seen in Fig. l(C) occurs around 1200 cm-‘, 
while the Ge-0 stretching band of crystalline Ge 
is found near 900 cm-’ in Fig. l(D). The broad, 
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Fig. 1. The single heam spectra of (A) diamond, (B) chalcogenide glass, (C) silicon and (D) germanium 
ratioed against that of potassium chloride. None of the spectra have heen offset, and all are plotted from 

O-l 10% transmittance. 

downward-going band near 810 cm-’ in Fig. 
l(B) is presumably attributable to the stretching 
mode of Ge-0, shifted by the presence of Se and 
Sb in the glass. 

For a non-absorbing material, the depen- 
dence of the reflectance, R, upon the refractive 
index, n, is described by the Fresnel equations. 
When the matrix is changed from potassium 
chloride to germanium, the refractive index 
increases from 1.5 to 4.0, and the front surface 
reflectance increases from 0.04 to 0.36 at normal 
incidence. The increased reflectance of the Ge 
matrix increases the scattering coefficient and 
therefore prevents radiation from penetrating 
into the sample. A significant fraction of the 
incident radiation does not interrogate analyte 
particles located more than a few micrometers 
below the surface. ” The competing effects of 
refractive index and particle size control the 
effective penetration depth for DRIFT spec- 
trometry. 

In this paper we report the qualitative and 
quantitative effects of different refractive index 
and particle size matrices and DRIFT spectra. 
Spectra obtained with diluent matrices of 
silicon, germanium, diamond powder, a chalco- 
genide glass and potassium chloride were 
analyzed with a typical organic compound, 
carbazole, as the test analyte. Carbazole has an 

infrared spectrum with a number of isolated 
bands of different intensities, and strong bands 
at both high and low frequencies. The effect of 
the matrix on both weak and strong bands can 
be analyzed, along with the effect of scattering 
of the radiation by the matrix. Three particle 
size ranges of carbazole and each matrix were 
used, as well as a range of concentrations of 
carbazole in each matrix. 

EXPERIMENTAL 

Diamond powder (Graves Co., Pompano 
Beach, FL) was obtained in three particle sizes: 
6 pm, 30 pm and 45 pm. Germanium and 
silicon (-325 mesh; Alfa Products, Danvers, 
MA) were ground separately in a stainless steel 
capsule in a Wig-L-Bug ball-mill grinder 
(Crescent Manufacturing Company, Lyons, 
IL). The chalcogenide glass (Ge,, Sb,, Se,, 
TI Glass No. 1173, Texas Instruments, Dallas, 
TX) and potassium chloride (“random 
cuttings”, Harshaw, Solon, OH) were broken 
into small chunks with a mortar and pestle, then 
ground in the same way as the silicon and 
germanium. Except for diamond, each matrix 
was sieved to three particle size ranges in a Sonic 
Sifter (ATM Corporation, Milwaukee, WI). 
Carbazole (Eastman Kodak Co., Rochester, 



842 MOLLIE L. E. TEVRUCHT and PETER R. GRIFFITHS 

NY) was ground and sieved in a similar manner. 
The particle size ranges used were 5-10 pm, 
20-30 pm and 53-75 ,um. These particle sizes 
were chosen to be approximately equal to the 
wavelength, slightly larger than the wavelength 
and several times larger than the wavelength of 
mid-infrared radiation (2.5-15 pm), respect- 
ively. 

After the required particle size range had been 
obtained, carbazole was diluted in each matrix 
to concentrations of O.l%, 0.33%, l.O%, 3.3% 
and 10% (by weight). The carbazole and matrix 
material were mixed without further grinding, 
and were packed into 4.5-mm diameter, 5-mm 
deep sample cups with a modified Parr pellet 
press (Moline, IL).*’ Although each matrix ex- 
hibited very distinct packing characteristics, the 
amount of sample and the duration and amount 
of pressure were controlled to achieve consistent 
and reproducible packing for each sample. Since 
some materials (KC& Ge,,Sb,,Se,) were more 
easily compressed for all particle size ranges 
than others, samples diluted in them were 
pressed more compactly than those in the other 
matrices. 

Spectra were measured at 4 cm-’ resolution 
with a Digilab Model FTS-20 spectrometer 
(Bio-Rad, Digilab Division, Cambridge, MA) 
equipped with diffuse reflectance optics of the 
type described by Fuller and Griffiths” and an 
intermediate-range mercury-cadmium-telluride 
(MCT) detector (Infrared Associated, New 
Brunswick, NJ). Typically, 256 scans were co- 
added for each spectrum, and the reference 
spectrum for each sample was that of its pure 
matrix. Each experiment was performed three 
times, and the results averaged. 

After taking the ratio of the single beam 
spectrum of each sample and the appropriate 
reference spectrum, the reflectance spectrum 
was converted to log( l/R), baseline-corrected, 
converted back to reflectance and then to the 
Kubelka-Munk format. Baseline correction was 
required when the pure matrix reflected less 
radiation than the diluted carbazole, leading to 
reflectance values greater than 100% in the 
ratioed spectrum. The baseline correction fitted 
line segments between four points of the spec- 
trum, then leveled them and added to or sub- 
tracted for the flattened baseline to bring it to a 
log( 1 /R) value of zero across the spectrum. The 
four points selected (3700, 2700, 2100 and 660 
cm-‘) fell in baseline regions. All spectral ma- 
nipulations were performed with Spectra-Calc 
software (Galactic Industries, Salem, NH). 

Transmission spectra of 1 wt. % carbazole 
pressed in a potassium bromide (Harshaw, 
Solon, OH) pellet were acquired on a Nicolet 
740 spectrometer (Nicolet Instrument Com- 
pany, Madison, WI) equipped with an MCT 
detector and operated under conditions where 
the response is linear. Compressed pellets 
ranged in thickness from 130-280 pm. The 
spectra were taken at 4 cm-’ resolution, and 256 
scans were co-added. 

RESULTS AND DISCUSSION 

The transmission spectrum of 1% carbazole 
compressed in a potassium bromide pellet of 
280 ,um thickness is shown in Fig. 2, along with 
the structure of carbazole. DRIFT spectra of 
carbazole diluted to 1 weight percent in potass- 
ium chloride, diamond, the chalcogenide glass, 
silicon and germanium of 5-10 pm particle size 
are shown in Fig. 3(A), (B), (C), (D) and (E). 
The spectra are plotted in Kubelka-Munk units, 
and all have been ordinate-expanded to full- 
scale. Several differences in relative band inten- 
sities between the six spectra in Figs. 2 and 3 are 
readily apparent. The broad feature near 900 
cm-’ in the germanium spectrum arises from 
incomplete compensation of a Ge-0 band, 
shown in Fig. l(D), present in both the sample 
and the reference spectra. As shown in Fig. 
l(C), the spectrum of pure silicon ratioed 
against that of potassium chloride has bands 
near 1200 cm-’ attributable to Si-0 stretching 
modes, but they are not visible in the spectrum 
of carbazole diluted in silicon. 

The transmission spectrum of the potassium 
bromide disk most closely matches that of car- 
bazole diluted in silicon or germanium. As the 
refractive index of the diluent matrix increases, 
so do the relative intensities of the bands above 
3000 cm-‘, attributable to the N-H (3420 cm-‘) 
and C-H (3050 cm-‘) stretching absorptions of 
carbazole. In the transmission spectrum, the 
intensities of the N-H stretching band at 3420 
cm-’ and the C-H out-of-plane deformation 
bands between 775 and 700 cm-’ have roughly 
the same intensity, whereas in the potassium 
chloride DRIFT spectrum the low frequency 
bands are much more intense. Since both the 
N-H and C-H stretching modes exhibit the same 
trends, and since no such suppression is seen in 
the potassium bromide pellet transmission spec- 
trum, the effect cannot be ascribed to the for- 
mation of an amine salt. The spectral features 
below 2000 cm-’ exhibit less dramatic 
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Fig. 2. Transmi~ion spectrum of 1 wt. % carbazole pressed in a stadium bromide pellet. The structure 
of carbazole is given above the spectrum. 

differences. In this region, as the refractive index aromatic ring breathing modes. One possibIe 
of the matrix is increased from 1.5 (KCI) to 4.0 cause for the broadening of the bands in the 
(Ge) the analyte bands become sharper and spectra of carbazole in potassium chloride, dia- 
better resolved. This is especially obvious for the mond, the Ge,,Sb,,Se, glass is attenuated total 
C-H out-of-plane deformation bands, as well as reflectance in the matrix particles. When the 
the doublet at 1625/1602 cm-’ due to c---C refractive indices of the sample and the matrix 
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Fig. 3. DRIFT spectra of 1 wt. % carbazole in (A) potassium chloride, (B) diamond, (C) chalcogenide 
glass, (D) silicon, and (E) germanium. Particles of carbazole and all matrices were between 5 and 10 pm 

in size. Scale expansions for B through E are indicated on the spectra. 
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Table 1. Bands in carbazole spectrum chosen for analysis 

Frequency, 
cm-’ 
3419 
3051 
1602 
1450 
1240 
721 

Assignment 

N-H stretching mode 
C-H stretching mode 
m aromatic ring breathing mode 
C-C bending mode 
C-N stretching mode 
C-H out-of-plane deformation mode 

Absorption coe@ient, 
cm-’ 
12200 
2050 
3300 

10500 
5650 

18200 

are similar, there is increased penetration into 
the analyte particles from adjacent matrix par- 
ticles. This could result in increased absorption 
of the impinging radiation and saturation-like 
effects in the spectrum. Although this expla- 
nation is not very plausible, no other causes are 
evident at this time. 

To compare the spectra of carbazole in each 
of the five matrices quantitatively, the six bands 
listed in Table 1 were analyzed. The assignment 
and absorption coefficient calculated from the 
transmission spectrum of carbazole pressed in a 
potassium bromide pellet are also listed. The 
Kubelka-Munk function, f (R,), gives the ratio 
of the absorption coefficient, k, to the scattering 
coefficient, s.‘~ The absorption coefficient was 
calculated from the potassium bromide disk 
spectrum as 

k,l”T 
cx 

PI 

where T is the transmittance of a given band, c 
is the weight percent concentration of carbazole 
in the pellet (weight: weight) and x is the pellet 
thickness in cm. 

The selected six bands encompass both high 
and low frequency absorptions and range from 
medium-weak to strong intensities. The values 
for these six bands for small (5-10 pm), medium 
(2&30 pm) and large (53-75 pm) particle sizes 
are plotted against weight percent carbazole in 
potassium chloride, diamond, Ge,, Sb12 Se,, sili- 
con and germanium in Figs. 4-8, respectively. 
At least three variables control the differences in 
the spectra, since particle size, index of refrac- 
tion and packing density all affect the intensities 
of bands in a given spectrum. Increased pressure 
applied to the sample results in more intense 
bands in the resulting spectrum.30 

The variation in band intensities with particle 
size for each matrix will be considered first. The 
particle sizes of both analyte and diluent were 
the same for every mixture of carbazole in each 
matrix. As shown in Fig. 4, for both the small 
(5-10 pm) and medium (20-30 pm) particle 
sizes of carbazole dispersed in potassium chlor- 

ide (Cu H9N : KCl) the intensities of correspond- 
ing bands are roughly equal. The band 
intensities in the DRIFT spectrum of carbazole 
diluted in the large (53-74 pm) particles of 
potassium chloride are weaker; this is particu- 
larly evident for the strong feature at 727 cm-‘. 

‘0 727cm~’ potassium chloride 
A 145oCni' 
x 1240 cm-’ 
0 1602 cm-’ 
q 34lQcm- 
+ 3051 cm4 

2 4 6 6 IO 
Weight % Carbazole 

(A) 

0- 2 4 6 a IO 
Weight % Carbazole 

(Cl 

large 

Weight % Carbazole 

Fig. 4. The Kubelka-Munk intensity of six bands in the 
DRIFT spectrum of carbazole diluted in potassium chlor- 
ide. Particles of carbaaole and potassium chloride were (A) 
between 5 and 10 pm, (B) between 20 and 30 pm, and (C) 
between 53 and 75 pm in size. The key for all three graphs 

is given in (A). 
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Fig. 5. The K&&a-Munk intensity of six bands in the 
DRIFT spectrum of carbaxole diluted in diamond powder. 
Particles of carbaxok and diamond were (A) between 5 and 
10 pm, (8) between 20 and 30 pm, and (C) between S3 and 
75 pm in size. The key for a11 three graphs is given in (A). 

These results are in accord with other published 
results,12+24 and are easily explained since in the 
Kubelka-Munk equation, f (R,) increases as s 
decreases. Thus, larger particles, with their 
lower scattering coefficient, would give rise to 
more intense spectral features. This will hold 
only in the absence of front-surface reflection 
leading to anomaIous dispersion or resrstrahlen 
features in the spectrum. Chalmers et u1F4 have 
demonstrated that for an increase in particle 
diameter from 2 to 5 to IO pm, the 
Kubelka-Munk band intensity increases with 
increasing particle diameter for all but the 
strongest bands in the spectrum. The same 
workers24 showed that for silica spheres dis- 
persed in potassium bromide there is an increase 

Weight % Corbazde 

K) 
4 (Cl 

&J 3.5 
E 

1orge 
z. 3 

0 2 4 6 6 IO 
Weight % Corbazole 

Fig. 6. The Kubeika-Munk intensity of six bands in the 
DRIFT spectrum of carbazole diluted in Ge,,Sb,,§e,. 
Particles of carbazoie and Ge&ib,,Se, were (A) between 5 
and 10 pm, (8) between 20 and 30 pm, and (C) between 53 
and 75 pm in size. The key for all three graphs is given in 

(A). 

in bandwidth and decrease in intensity as the 
diameter of the spheres is increased from 2 to 32 
ym. They state that the bands decrease in 
intensity because the “absorption constants” 
decrease as the particle diameter increases, but 
the cause of this effect is not discussed. The 
particle size dependence of both the scattering 
and absorption coefficients means that for weak 
bands, or very small particles, the intensity of 
bands will increase with increasing particle size. 
In the DRIFT spectra of an analyte, re?srs&zhlen 
effects will be observed first with very strong 
bands. Thus, larger particles of analyte or 
strongly absorbing analytes, the spectra of 
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7. The Kubelka-Munk intensity of six bands in the 
DRIFT spectrum of carbazole diluted in silicon. Particles of 
carbazole and silicon were (A) between 5 and 10 pm, (B) 
between 20 and 30 pm, and (C) between 53 and 75 pm in 

size. The key for all three graphs is given in (A). 

which would contain relatively strong bands, 
would be more prone to anomalous dispersion 
and its attendant diminution of strong spectral 
features. Chalmers and MacKenzie caution 
that, since the particle diameter at which the 
changeover occurs will be different for bands of 
different intensity, ratios of weak and strong 
bands will not remain constant as the particle 
size is altered. Thus, for C,,H,H: KC1 the 
largest particles give rise to weaker bands than 
the smaller two particle size ranges of the same 
mixture; this is most evident for the strongest 
bands in the spectrum, which as mentioned 
above are the most susceptible to reststrahlen 
effects. 

germonlum 
(A) 

0 2 4 6 6 IO 

Weight % Corbazole 

06 

r 

(B) 

0 2 4 6 6 

Weight % Carbazole 
IO 

0.6 (Cl 

0.5 

01 

0 2 4 6 6 IO 

Weight % Corbozole 

Fig. 8. The Kubelka-Munk intensity of six bands in the 
DRIFT spectrum of carbazole diluted in germanium. Par- 
ticles of carbaxole and germanium were (A) between 5 and 
10 pm, (B) between 20 and 30 firn and (C) between 53 and 
75 pm in size. The key for all three graphs is given in (A). 

Plots of intensity with respect to the concen- 
tration of carbazole in potassium chloride are 
fairly linear. To measure the linearity of the 
data, the log of the intensity was plotted against 
the log of the concentration of carbazole. If the 
relationship betweenf (R, ) and c were perfectly 
linear, the slope of the log-log plot would be 1, 
and for all matrices other than silicon the slope 
is within 5% of this value, independent of the 
particle size. The resulting slopes of the log of 
the intensity us. the log of the weight percent of 
carbazole in all five matrices are given in Table 
2 and shown schematically in Fig. 9. 

The slopes of such plots in the small particle 
size range of potassium chloride for the six 
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Table 2. Slopes of plot of log(intensity) US. log(concentration) 

Particle size Band position, cm - ’ 

3419 3051 1602 1450 
5-10pm 1.04 1.13 1.00 1.05 

26-30 pm 1.00 1.12 1.02 1.06 
53-75 j4m 1.01 0.97 1 .os 1.00 

S-10pm 0.92 0.91 1.03 0.95 
20-30 pm 0.99 1.07 0.99 1.01 
53-75 pm 1.03 1.05 1.03 0.99 

5-10 pm 1.01 1.00 0.94 0.94 
20-30 pm 1.04 0.83 0.86 0.86 
53-75 pm 1.33 0.85 0.92 0.98 

5-10pm 1.44 1.42 1.38 1.51 
20-30 pm 1.43 1.29 1.27 I .46 
53-75 pm I .42 1.49 1.59 1.33 

S-10pm 1.02 1.06 1.06 0.99 
20-30 pm 1.11 0.99 1.05 1.07 
53-75 pm 1.11 1.09 1.08 1.00 

847 

1240 727 
1.00 1.02 
0.96 1.09 
0.98 I .07 

0.94 0.96 
1.02 0.96 
1.04 0.95 

0.95 0.95 
0.89 1.05 
0.95 1.17 

1.30 1.64 
1.35 1.54 
1.31 1.17 

1.12 0.97 
1.06 0.97 
1.12 1.14 

bands of carbazole listed in Table 1 ranged from 
1 .OO to 1.13; for the medium and large particle 
size potassium chloride corresponding ranges 
are 0.96 to 1.09 and 0.97 to 1.07, respectively. 
Overall, the slopes indicate a minor positive 
deviation from linearity, but the more intense 
bands display slight negative non-linearity due 
to saturation at the higher concentrations of 
carbazole. For carbazole mixed with diamond, 
which has a refractive index of 2.4, the graphs 
of band intensity us. concentration are shown in 
Fig. 5. The difference in the maximum ordinate 
of the plots in Figs. 4 and 5 immediately indi- 
cates that the analyte bands are more than twice 
as weak when diamond is used as a matrix 
instead of potassium chloride. The medium 
sized particles yield slightly more intense bands 
than the small ones, with the large particles 
giving the weakest absorptions. 

The same trend is shown in Fig. 6 for the data 
with Ge,,Sb,,Se, as the diluent matrix. For the 
chalcogenide glass diluent, there is a pro- 
nounced negative deviation in the plot of inten- 
sity us. concentration, exceeding that seen for 
any other matrix used in this study. For the 
smaller particle size range, linearity is main- 
tained quite well for all bands. For the larger 
two particle size ranges however, significant 
non-linearity is shown for concentrations of 
carbazole of 3 wt. % and above. The 
Ge,, Sb,, Se, glass is exceedingly brittle, and it is 
possible that sample morphology effects are the 
cause of this non-linearity. 

The corresponding plots for carbazole diluted 
in silicon and germanium are shown in Figs, 7 
and 8, respectively. The band intensities are 

approximately equal for all particle sizes for 
both matrices. Unlike the three matrices of 
lower refractive index, the intensity of bands in 
the spectra deviate strongly in a positive direc- 
tion with increasing concentration. The stronger 
bands exhibit an increased intensity with in- 
creasing particle size, probably because of the 
effect of anomalous dispersion. As the fraction 
of carbazole grows, the overall refractive index 
of the sample decreases. By the time the concen- 
tration of carbazole is 10 weight percent, there 
are enough analyte particles on the surface of 
the sample that a significant fraction of the 
incident radiation will penetrate into the 
sample, and hence be absorbed more strongly 
by the analyte. With a greater proportion of 
carbazole particles in the sample, there is a 
greatly increased probability of the infrared 
radiation interacting with a carbazole particle 
rather than being reflected out of the sample by 
a germanium or silicon particle. This effect is 
important for concentrations of carbazole as 
low as 3 weight percent for particle diameters 
between 53 and 75 pm. 

Band intensities of carbazole in four of the 
five matrices decrease with increasing refractive 
index of the matrix. The exception to this trend 
is diamond, for which the band intensities are 
between that of Ge*,Sb,,Se, and silicon. The 
anomaly is best explained by considering the 
packing characteristics of potassium chloride, 
diamond and GeZs Sb,* Se,. Unlike diamond, 
both potassium chloride and Ge,, Sb,2 Se, com- 
press easily and compactly, forming a cohesive 
mass in the sample cup. Diamond particles 
show little affinity for one another, and do not 



to spectra acquired with potassium chloride as 
the matrix, band intensities vary linearly with 
the low concentrations encountered in such 
an application, and the material is nonhygro- 
scopic. 
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pack well; this is especially true for the medium 
and large particle size ranges used in this study. 
Yeboah et al. have demonstrated that increased 
compactness of DRIFT sample leads to in- 
creased band intensities in the resulting spec- 
trum.30 Since both potassium chloride and 
Ge,, SblZ Se, are so easily compressed, caraba- 
zole dispersed in these materials will be at a 
higher packing density, leading to more intense 
bands for those two matrices. Thus, the effect on 
the scattering coefficient of the decrease in re- 
fractive index from GezsSblzSem to diamond is 
offset by the result of a greater packing density. 
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Summary-An automated method for the determination of small amounts of proteolytic enzymes has been 
developed, by combining a stopped-flow and an on-line pm-concentration technique, using sorbent 
extraction. It is based on the hydrolysis of a synthetic chromogenic substrate during the stopped-flow 
period, yieldingp-nitroaniline, which is then preconcentrated on a C-18 column. Thep-nitroaniline is then 
eluted from the column to the spectrophotometer flow cell with methanol. In operation, the substrate 
solution (500 ~1) is injected into O.lM tris-HCl buffer carrier and merged with the sample stream. The 
mixed plug is stopped in a waterbath, kept at constant temperature, for reaction. The operation of the 
manifold, including data acquisition, is controlled by a personal computer. Gptimal parameters were 40”, 
pH 8.3, a substrate concentration of 5 mM and wavelength 400 nm. The detection limit, using a 30 min 
stopped-flow reaction time, is 0.1 p U protease/ml. The method is intended to be used in combination with 
portable low volume air samplers for monitoring workplace enzyme dusts in the detergent industry. 

Proteolytic enzymes are widely used in the de- 
tergent industry. They are added to washing 
products to remove protein-based stains. These 
enzymes belong to the group of the subtilisins 
that are alkaline serine proteases originating 
from various strains of Bacillus.’ Today only 
detergent enzyme granulates with a very low 
enzyme dust content are marketed and it is 
essential that sensitive analytical methods are 
developed to control the low enzyme dust levels 
under operating conditions. The American 
Conference of Governmental Industrial Hy- 
gienists (ACGIH) has established a ceiling limit 
of 0.06 pg/m3 for pure airborne enzyme dust,2 a 
level presently not satisfactorily measured by 
any analytical method. The aim of this work 
was to develop a flow-injection preconcentra- 
tion technique for the enhancement of an exist- 
ing spectrophotometric method applicable for 
monitoring enzyme dust at the workplace. 

The described method is sensitive enough 
to allow the use of low air sampling volumes 
and short sampling times. The investigated en- 
zyme is an endoproteinase of the serine type 
(SavinaseTM, Novo-Nordisk, Denmark). The 
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5, CH-30 12 Bern, Switzerland. 

tAuthor for correspondence. 

method relies on the proteolytic hydrolysis of a 
p-nitroanilide substrate (N-succinyl-L-alanyl-L- 
analyl-L-propyl-L-phenylalanyl-p nitroanilide), 
yielding the yellow chromophore p -nitroaniline 
(Fig. 1). This substrate has already been used for 
the determination of various enzymes such as 
chymotrypsin,’ human leukocyte elastase and 
cathepsin G,4 and detergent enzymes.5 The last 
report proved the suitability of the substrate for 
the analysis of small quantities of detergent 
proteases in the presence of high levels of surfac- 
tants. In order to achieve the highest sensitivity 
in the present study, important parameters such 
as temperature, pH, kinetic constants and wave- 
length were studied and optimized. 

Flow-injection analysis (FIA) has proved its 
versatility and suitability for automation since 
its development by RtiEka and Hansen in the 
mid-1970s in several hundred publications.6 The 
novel manifold described here is based on re- 
versed FIA, stopped-flow and preconcentration 
by means of sorbent extraction; the substrate 
solution is injected into a buffer carrier solution 
and then merged with the sample stream. The 
flow is stopped for 5-30 min to allow reaction, 
and then the p-nitroaniline product is precon- 
centrated on a C-18 column. It is eluted with 
methanol to a spectrophotometric detector. The 
control of all devices by a computer allows 
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N-Succ-L-Ala-L-Ala-L-Pro-L-Phe-pNA 

enzymatic 

I 

Tris-HCI buffer 
hydrolysis pH 8.3 

9 
0 

Hz 

p-Nitroaniline 

Fig. 1. Schematic diagram of the proteolytic reaction of the 
enzyme with the substrate yielding the yellow chromophore 

p-nitroaniline. 

automated performance of the analysis. Column 
preconcentration techniques have been used for 
the analysis of trace amounts of metals’~* as well 
as anionic species.’ 

EXPERIMENTAL 

Reagents 

All chemicals were of analytical-reagent grade 
and demineralized water was used throughout. 
Methanol (HPLC grade), calcium chloride 
dihydrate and dimethylsulfoxide were obtained 
from Baker, Phillipsburg, NJ. N-Succinyl-L- 
alanyl - L - alanyl - L - propyl - L - phenylalanyl -p - 
nitroanilide, p -nitroaniline, and tris[hydroxy- 
methyllaminomethane were obtained from the 
Sigma Chemical Company, St Louis, MO. The 
protease (SavinaseTM), with an activity of 3.46 
U/g, was provided by Novo-Nordisk, Denmark. 
The activity units are Novo internal units (kilo 
Novo protease unit) expressed as units per 
gram of enzyme powder and are measured 
relative to a Novo-Nordisk enzyme standard 
by a procedure with N,N-dimethylcasein 
(DMC) substrate and trinitrobenzenesulfonic 
acid (TNBSA) reagent that reacts with the 
product.‘O*” The enzyme powder contained 1% 
of pure active enzyme. 

All FIA and other assays were conducted by 
using a Tris buffer solution containing O.lM 
Tris in O.OlM calcium chloride, adjusted to pH 
8.3 at room temperature with 1N hydrochloric 
acid, unless otherwise stated. The sample, the 
carrier stream and the substrate solution were 
prepared in the same buffer and filtered through 
a Whatman filter No. 5 (2.7~pm pore size) prior 
to use. A 12.5mM stock solution of the substrate 
was prepared by dissolving it in DMSO. Sub- 
strate working solutions were produced by ap- 
propriate dilution of the stock solution with 
Tris-hydrochloric acid buffer. Enzyme solutions 
in the range 0.1-10 pU/ml were prepared by a 
two-step dilution of a 5-mu/ml buffered stock 

solution, using Tri-HCl buffer for dilution. All 
solutions were stored at 4” when not in use. 

Apparatus 

A schematic diagram of the flow-injection 
manifold is shown in Fig. 2(a). The peristaltic 
pumps, model C-6V (PI, P2), were obtained 
from Alitea USA, Medina, WA, and were 
equipped with PVC pump tubing (0.89 mm i.d., 
Cole-Parmer, Chicago, IL). Teflon tubing (0.81 
mm i.d.) was used for the rest of the system. All 
streams (sample, carrier and eluent) were pro- 
pelled at 1 ml/min. Fittings were purchased 
from Upchurch Scientific (Oak Harbor, WA). 
The valves (Vl , V2) were integrated into a single 
unit by using an electrically actuated IO-port 
rotary valve (Valco Instruments, Houston, TX) 
configured as shown in Fig. 2(b). A Milton-Roy 
Mini 20 spectrophotometer (Cole-Parmer, 
Chicago, IL) was used as the detector. The 
pumps and the valve were controlled by an IBM 
Data Acquisition and Control Adapter and an 
IBM PC/AT compatible computer with EGA 
graphics. The analog signal of the photometer 
was amplified from 500 mV to 5 V full scale and 

P2 

Fig. 2(a). Manifold for the enzyme determination in the 
inject and preconcentrate position. C, carrier (demineralized 
water), D, detector, 400 nm, E, eluent (methanol); EL, 
elution; Pl and P2, peristaltic pumps; PR, preconcentration; 
R, reagent (substrate); S, sample (enzyme); T, waterbath; 

Vl, V2, injection valves; Wl, W2, S3, W4, waste lines. 

w2 

Fig. 2(b), Schematic presentation of the IO-port injection 
valve in the inject position. The valve comprises the two 
valves VI and V2 of the manifold. To go to the load 
position, the valve is turned clockwise to the position of the 

dotted lines. 
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digitized with a 12 bit A/D converter of the IBM 
board. A menu-driven program written in house 
based on Microsoft Fortran version 4.1 and 5.0 
and Microsoft Macro Assembler version 5.1 
allowed the precise control of the pumps and 
valve, and the collection and treatement of 
data.‘* Batch spectrophotometric and spectral 
measurements were made with a Hewlett- 
Packard 8452A Diode Array Detector. 

Procedures 

Enzyme activity determination. Batch enzy- 
matic reactions for determining activities were 
initiated by adding 0.25 ml of substrate working 
solution to 1 ml of buffered enzyme solution 
with thorough mixing. Relative reaction rates 
under different operating conditions for a fixed 
concentration of enzyme are simply expressed as 
absorbance units per minute (AU/min) at a 
pathlength of 10 mm. The absorbance of the 
p-nitroaniline produced was measured continu- 
ously, except where otherwise noted. 

Temperature influence. A 1.5-p U/ml enzyme 
solution in the Tris-HCl buffer, pH 8.0 was used 
for temperature studies. The reaction rate was 
determined by recording the absorbance be- 
tween 1 and 30 min. At 44”, a three point 
measurement was made (10, 20 and 30 min). 

Wavelength and pH value dependence. Ab- 
sorbance spectra at different pH values were 
obtained with the diode array detector. Read- 
ings were taken at two minute intervals from 2.5 
to 28.5 min. 

Kinetic constants. The determination of the 
Michaelis constant, K,,,, was conducted at 30” 
and pH 8.3, with duplicate measurements of the 
initial reaction velocity at four different sub- 
strate levels between 0.25 and 2mM, using a 
conventional batch technique. The concen- 
tration of the enzyme solution was 1 pU/ml. 

Preconcentration of p-nitroaniline. A manifold 
with a peristaltic pump operated at a flow-rate 
of 1 ml/min, a Perspex column (7 mm x 2 mm 
i.d.) filled with 10 mg of C-18 material (40 
pm particle size, Analytichem International, 
Harbor City, CA) and the diode array detector 
were used to measure the retention efficiency. 
Prior to the loading of the p-nitroaniline sol- 
ution (2.5 pg/ml in Tris-HCl buffer, pH 8.3) the 
column was activated with approximately 200 
p I of methanol and rinsed with the same volume 
of Tris-HCI buffer. The p-nitroaniline solution 
was pumped continuously and the unretained 
amount was measured as it passed through 
the detector. Absorbance data acquisition was 

started 19 seconds after the p-nitroaniline sol- 
ution reached the column. 

Operation of the FIA system. The FIA system 
employed is shown in Fig. 2(a). It has the 
following functions: inject, mix, incubate, pre- 
concentrate, elute and monitor. Two peristaltic 
pumps (Pl and P2) were used to propel the 
sample (S), buffer (C) and methanol (E) streams 
as well as to fill the injection loop of valve Vl 
with reagent (R). The reagent (500 ~1, 5mM 
substrate) was injected into a carrier stream 
(Tris-hydrochloric acid buffer), merged with the 
sample stream (enzyme solution), mixed in a 
knotted reactor (100 cm x 0.81 mm i.d.) and 
subsequently propelled into a reaction coil (240 
cm x 0.81 mm i.d.) placed in a waterbath (T) 
held at 40”. The mixed zone was stopped there 
for an incubation time of 5-30 min. Next, the 
pump (Pl) was started again, the hydrolysis 
product (p-nitroaniline) was initially monitored 
while passing through the detector D (peak A, 
Fig. 3), and then it was retained on the column 
packed with C-18. The spent stream left the 
system through waste line Wl. When the reten- 
tion step (PR) was completed, pump Pl was 
stopped, and the valve (Vl) turned to the load 
position [see Fig. 2(b)], thereby also opening 
valve V2 and the waste line W2. Pump P2 was 
activated and the preconcentrated p-nitroani- 
line eluted (EL) with methanol in a countercur- 
rent mode and subsequently detected (peak B, 
Fig. 3), leaving at W2. Simultaneous with the 
elution, the reagent loop was filled again. 

Construction of the column and the detector 
flow cell is shown in Fig. 4. The C-18 cartridges 
as designed for the Varian Advanced Auto- 

B 

T 0.2 AU 

A 
A 

H 1 min 

. 

I I I I 
INJECT INCUBATE MONITOR ELUTE 

time’ 

Fig. 3. Typical readout of an assay with an enzyme activity 
of 5 pU/ml. Injection volume was 500 pl (5mM substrate 
solution). A, monitored signal prior to preconcentration; B, 
signal of eluted p-nitroaniline following preconcentration 

(reverse flow). 
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AASP Cl8 cartridge 

(18mm, 2.lmm ID) 

flangeless fitting 

0.5 mm i.d. Teflon 
tubing (5Omm) 

(12mm, 2 mm i.d.) 

plexiglass block 

(31 x 12 mm) 

silicone rubber gaskets 

c holder 

flow cell body 

Fig. 4. Preconcentration and detection components. 

mated Sample Processor [AASP (13)] cleanup 
system are available as cassettes consisting of 10 
items. For the present use, an individual car- 
tridge was cut off this assembly and mounted in 
the flow-injection system as shown in Fig. 4. 

RESULTS AND DISCUSSION 

In order to achieve the required sensitivity for 
the method, the most important parameters 
influencing the proteolytic activity were investi- 
gated and optimized. The effect of temperature 
is shown in Fig. 5. At a reaction time of 30 min 
the reaction rate, expressed in absorbance units 
per minute, was increased by a factor of 1.44 

201 
20 25 30 35 40 45 

Temperature, OC 

30 

20 
83 

PH 

66 

Fig. 5. Effect of temperature on the activity of the proteo- Fig. 7. Wavelength and pH value dependence of the 
lytic enzyme. The reaction rate, expressed in absorbance measured reaction rate (AU/min) of a 1 pU/ml enzyme 
units per minute (AU/min) is based on a reaction time of 30 solution at 22°C. Readings were taken every two minutes 

minutes and an enzyme activity of 1.5 pU/ml. during a reaction time of 28.5 minutes. 

I.0 

05 A;\ 
Omrn 

Wavelength, “in 
3 

Fig. 6(a). Spectrum of the substrate at DH 8.3. Absorbance 
maximum is at 315 nm. 

I 0 

1 300 4cO 

Wavelength, nm 
Fig. 6(b). Spectrum of p-nitroanline at pH 8.3. Absorbance 

maximum is at 382 nm. 

when the temperature was changed from 23 to 
44”. Higher temperatures can be chosen with 
this enzyme but this increases the probability of 
building air bubbles in the FIA-system. 

Absorption maxima for the substrate and the 
p-nitroaniline at pH 8.3 are at 315 nm and 382 
nm, respectively, as seen in Fig. 6. The depen- 
dence of the reaction rates on pH is shown in 
Fig. 7. From this (curve fitted) figure it can be 

70 

60 

OO 
; 50 

.E 
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‘; 40 
a 

H 400nm 
A 402 nm 
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seen that the optimum pH is near 8.3 and a 
wavelength of 400 nm is superior to higher 
wavelengths while still having sufficiently low 
blank values [see Fig. 6(a)]. The molar absorp- 
tivity of p-nitroaniline at 400 nm was deter- 
mined to be 1.18 x lo4 1. mole-’ cm-’ (n = 3, 
pH 8.3). The significant changes of the apparent 
reaction rates with pH are due to changes in 
enzyme activity and changes in the molar ab- 
sorptivity of p-nitroaniline. The absorptivity 
increases by 1.2% from pH 8.0 to 8.3 and by 
3.5% from pH 8.3 to 8.6. 

The determination of the Michaelis constant 
K,,, was performed at 4 different substrate levels. 
Using a Lineweaver-Burk plot, K,,, was calcu- 
lated to be 0.53mM and V,, (maximum reac- 
tion velocity) for a l-pU/ml enzyme activity to 
be 5.2 x 10e3 AU/min (R = 0.992). Since the 
substrate has a limited solubility of approxi- 
mately 1OmM in Tris-hydrochloric acid buffer3 
and the blank value (see Fig. 8) from overlap 
with the p-nitroaniline spectrum should be as 
low as possible, a concentration of 5mM was 
chosen for the experiments. 

The preconcentration experiment (Fig. 9) 
showed that the capacity of C-18 forp-nitroani- 
line is about 0.5 pg (3.6 nmol) for a sorbent 
mass of 10 mg, with a loss of ~2%. However, 
the retention efficiency diminishes at higher 
quantities of p-nitroaniline, which results in a 
non-linear calibration curve (Fig. 8). The ca- 
pacity for the co-retained substrate is about 475 
nmole for a loss of <2%. The retention of the 
p-nitroaniline did not appear to be affected by 
the presence of the substrate. 

A typical recording using the described mani- 
fold with an incubation time of 5 minutes is 
shown in Fig. 3. The peak obtained with precon- 
centration (peak B) is much narrower and more 

0260 

Enzyme octivlty, pU/ml 

Fig. 8. Plot of the peak height of the preconcentrated 
reaction products vs. enzyme activity. Stop time: 5 min 

at 40”. 

501 
0 05 IO 15 20 

p- Nitroaniline, pg 

Fig. 9. Retention efficiency of a C-18 column (10 mg, 7 x 2 
mm id.) for p-nitroaniline. The flowrate was I ml/min and 
the pNA concentration 2.5 pg/ml (Tris-HCl buffer pH 8.3). 

than a factor of seven higher than the peak 
obtained without preconcentration (peak A), 
thus yielding a sensitivity increase of at least the 
same magnitude. As seen from this recording, 
obtained with an enzyme activity of 5 pU/ml, a 
direct measurement without preconcentration 
would be suflicient. For low activities of 0.1 
pU/ml, corresponding to the desired sensitivity, 
a preconcentration step is necessary to achieve 
a satisfactory signal-to-noise ratio. The cali- 
bration graph (Fig. 8) shows that the response 
curve is not linear. However, by increasing the 
amount of C-18 to increase the retention ca- 
pacity, an extended linear relationship can be 
obtained if desired. Relative standard deviations 
of net sample signals of the typical two to 
three repetitive injections were 2.8-17%. The 
sampling frequency is dependent upon the se- 
lected incubation time and ranges from 1.7 to 6 
samples/hr (incubation time: 5 to 30 min). More 
than 60 injections were performed without hav- 
ing to change the pump tubings or the column. 
The detection limit for the protease, with a 
reaction time of 30 min (40”) is about 0.1 
pU/ml. Since the Novo-Nordisk protease stan- 
dard used in this work has an activity of 3.46 
U/g and contains 1% of pure active enzyme, this 
value corresponds to 0.29 ng enzyme/ml. There- 
fore to achieve the ACGIH limit of 0.06 pg pure 
enzyme/m3 air, the enzyme dust contained in 4.8 
litres of air has to be trapped quantitatively in 
1 ml of aqueous solution. Battery operated low 
volume air samplers with Midget impingersI 
may fulfill this purpose. 

CONCLUSIONS 

The proposed method allows an automated 
and sensitive determination of extremely low 
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activities of detergent proteases in solution, and 
has the potential for continuous monitoring 
of enzyme dust in the industrial environment. 
Future work is intended to enhance the per- 
formance of the system by implementing double 
injection and syringe based pumps’s*‘6 which will 
allow interrupted operation of the flow injection 
system for several thousands of measurements. 
However, the low sampling frequency of the 
method will be difficult to overcome due to the 
necessity of long incubation times. To circum- 
vent this problem and to enhance the sensitivity 
of the method even more, studies will be made 
to preconcentrate not only the products of the 
enzymatic reaction but the enzyme as well on a 
suitable solid support. 
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Summary-A method has been developed for the determination of dimethoxydithiophosphate (DDTP) 
by liquid-liquid extraction in a flow-injection analysis (FIA) system with detection by atomic-absorption 
spectrometry (AAS). It is based on the formation of the Cu(DDTP), complex and its extraction into 
chloroform, and back-extraction of the copper with an ammonia buffer (PH 10). The method uses small 
amounts of samples, avoids handling errors and is fast and highly reproducible. It features a detection 
limit of 0.39 ppm DDTP (2.45 x 10v6M in the organic phase) and a relative standard deviation of 1.6%. 
The method has been applied to the determination of the organophosphorus pesticide malathion in an 
agricultural formulation. 

The development of sensitive, selective and fast 
methods for the determination of pesticides is 
mandatory nowadays on account of the broad 
use of these compounds. A major group consists 
of the organophosphorus pesticides derived 
from dimethoxydithiophosphate (DDTP). The 
methods developed for determination of DDTP 
can equally be applied to the determination of 
these pesticides once the optimum hydrolysis 
conditions for yielding DDTP from them have 
been found. There are several methods in 
the literature for the determination of DDTP, 
including titrimetric,’ chromatographic,2A spec- 
trophotometrir? and atomic-absorption spec- 
trometric techniques.‘2.‘3 

The spectrophotometric method reported 
by Norris et ~1.‘~ is imprecise owing to the 
instability of the Cu(DDTP), complex. An 
internal reaction occurs, resulting in a 
reversible equilibrium with colourless copper(I) 
dimethyldithiophosphate and bis(dimethoxy- 
phosphothiorone) disulphide.15 Extracting the 
complex increases its stability and this was 
exploited in earlier work for the indirect deter- 
mination of DDTP. However, the extract had 
to be mineralizedI or the copper back-extracted 
into an aqueous phase.” 

This paper reports the use of a continuous 
extraction FIA-AAS system for determination 
of DDTP, on the basis of the earlier work 
mentioned above. The use of back-extraction 
offers substantial advantages over the batch- 

extraction and mineralization methods, namely 
ease of operation, limited need for laboratory 
ware, lower sample consumption, good stability 
in time, immediate phase separation, possibility 
of automation and avoidance of kinetic prob- 
lems and various manipulative errors, etc. 

EXPERIMENTAL 

Apparatus 

A Varian Techtron AA 1475 atomic-absorp- 
tion spectrometer furnished with a conventional 
copper hollow-cathode lamp was used. 

Reagents 

All reagents were of analytical grade and 
doubly distilled water was used for dilutions. 
Methanol solutions of DDTP were prepared 
from the technical liquid product (82.8% pure). 
The standard copper solutions were prepared 
from a 0.020M solution made with electrolytic 
copper. 

Malathion was determined in the agricultural 
formulation Exathion4, a spraying powder 
from Condor S.A. Standard malathion sol- 
utions in methanol were made from the techni- 
cal liquid product (91.3% pure) and titrated 
after alcoholic hydrolysis.‘6 

FIA-AAS ancillary equipment 

The manifolds used are depicted schemati- 
cally in Fig. 1. The ancillary equipment used 
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BllffCl - 
B (pH=lO) 

Organic -- 
sample 

pl 

Fig. 1. Flow-injection manifolds used in (A) the determination of copper, and (B) its back-extraction. P, 
P, and P2, peristaltic pumps; I, injection valve; W, waste; S, segmenter; E.C., extraction coil; P.S., phase 

separator; R, recorder. Air denotes air compensation. 

comprised the following elements; Gilson 
Minipuls-2 (HP-4) peristaltic pumps fitted with 
PVC tubes of 0.89 mm i.d. for aqueous phases 
and Isoversinic fluorinated-plastic tubes of 
1 mm i.d. for the organic phase; a Rheodyne 
2050 injection valve; a Teflon segmenter, de- 
signed and constructed by the authors according 
to a model reported by Cantwell and Sweileh;ls 
a nylon membrane phase-separator, also home- 
made (Fig. 2); a Millipore HA hydrophilic 
membrane (0.45 pm pore size). 

Continuous extraction in the FIA-AAS system 

Measurement of copper standards in the 
FIA-AAS system 

Measurements were made with the manifold 
depicted in Fig. 1A. Aqueous copper solutions 
were injected into a carrier stream of doubly 
distilled water, and the copper was determined 
by AAS under suitable instrumental conditions. 
The flow-rate of the carrier and the aspiration 
rate of the nebulizer of the atomic-absorption 
spectrometer were air-compensated.19*20 

This was studied with the aid of the manifold 
shown in Fig. 1B. The samples were prepared 
by extracting the Cu(DDTP), complex into 
chloroform according to a procedure reported 
elsewhere.16 The continuous back-extraction 
was accomplished with 0.2M NH: /NH, buffer 
solution (pH IO).” The sample and buffer were 
propelled to the segmenter (S) by a peristaltic 
pump. The segmented flow was then driven to 
the extraction coil (EC), where mass transfer 
took place, and then on to the phase separator 
(PS). The aqueous phase from the separator 
filled the injection loop (I), the contents of 
which were subsequently inserted into a carrier 
stream (doubly distilled water) which was led 
to the AA spectrometer nebulizer. The injection 
of previously separated samples offers the 
advantage of decreasing their dispersion and 
hence increasing the sensitivity, notwithstanding 
the somewhat larger sample volumes required. 

The instrumental conditions for the AAS 
measurements of copper were the same in 
every case, viz. wavelength 324.8 nm, band-pass 
0.5 nm, lamp current 3 mA, observation height 
11 mm above the burner, air flow-rate 12 l./min 
and acetylene flow-rate 1.7 l./min. 

1234 

Fig. 2. Detailed view of the phase separator. F,, segmented 
flow; F,, organic stream; F,, aqueous stream. 1, 3 and 4, 
Teflon membranes; 2 hydrophilic membrane of 0.45 pm 

pore size (Millipore HA). 

Procedure 

An appropriate amount of DDTP, 3.0 ml of 
O.OlM nitric acid, 4 ml of chloroform and a 
small stoichiometric excess of copper were 
placed in a separatory funnel, which was then 
shaken for 2 min, and the organic extract was 
decanted. A further two extractions with 3 ml 
of chloroform were made.16 The copper was 
back-extracted with the 0.2M NH: /NH, buffer 
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from the samples thus obtained, in the manifold Table 1. Influence of the carrier flow-rate on the precision 

shown in Fig. 1 B.” The extra&ion flow-rate was of the measurement of copper in the FIA-AAS system 

2 ml/min and a lOO-cm knotted reactor was Flow-rate, mljmin 4.02 5.0* 6.07 7.5t 

used. The injected volume was 160 ~1 and the 
Precision, s,, % 
(n = 8, [Cu] = 2.54 ppm) 0.9 0.9 2.2 4.4 

carrier flow-rate 5 ml/min. The copper was 
determined under the instrumental conditions 

*Two carrier lines. 

described. 
tThree carrier lines. 

RESULTS AND DISCUSSION increases with increasing flow-rate, although 

Optimization of the measurement of copper in the 
rates above 5 ml/min result in pulse problems 

FIA-AAS system 
arising from the peristaltic pump. Table 1 

The FIA-AAS combination is somewhat 
reflects these problems derived from the use of 
three carrier lines and also shows the variation 

peculiar as regards dispersion,21 as a result of the 
effect of the nebulizer parameters on the amount 

of the precision with the flow-rate. The carrier 

of sample aspirated. The flow-rate and the 
flow-rate used to avoid these problems and 

injected volume are the variables which most 
ensure good precision was 5 ml/min (Fig. 3 and 

significantly affect the dispersion;22.23 the length 
Table 1). 

and inner diameter of the tubing are less influen- Optimization of the continuous extraction in the 

tial, and are frequently overlooked in this type FIA-AAS system 

of work. On the other hand, the flow-rates 
commonly used in continuous extractions 

The study of the extraction process involved 

(x 1 ml/min)24-26 must be compatible with the 
three variables: the type and length of the 
extraction reactor and the flow-rate. Coiled and 

aspiration rates required in atomic-absorption knotted reactors were used, and as can be seen 
work (5-6 ml/min). 

To study the influence of the injected volume 
in Fig. 4, the extraction yield increased with 

on the dispersion volumes of 40, 160 and 245 p 1 
increasing reactor length. In addition, for a 

were used. (void volumes not considered). The 
given reactor length, the knotted reactor proved 

dispersion decreased with increasing injection 
to be more efficient than its coiled counterpart. 

volume from 40 to 160 ~1, above which 
These results are accounted for by the greater 

it remained virtually constant. A volume of 
turbulence within knotted reactors, which 

160 ~1 was therefore chosen for all subsequent 
favours contact between the phases and there- 

experiments. 
fore gives rise to greater mass transfer. Also, the 

The influence of the carrier flow-rate on ab- 
flow-rate appears to affect only the shorter 

sorbance is illustrated in Fig. 3. The sensitivity 
reactors, particularly the 50-cm long coiled 
reactor. The lOO-cm knotted reactor was chosen 
because although the 300-cm coiled reactor 

0.30, I 
provided higher sensitivity, this did not compen- 
sate for the disadvantages of larger amounts 
of sample and longer determination times 

1 0.12 
0.15 

i 

~---=----a 300 cm 

L / T-4 
A 

0.10 
0.10 

_Y lOOan 

0.08 c - 1OOcml 

0.0 2.0 4.0 6.0 8.0 

Flow-rate (ml/min) 0.04 ’ ’ ’ ’ ’ . ’ * 1 

Fig. 3. Influence of the carrier flow-rate on the absorbance 
0.5 1.0 1.5 2.0 2.5 3.0 

of copper: (0) 1.27 ppm Cu (0.125 A with conventional Flow-rate (ml/min) 

aspiration); (m) 2.54 ppm, Cu (0.256 A with conventional Fig. 4. Influence of the type and length of extraction coil and 
aspiration). The injected volume was 160 ~1 in all instances. the flow-rate on the extraction yield: (0) coiled; (m) 
One carrier stream was used up to 2.75 ml/min, two between knotted. The injected volume was 160 ~1 and the carrier 
2.75 and 5.0 ml/min, and three between 5.0 and 7.75 ml/min. flow-rate was 4 ml/min in all instances. 
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Scan- F--it& 

Fig. 5. Calibration peaks obtained upon triplicate injections 
of three DDTP standards (A) and duplicate injection of one 
DDTP standard (B), and blank signal (C). The numbers 
above the peaks denote pmole of DDTP extracted into 25.0 

ml of CHCI,. 

required. The flow-rate selected, 2 ml/min, 
resulted in a good sampling rate. 

Analytical features 

By use of the proposed procedure a cali- 
bration graph for DDTP was prepared. Figure 5 
shows a typical FIA recording obtained from 

three injections of each standard. The study of 
the precision involved 9 injections of a sample 
obtained by extracting 1.65 pmole of DDTP 
into 25.0 ml of chloroform (8.0 x 10m5M in 
the chloroform solution). The relative standard 
deviation (rsd) was 1.6%. The detection limit, 
obtained by applying the 3 s/m criterion,” was 
0.39 ppm DDTP, equivalent to a concentration 
of 2.45 x 10V6~ in the chloroform solution. 
Table 2 compares the results obtained by the 
proposed method with those provided by other 
methods for determination of DDTP’4v’6*‘7 on 
the basis of the Cu(DDTP), complex. The 
proposed method has better analytical features 
than the standard procedureI and although 
its precision is poorer than that of the back- 
extraction procedure, ” the FIA-AAS method is 
much faster and requires smaller amounts of 
sample. 

Interferences 

In previous work” interferences with the 
extraction of the Cu(DDTP), complex were 
studied. The first group of species considered 
consisted of some metal ions [Zn(II), Fe(III), 
Pb(II), Cu(II) and Bi(III)] which form com- 
plexes with DDTP. The serious interference 
from iron and bismuth can be overcome, 
although addition of an excess of copper is 
required. 

The second group of species considered com- 
prised certain organophosphorus compounds 
from different groups of pesticides. Malathion, 
belonging to the DDTP group, does not inter- 
fere as it is not hydrolysed in the acidic medium 
from which the extraction takes place and hence 

Table 2. Analytical features of the determination of DDTP and comparison of methods 

Standard Mineralization Back-extraction 
Method (UV-VIS) (A AS) (AAS) FIA-AAS 

Determination range 
pmole 0.37-7.92 0.01-5.10 0.10-1.80 1.342.68 
ppm 5.8-125’ 0.1-327 I.628t 8.5-17$ 

Detection limit 
pmole 0.14 0.006 0.004 0.06 I 
ppm 2.2. 0.04t 0.06t 0.39$ 

Precision s,, % 3.3 (n = 10) 1.8 (n = 10) 0.8 (n = 10) 1.6 (n =9) 
DDTP found, mole5 1.925 1.523 1.530 1.546 
S,_,, wale 0.0635 0.0274 0.0122 0.025 1 
Fcrperimmta, # 6.40 1.19 4.23 
F table rW/o, 3.39 3.39 3.23 
‘Ab.p.nnrnul +I 17.42 1.80 1.74 
Degrees of freedom 13 17 14 

*In the final organic solution. 
tin the final aqueous solution. 
$In the sample (after extraction into CHCl,). 
§DDTP added, 1.65 pmole in all cases. 
#Comparison with FIA-AAS method.** 
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Table 3. Determination of malathion in the agricultural fomulation Exathion-4 (4% 
malathion) (n = 3) 

Method Standard Mineralization Back-extraction FIA-AAS 
(UV-VIS) (AAS) (AAS) 

Malathion, % 4.02 f 0.18 3.77 f 0.07 3.56 f 0.03 3.84 f 0.12 
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does not yield DDTP. Some thiophosphate 
pesticides interfere negatively, which may be 
due to interferences in the extraction of the 
complex.r6 
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Summary-Microwave induced plasmas, sustained in a Beenakker resonator and a surfatron, respectively, 
are used to excite vapours released by electrothermal evaporation of solutions from a tungsten coil. The 
analytical figures of merit of AES for two easily volatilized elements (Cu, Cd) are compared for argon 
MIP operated in the two resonators under optimized conditions. In the Beenakker resonator a l-filament 
plasma was produced at an argon flow of 0.45 l./min and a forward power of 50 W. In the surfatron a 
2-filament plasma with 2.44 l./min argon and a forward power of 130 W was used. The detection limits 
for Cu and Cd with the surfatron are lower than those obtained with the Beenakker resonator and are 
in the range 10-20 ng/ml. Also interferences arising from an easily ionized element such as Na are lower 
with the surfatron than with the Beenakker resonator. The linear dynamic ranges in the case of the 
surfatron are also superior and extend over three decades of concentration. 

Microwave induced plasmas (MIPS) are promi- 
nent sources for performing optical emission 
spectrometric multielement determinations. 
They are produced without electrodes in a res- 
onator where the microwave energy is coupled 
to a gas (argon or helium) flowing in a quartz 
capillary. Microwave induced plasmas for 
atomic spectrometry were first operated in res- 
onators at reduced pressure, as in the case of the 
so-called Evenson a I resonator.’ They became 
of real interest for atomic spectrometric analysis 
since it was possible to operate them at atmos- 
pheric pressure. This could be realized with the 
TMolo resonator, developed by Beenakker’ and 
later improved by van Dalen et al.’ In addition, 
other microwave cavities for use at atmospheric 
pressure have become available during the last 
few years. The so-called surfatron4 is operated 

*Author for correspondence. 

at atmospheric pressure and was described by 
Hubert et al.’ Spectroscopic investigations of 
argon plasmas6 and investigations of the work- 
ing parameters by use of helium or argon plas- 
mas operated in a surfatron followed.7 

Since the MIPS are operated at low power, as 
compared to the inductively coupled plasma 
(ICP), restrictions for the introduction of 
samples in MIPS exist. Generally large amounts 
of matter cannot be brought into MIPS without 
disturbing their discharge stability. Also, due to 
the low gas kinetic temperatures* matrix effects 
are high. 

Various methods of sample introduction have 
been used in combination with MIPS. Pneu- 
matic nebulization of solutions, as it is known 
from ICP spectrometry, is hampered by the low 
power of the MIP. Nevertheless, Kollotzek et 
~1.~9’~ could produce a toroidal plasma, into 
which wet aerosols produced by a Meinhard 
nebulizer could be taken up. They used a quartz 
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capillary with 4 mm id. in a TMolo resonator 
and 150 W forward power. Yet a desolvation of 
a wet aerosol improves the analytical perform- 
ance.” 

Further electrothermal evaporation (ETV) of 
dry solution residues can be used. Here, solution 
aliquots are brought into a graphite furnace or 
put on a metal filament, dried, and subsequently 
the analyte is released as vapour during a heat- 
ing stage. I2 The advantage of this approach is 
the separation of evaporation and excitation. 
The sample is volatilized in the graphite furnace 
or on the metal filament, so that the whole 
energy of the plasma is used for the excitation. 

In the case of the MIP, Aziz et ~1.‘~ used a 
graphite furnace. The sample was evaporated 
and the solvent vapour was removed through 
the sampling aperture by an argon flow entering 
from both sides of the furnace so as to avoid 
condensation in the treatment line. Heltai et ~1.‘~ 
showed that the toroidal argon MIP could be 
operated also reliably in combination with elec- 
trothermal evaporation. 

The use of a metal filament was described by 
Runnels and Gibson. I5 They used a 0.4-mm 
platinum filament placed in an evaporation 
chamber and an argon-MIP for the determi- 
nation of volatile metal chelates. Other papers 
on the application of metal filaments included 
the use of tungsten and tantalum filaments. 
Aldous et aLI employed platinum and tungsten 
filaments, on which a reproducible amount of 
sample could be collected as a surface film by 
dipping them into the solution. When using a 
rapid electronic amplifier/integrator, a linear 
dynamic range of three decades for Cd was 
achieved. Kawaguchi et al. determined pico- 
grams of metals in metal enzymes by using 
evaporation from a tantalum filament and exci- 
tation in a helium-MIP under reduced press- 
ure.” They also investigated the interelement 
effects and the mechanism of excitation of the 
He-MIP.” 

Van Dalen et aLI determined halogen and 
sulphur by using a tantalum filament and a 
He-plasma produced in a TMolo resonator at 
atmospheric pressure. A special sampling unit 
which uses a tungsten filament has been de- 
scribed by Brooks and Timmins.20 

The aim of this work is to compare under 
optimized conditions the analytical perform- 
ance of a Beenakker resonator and a surfatron, 
respectively, in MIP-AES in combination with 
the same electrothermal evaporation unit. An 
objective evaluation of both plasmas is obtained 

as the same signal recording equipment is 
used. 

In both cases, a tungsten coil, as described by 
Berndt et al.” for AAS, is employed for analyte 
evaporation. The detection limits and the linear 
dynamic ranges for a volatile element (Cd) and 
a less volatile element (Cu), are determined. 
Also the influence of an easily ionized element 
such as Na on the Cd and Cu signals is studied. 

EXPERIMENTAL 

MIP equipment 

For the measurements with the Beenakker 
resonator a 200 W microwave generator (EMS, 
Mikroton 200 Mark III) was used. In the case 
of the surfatron, which requires a higher for- 
ward power, a generator with 300 W maximal 
forward power (AF, GMW 24-301 DR) was 
used. The TMolo resonator used in this work is 
a modified version2 of that described by 
Beenakker.’ The surfatron was built after a 
description given by Selby and Hieftje’ (Fig. 1). 

Evaporation unit 

The tungsten coils used for electrothermal 
evaporation were produced for halogen lamps 
(Osram GmbH, Munich, FRG). They consist of 
12 turns with dimensions of 3 mm x 7 mm x 1 
mm and can be used up to a voltage of 24 V 
and a power of 250 W. The high melting point 
of tungsten (3410”) permits it to achieve the 
temperature of up to 2000” required for the 
sample volatilization by applying a voltage of 
9 v. 

For drying sample aliquots of 20-50 ~1 within 
1 min, a voltage of 0.35 V was selected. Then the 
coil did not glow at the end of the evaporation 
time, by which a loss of volatile elements and 
compounds was prevented. The water vapour 
produced during the solvent evaporation was 
released through the side-arm of a three-way 
valve, placed between the quartz evaporation 
unit and the argon flow 2 inlet. A PTFE plug 
was used, which makes greasing superfluent and 
prevents contaminations. The experimental 
facilities and operating conditions are given in 
Table 1. 

Measurement 

For analysis 20 ,uI of the solution was dis- 
pensed on the coil with the aid of a micropipette 
and during this procedure the MIP was oper- 
ated with the argon flow 2 only. After closing 
the sample aperture, the sample was dried and 
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??UO,, resonator 

suffstron 
Fig. 1. MIP resonators and evaporation system. 

Table 1. Instrumental parameter 

Microwave equipment 

Reenakker resonator 

Microwave 
generator 

Resonator 
Capillary 

Illumination 

EMS, Mikroton 200 Mark III 
frequency: 2.45 GHz; maximal 
forward power: 200 W 
water cooled TMolo resonator 
quartz capillary with I mm i.d., 
5 mm o.d. 
2 x magnified image on the 
entrance slit: f = 52 mm 
lens (distance to plasma: 70 mm; 
distance to entrance slit: 280 mm) 

Surfatron 

Microwave 
generator 

Resonator 
Capillary 

Illumination 

Tungsten coil 

AF, GMW 24-301 DR, 
frequency: 2.45 GHz 
maximal forward power: 300 Watt 
water cooled surfatron 
quartz capillary with 4 mm i.d., 
6 mm o.d. 
2 x magnified image on the 
entrance slit: f = 76 mm 
lens (distance to plasma: 116 mm; 
distance to entrance slit: 234 mm) 
tungsten coil with 12 turns 
maximal voltage: 24 V 

Spectrometer 

Monochromator 

Photomultiplier 
Oscilloscope 

Potentiomet 
recorder 

0.75-m Ebert monochromator 
grating: 1800 lines/mm 
dimensions: 52 mm x 52 mm 
entrance slit width: 10 pm 
exit slit width: 25 pm 
lP28 
Hemeg Digital Storage Scope HM 
208 
Linseis; model LS 44 

the analyte solvent vapour was released through 
the three-way valve. 

Subsequent to the drying stage, the argon 
flow was switched from 2 to argon flow 1. After 
waiting 30 set for stabilization, the sample was 
evaporated and transported into the plasma. 
After recording the signal, the flow was switched 
back to argon flow 2 and the next sample could 
be brought onto the coil. 

This procedure was used both with the 
Beenakker resonator and with the surfatron. In 
the case of the latter we partly worked with 
argon flow 1 and argon flow 2 together (see 
Table 2). In all other experiments the argon flow 
2 was turned off prior to the analyte evapor- 
ation stage. 

RESULTS AND DISCUSSION 

Measurements with the Beenakker resonator 

Stability area of the MIP. In the TM,,,, res- 
onator a l-filament plasma can be produced by 
using a clamping device with 4 narrow cuts. The 
capillaries used may have diameters from 1 to 
several mm. In the case of a capillary with an 
internal diameter of 2 mm, the plasma cannot be 
ignited reproducibly as it changes its burning 
position. This effect could not be completely 
eliminated by asymmetrically positioning the 
capillary in the resonator. As the reproducibility 
of the signals finally was insufficient, the 2-mm 
capillary was not used for analytical measure- 
ments. 

TAL 3W3-E 



866 u. BcHTs er 01. 

Table 2. Optimal working conditions for the different plasma forms obtained in a surfatron 

Chamber Gap Forward Refl. Argon Argon Signal to 
Plasma depth, length, power, power, flow 1, flow 2, background ratio 
form mm mm W W I./min I./min for 3 pg/ml Cu 

tor. I 45.5 14.6 100 0.35 - 18 
tor. II 44.4 12.3* 130 

::‘: 
0.38 - 20 

l-filament 31.3 10.0 110 0.90 0.38 22 
2-filament 43.0 13.0’ 130 2.44.t - 110 

*As low as possible. 
GAS high as possible. 

With a capillary diameter of 1.5 mm and 1 
mm, respectively, the plasma filament lied stable 
at one position and was not disturbed when the 
coil was heated for evaporating the sample. 
With gas flows below 0.6 l./min Ar, the signals 
were found to be reproducible. All further deter- 
minations, therefore, were performed with a 
quartz capillary having an internal diameter of 
1 mm. 

For a one-filament MIP in a quartz capillary 
with l-mm inner diameter the microwave for- 
ward power, the gas flow and the selection of the 
observation zone of the plasma were optimized 
(Table 3). It was found that a forward power of 
50 W and an argon flow 1 of 0.46 l./min gave 
optimum line to background ratios for the 
elements studied. 

Calibration curves. The linear dynamic ranges 
for Cd and Cu are different but, as shown for 
Cd, they also depend on the analyte species 
present (Fig. 2). 

The evaporation temperatures e.g. of cad- 
mium chloride and cadmium sulphate are very 
different, namely 490” and ca. lOOO”, respect- 
ively. The calibration curve of the cadmium 
chloride bends off at low concentrations, which 
might be related to the higher volatility as 
compared to cadmium sulphate where no losses 
were observed. Therefore, all further measure- 
ments are performed with cadmium sulphate. 

When measuring peak heights, the linear 
range of the calibration of Cu is limited. This is 
due to an increase of the signal duration, which 
was found to be proportional to the concen- 
tration. With Cd the linear dynamic range is 

Table 3. Optimized working parameters for the l-filament 
plasma in the TM,,, resonator 

Parameter Range Optimum 

Forward power 40-60 w 50 wt 
Position observed* O-Q.5 mm 0.35 mm 
Gas flow 0.3-0.6 l./min 0.46 l./min 

*0 mm means the edge of the capillary and 0.5 mm is the 
center of the plasma. 

tAs low as possible for a stable plasma. 

higher than with Cu. It is only limited by a 
decrease of the temperature and the stability of 
the plasma with an increase of the amount 
of analyte introduced. The increase of the 
signal duration in the case of Cu can be due 
to effects in the plasma and/or during the 
evaporation. 

The addition of Na generally leads to an 
increase of the Cu and Cd signals (Fig. 3 and 
Table 4), which is proportional to the Na con- 
centration. This can be explained by a shift in 
the ionization equilibrium or by an increased 
excitation of the low energy Cu and Cd levels at 
the lower plasma temperature resulting from 
ionization of the Na added. 

Measurements with the surfatron 

Stability area of diflerent types of MIPS. After 
adjusting the coupling plunger until a minimum 
of reflected power was obtained, various plasma 
forms could be produced depending on the gap 
length, the chamber depth, the gas flows and 
also on the axial position of the capillary in the 
surfatron. As a result of variations of these 
parameters four different plasma forms were 
found, namely, a l-filament plasma, a 2-filament 
plasma and two toroidal plasmas, marked as I 
and II. The latter mainly differ by the conditions 
under which they were achieved, but also by 
their stability area and performance (Table 3). 

I 01005 I I I 

0.5 5 50 

Fig. 2. Calibration curves: 50 W forward power and 0.46 
l./min argon. Cd (line Cd I 228.8 nm): + CdCl,; *CdSO,, 

Cu (line Cu I 324.8 nm): n CuCl,. 
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Fig. 3. Influence of Na on the determination of Cd and Cu 
with MIP-AES using a Beenakker resonator and 
ETV. x Cd; + Cd + 20 &ml Na (line Cd I 228.8 nm). a 

Cu; * Cu + 10 pg/ml Na (line Cu I 324.8 nm). 

All plasma forms were produced in a capillary 
with an internal diameter of 4 mm and an outer 
diameter of 6 mm. Experiments with a capillary 
having 2 mm i.d. and 6 mm o.d. did not lead to 
a stable plasma. At the conditions investigated 
only an unstable l-filament plasma was ob- 
tained. 

The toroidal plasma I was obtained at a gas 
flow between 0.3 and 0.5 l./min and a forward 
power of 90-120 W. Its reflected power depends 
on the chamber depth and the gap length [Fig. 
4(a) and (b)]. The capillary should not protrude 
out of the surfatron. At this position the 
reflected power was minimum (2.4 W). 

The toroidal plasma II could be operated 
stably at a forward power of 130-160 W and a 
gas flow of 0.3-0.6 l./min. In contrast to the 
toroidal plasma I, the reflected power here was 
minimal, when the capillary protruded 10 mm 
out of the surfatron. The values of the chamber 
depth and the gap length for minimal reflected 
power are given in Table 3. 

A l-filament plasma could be obtained at a 
forward power of 105-l 15 W and a gas flow 
between cu. 0.5 and 1.5 l./min. Thus the plasma 
was stable only within a small range of forward 
power, whereas the gas flow could be largely 

Table 4. Influence of different amounts of Na on the signal 
of Cu and Cd solutions, respectively 

Matrix effect, %* 

Na, 
For 0.8 pg/ml Cu For 3 &ml Cd 

fig/ml Eteenakker Surfatron Beenakker Surfatron 
9+4 - - - 

6_+5 - - 5 13&6 3&S S&5 IOk6 
10 42+ 10 12+8 14&8 15&8 
20 - - 25* 10 21 f 10 

*Numbers behind f correspond to a 1 u confidence level. 

01 1 1 1 ’ ’ ’ ’ ’ ’ ’ ’ ’ 
36 30 37 38 39 40 41 42 43 44 45 48 47 

Char&or length, mm 

21 1 ” ” ’ “1 
12 12.6 13 13.6 14 14.6 16 16.6 16 16.6 

Gap length, mm 

7 

Fig. 4. Optimization of the chamber depth (a) and the gap 
length (b) of the surfatron (toroidal plasma I). Forward 
power: 100 W, argon flow 1: 0.35 I./mitt; (0) with gap length: 

14.6 mm; (b) with chamber depth: 45.5 mm. 

variated. The reflected power was at a mini- 
mum, when the capillary protruded cu. 20 mm 
out of the surfatron. A 2-filament plasma could 
be produced at a gas flow of 1.8-2.5 l./min and 
a forward power of 120-170 W, provided the 
capillary does not protrude out of the surfatron. 
Both plasma filaments came together in front 
of the surfatron and outside the capillary. 
The position of the two plasma filaments de- 
pended on the gas rate. At an argon flow >2.3 
l./min the plasma filaments lay stably above 
each other. At a gas flow <2 l./min they lay 
horizontally side by side, whereas at gas flows 
between these values the filaments were not 
stable in either of these positions over a longer 
time. 

The gas flows and the microwave forward 
powers for the four plasma forms described 
above were optimized with regard to their ana- 
lytical performance. The observed region was 
selected in the center of the capillary, as for all 
plasma forms the best signal to underground 
ratio was found here (Table 1). 

Calibration curues. Of the four plasmas the 
2-filament plasma was selected, because for the 
elements determined (Cd and Cu) the signal to 
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Fig. 5. Calibration curve for Cu (line Cu I 324.8 nm), using 
a surfatron (2-filament plasma). n measuring peak heights; 

* measuring peak areas. 

background ratios and the linear dynamic 
ranges are superior. Already at low concen- 
trations the calibration curve of Cu tails off 
when peak heights were measured. The effect, 
however, is stronger in the case of the surfatron 
as compared to the TMolo resonator. When 
using peak areas the linear dynamic range in- 
creased (Fig. 5). In the case of Cd this has hardly 
any effect, as the signal duration is not spread 
out, as already discussed in the case of the 
Beenakker resonator. 

When adding different amounts of Na to the 
Cu and Cd solutions and measuring peak areas, 
the calibration curves shift. At lower concen- 
trations the curves with added Na were found to 
lie above the pure solutions (Fig. 6). 

CONCLUSIONS 

In this work a l-filament MIP obtained in a 
Beenakker resonator and the optimized 2- 
filament plasma in the surfatron have been 
studied. The latter plasma form is the most 
stable. Its detection limits (Table 5), based on 
the 3 0 concept, are in the range 10-20 ng/ml 

Table 5. Comparison of the linear dynamic ranges and 
detection limits 

Beenakker Surfatron 
50 W l-filament 130 W 2-filament 

0.46 l./min 2.44 l./min 

Cu Cd Cu Cd 

Dynamic range 2.102 1.10’ I.103 2.103 
Detection limit rg/ml 0.05 0.09 0.01 0.02 

(20 ~1 sample aliquot) 

and thereby come near to those of ETV-ICP 
spectrometry. They are lower by a factor of 4 to 
5 than those obtained with the l-filament MIP 
in the Beenakker resonator. 

The linear dynamic ranges for Cu and Cd 
with the surfatron and with peak area are 
considerably larger than those of the Beenakker 
resonator (Table 5). 

In MIP-AES the matrix effects are higher 
than those of ICP spectrometry. This is due to 
the small amounts of material which can be 
taken up by the plasma without disturbing it 
and to the influence of elements such as Na. 
With the surfatron, the influence of Na on 
the signals of Cu and Cd is lower than with the 
Beenakker resonator, where especially for 
the case of Cu the effect is high (see Table 4). 
This comparison between both resonators is 
difficult to interpret, because in the case of the 
surfatron the calibration curves with added Na 
are not parallel to those of the pure solutions. 
Due to the high matrix effects, ETV/MIP-AES 
especially is of use in multistage procedures, 
where the matrix is separated from the elements 
to be determined. 

Within the linear range the relative standard 
deviation (RSD) is 3-5% with both resonators. 
It is similar to the one obtained with graphite 
furnace AAS or MIP-AES using graphite fur- 
nace evaporation. I3 The RSDs increase as the 
Na content goes up. 

In the case of the 2-filament plasma a side-on 
observation at the point before the plasma 
filaments come together, e.g., with an optical 
fiber, could improve the signal to background 
ratio, considerably. 
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“Ministerium fur Wissenschaft und Forschung des Landes 
Nordrhein-Westfalen” and by the “Bundesministerium fur 
Forschung und Technologie”. 

Fig. 6. Influence of Na on the determination of Cd and Cu 
by MIP-AES, using a surfatron and ETV. x Cd; +Cd + 10 
pg/ml Na (line Cd I 228.8 nm). n Cu; * Cu + 10 fig/ml Na 

(line Cu I 324.8 nm). 
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Summary-The determination of cadmium by electrothermal atomization atomic absorption spectrometry 
with a platinum tube atomizer in the presence of air has been investigated. The detection limit of cadmium 
was 0.09 pg (9 pg/ml for a lo-p1 volume). The relative standard deviation of the measurement was 2.9%. 
For 2.5 pg of cadmium, Cu, Pb, Zn, Al, Ca, Fe, K, Mg and Na (lO’-10s-fold) did not interfere with the 
absorption signal. The method has been applied to the determination of cadmium in some biological 
materials. The average analytical value found for the standards lay within the limits of the certified values. 
The remarkable merits of the platinum atomizer are its stability in air and long life-time (able to withstand 
more than 1000 heating cycles in air). 

The toxic effects of cadmium are now well 
recognized and many researchers have reported 
the determination of cadmium in biological 
materials by electrothermal atomization atomic 
absorption spectrometry (ETA-AAS).‘-9 How- 
ever, in most cases there is the problem of 
matrix interference and preseparation tech- 
niques and matrix modifier methods have 
therefore been performed before analysis.‘-9 

Metal tubes and wires’o-‘4 have recently been 
developed as atomizers in ETA-AAS and have 
been found to be excellent in comparison with 
graphite atomizers. However, there is a limi- 
tation for routine in situ analysis. For protection 
from oxidation, both graphite and metal atom- 
izers need a purge gas in a large cylinder, which 
occupies a relatively large space. The purge gas 
disturbs the design of a compact AA system 
with routine analysis. Maeda et al. reported that 
oxygen gas came into play as a stabilizer and 
background reducer in the determination of 
cadmium in biological samples by graphite 
furnace AAS.’ In view of these points, plati- 
num metal is the most suitable atomizer. An 
ETA-AAS system with a platinum wire in an 
argon atmosphere has been reported.12 The sen- 
sitivities and detection limits were improved 
over those obtained from conventional flame 
measurements. Fragale and Brunols described a 
simple flame emission device for use in teaching 
laboratories which incorporates a platinum wire 

*Author for correspondence. 

atomizer. Bemdt and co-workers’6-‘8 reviewed 
the utilization of metal loops (Pt, Pt/Ir or Ir) for 
discrete sample introduction into flames. They 
have reported the benefits of using platinum 
wires in flames. There is, however, no report of 
ETA-AAS with a platinum tube atomizer. 

In this study, we report the determination of 
cadmium in biological materials by ETA-AAS 
with a novel platinum tube atomizer in air. 
Interference studies with the atomizer were per- 
formed. A simple, precise and convenient 
method for determination of cadmium is shown. 

EXPERIMENTAL 

Apparatus 

The platinum tube atomizer (33 mm long, 
2.0 mm i.d. and 0.03 mm wall) was made from 
a high purity platinum foil (99.98% Koch 
Chemicals Ltd.). A 0.3-mm diameter hole was 
drilled at the midpoint of the tube to inject a 
sample. The atomizer was hung from two elec- 
trodes modified from conventional style elec- 
trodes, as shown in Fig. 1. The electric power 
for the atomizer was supplied with a trans- 
former (YAMABISHI, S-130-5, Cap. 500 VA). 

Two pinhole apertures were placed in front of 
and in the rear of the atomizer to provide a 
narrow beam of light about 1.0 mm in diam- 
eter and to remove background emission 
from the atomizer surface. A monochromator 
(Nippon Jarrell-Ash 0.5 m Ebert-type), an 
amplifier, a memoriscope (Iwatsu MS-5021) 
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a 
Fig. 1. Platinum tube atomizer: (a) platinum tube (33 mm 
long, 2.0 mm i.d., 0.03 mm wall), (b) aperture, (c) graphite 

plate, (d) copper electrode. 

and a microcomputer (Sord M223) were used 
for the atomic-absorption measurements in this 
study. The light source was a hollow cathode 
lamp (Hamamatsu photonics Co.) with a Cd- 
resonance line of 228.8 nm. Background mol- 
ecular absorption was checked with a deuterium 
lamp (Original Hanau D200F). The absorption 
signal from the amplifier and the output signal 
from a photodiode for the measurement of 
atomizer temperatures were simultaneously fed 
into the microcomputer. The calibration of the 
temperature of the atomizer was done against 
the photodiode voltage with an optical pyrome- 
ter (Chino Works). 

Reagents 

A standard stock solution (1 mg/ml) of cad- 
mium was prepared as the nitrate by dissolving 
high purity metal (optical grade) in 7M nitric 
acid and diluting the solution with demineral- 
ized distilled water. Solutions of the matrix 
compounds for the interference study were pre- 
pared as nitrates or chlorides in O.l-6M acid. 
The working solutions for measuring atomic- 
absorption were diluted from the stock sol- 
utions with water just before use. All chemicals 
used were of analytical grade purity. 

Procedures 

For the interference study, a l-pi aliquot of 
the sample solution containing Cd (2.5 ng/ml) 
and interferent (25-250 pg/ml) was pipetted 
into the platinum tube atomizer. The sample 
was dried at 350 K for 10 set and heated 
to atomization at 1720 K for 3 set in air. 
The atomizing temperature corresponded to 
1.0 K/msec heating rate. After the atomiza- 
tion of cadmium, the suspended atomizer 
was immersed into 6M hydrochloric acid in a 

small beaker and washed with demineralized 
distilled water for the removal of the matrix 
residue. 

An accurately weighed biological sample 
(about 0.1 g) was digested with 8 ml of 14M 
nitric acid and 2 ml of hydrogen peroxide (30%) 
in a Uni-seal decomposition vessel by placing it 
into a preheated 390 K electric oven for 3 hr. 
After digestion, the solution was transferred to 
a Teflon beaker and evaporated to dryness in a 
polyethylene glycol bath (380 K). The residue 
was dissolved in about 2 ml of 1M nitric acid. 
The solution was transferred into a 10 ml stan- 
dard flask and made up to volume with water. 
The prepared solution was further diluted with 
demineralized distilled water if required. The 
ETA-AAS measurement was performed in the 
same manner as described for the interference 
studies. 

RESULTS AND DISCUSSION 

For a sensitive analysis of cadmium with the 
platinum tube atomizer by ETA-AAS, it is 
important to investigate the effect of the atom- 
ization rate on the cadmium-AA profile. Ac- 
cordingly, the signal was measured at various 
heating rates of the atomizer in air. A heating 
rate greater than 1.24 K/msec was impossible 
because of the low melting point (2047 K) of 
platinum metal. Therefore, the following 
measurements were consequently carried out at 
1.0 K/msec heating rate. 

Interference study 

In general, biological materials contain large 
amounts of Al, Ca, Fe, K, Mg, Na and Zn. 
Accordingly, the effects of these elements and of 
Cu and Pb (of which interferent effects are 
known”) on the cadmium (2.5 pg) absorption 
signal (peak height and peak area) were investi- 
gated with the platinum tube atomizer under the 
experimental conditions. The use of the peak 
area was not suitable for the study as shown in 
Table 1. A typical atomization profile is shown 
in Fig. 2. 

Aluminum, iron, potassium, magnesium and 
sodium (250 ng) did not interfere with the 
cadmium signal, as shown in Table 1. How- 
ever, interferences of 250 ng of copper, lead and 
zinc on the cadmium were observed; copper 
particularly depressed the cadmium signal. 
However, as illustrated in Fig. 2, 25 ng of 
copper did not influence the cadmium signal, 
and similar results were found for lead and zinc 
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0.5 I.0 

Time, set 

Fig. 2. Atomic absorption signals in the platinum tube 
atomizer in air: (a) 2.5 pg of cadmium, (b) Cd and 25 ng 

of copper (c) 25 ng of copper, (d) temperature trace. 

as well. The cadmium signal in the presence 
of 2500 ng of calcium was also investigated, 
because calcium is one of the most abundant 
elements in biological materials. Although the 
cadmium signal was depressed by this amount 
of calcium, a 250 ng amount did not affect the 
signal. 

The reproducibility by the use of the platinum 
atomizer was estimated. The r.s.d. for 2.5 pg of 
cadmium was 2.9% for 7 measurements. Fur- 
thermore, the atomizer could withstand more 
than 1000 heating cycles in air. 

Determination of cadmium 

In air, as can be seen from the above results, In order to test the applicability of the pro- 
the normal amounts of the matrix elements did posed method to the analysis of real samples, 
not influence the cadmium signal. Maeda et al.’ some reference biological materials were ana- 
reported that the addition of oxygen gas to the lyzed. The biological materials in this study were 
graphite furnace in the determination of cad- digested with an acid mixture of concentrated 
mium greatly decreased the background absorp- nitric acid and hydroperoxide.4 The dynamic 
tion arising from sample matrices such as milk, range of the calibration curve was O-l 5 pg. Table 
orange juice and blood, and that the addition 2 shows the results obtained for some biological 
of oxygen gas prevented the cadmium signal materials, compared with certified values. The 
depression. These samples contain large relative standard deviations for the method were 
amounts of Al, Ca, Fe, K, Mg, Na and Zn, 3.7-27% at 3 or 4 replicate analyses. The average 
which were also studied by the use of the value found for the standards lies within the 
platinum tube atomizer. The results support the limits of the certified values. The method can be 
use of oxygen as a matrix modifier in the considered satisfactory for the determination of 
platinum tube atomizer. cadmium in biological materials. 

Detection limit, characteristic mass and repro- 
ducibility 

The detection limit, which was the weight of 
analyte which gave an atomic-absorption signal 
equal to three times the standard deviation of 
the background (obtained from the measure- 
ment of a solution blank), was calculated from 
the height of the cadmium absorption signal. 
The detection limit of cadmium by use of the 
platinum tube atomizer was 0.09 pg (corre- 
sponding to 9 pg/ml, if 10 ~1 is used). The value 
was better, than for carbon atomizers.*’ 

The characteristic mass of cadmium, which 
was defined as the mass of element giving an 
absorption of 1% (0.0044 abs), by the atomizer 
was 0.099 pg, which is comparable to that for 
carbon atomizers.20 

Table 1. Interferences on the atomic absorption signal of cadmium 

Interferent Peak height/ Peak area/ Number of 
added, ng Abs rel. Abs*Time measurements 

(Cd 2.5 ;;i 
Al 
Ca 2500 

250 
cu 250 

25 
Fe 250 
K 250 
MK 250 
Ni 
Pb 

250 
250 

25 
Zn 250 

25 

0.144 f 0.007 
0.141 f 0.007 
0.118*0.009 
0.144 f 0.004 
0.085 f 0.007 
0.146 f 0.005 
0.144 f 0.004 
0.140 f 0.005 
0.144 f 0.009 
0.148 f 0.010 
0.119~0.010 
0.140 f 0.007 
0.115*0.005 
0.144 + 0.008 

21.5 f 1.6 
17.8 + 0.6 
18.9 f 1.9 
20.6 f 1.8 
14.6 + 0.9 
22.1 f 1.2 
16.1 + 2.1 
20.5 & 1.3 
13.4 + 1.5 
17.7 I 1.4 
20.4 + 2.1 
23.1 f 1.6 
18.8 f 1.6 
22.3 f 1.8 

5 
3 
4 
5 
4 
5 
4 
5 
5 
5 
4 
5 
5 
5 - 
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Table 2. Determination of cadmium in biological materials 

Amount of cadmium, /,cr/n 

Sample Found Certified value 

Citrus leaves*SRM1572 0.027 f 0.001 (n = 4) 0.03 + 0.01 
Orchard leaves*SRM 1571 0.11 *o.o3(?l=3) 0.11 *0.01 
Oyster tissue*SRM 1566a 3.6 f 0.2 (n = 3) 3.5 + 0.4 

l NIST standard. 
Number of analyses in parentheses. 

As described above, the large benefit of the 
platinum atomizer is inertia and long lifetime in 
air. In addition, most elements (104-105-fold for 
cadmium) did not affect the cadmium absorp- 
tion signal. These remarkable performance 
characteristics of the platinum tube served for 
an accurate determination of cadmium in bio- 
logical materials. The disadvantages of the 
use of a platinum atomizer are the low melting 
point of the metal and a clean-out step. How- 
ever, the platinum tube atomizer can be used 
with simple, “low-tee” electrothermal atomiz- 
ation atomic-absorption spectrometry. The 
atomizer may serve as a tool for the accurate 
determination of other volatile elements at low 
cost. 
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Summary-The algorithm RAMESES has been enhanced by the improvement of the forward extrapol- 
ation procedure to give more accurate estimates with a smoothed polynomial function in a dynamically 
adaptive scheme, ADEPT. A class of problems exhibiting chaotic behaviour due to exaggerated feedback 
has been controlled by limiting the correction factors. Improved execution speed has also been obtained 
through indirect addessing of sparse array elements. Some illustrative examples are given. 

Previously, the principal structure of an efficient 
algorithm for solving the equations of multiple 
equilibria,’ some developments of the program- 
ming thereof,2 and a modification which led to 
a substantial increase in the execution speed3 
have been reported. * Some further improve- 
ments are now presented which (i) reduce ex- 
ecution time (ii) increase the precision of for- 
ward extrapolation and (iii) enable the handling 
of a class of problems previously not anticipated. 
Some illustrative test results are presented. 

NEWTON-RAPHSON 

A number of other reported procedures have 
employed Newton-Raphson (NR) methods of 
solution, some of which have been acknowl- 
edged (principally by their authors) to have 
limitations,‘*4 although these are of known 
origin.4 It might be thought that such NR 
methods ought to be applicable in RAMESES 
as well and this was explored. The adaptive 
procedures for adjusting the estimates in 
RAMESES work through the gain matrix, G 
[equation (2.4)]. The sensitivity of the system to 
perturbation of component estimates is allowed 
for here to some extent. Theoretically,‘” how- 
ever, it might be thought better to express these 
procedures in NR terms (with the previous 
notation’“), i.e., 

P A(,,+ I) = PAW + (MTXDM)-‘(T - S) (1) 

X A(n+ I) =X*(n) + (mXDM)-‘X:&T -3 (2) 

*In referring to the earlier reports, equation numbers will 
be identified by prefix, e.g., 1.5 refers to equation (5) in 
reference 1. 

depending on whether the corrections were to be 
in concentration or logarithmic concentration. 
(The superscript D is used here to mean the 
‘diagonalized’ vector, i.e., 

X;=Xi; Xf=O, i#j 

in order that the algebra be correct.) 

(3) 

Despite the neatness of such statements, and 
the formal principle upon which they are based 
(in theory, taking into account all contributions 
to the sensitivity of the sums, S), in attempts to 
implement either of them [i.e., equations (1) and 
(2)] we failed to achieve convergence in any 
of a number of test systems previously used.2 
That this is a common problem is illustrated by 
the sophisticated protection against divergence 
employed in SUPERQUAD,’ which can only 
handle four components,’ and itself one of a 
series of successors to MINIQUAD, developed 
to overcome deficiencies in that program.‘.’ 
The explanation was found to be that in general 
the multidimensional response surface is not 
monotonic over a sufficiently large region, and 
the gross simplification represented by the 
differentiation implicit in equations (1) and (2) 
fails to recognise this. The problem is exacer- 
bated by increasing the number of components 
and equations. The system becomes chaotic, 
showing extreme sensitivity to changes in val- 
ues. The attempt was therefore abandoned. 
Evidently, under limited conditions and convo- 
luted protection procedures, or modified ap- 
proaches, the NR approach can be made to 
work.‘*4*5*7 However, NR and related methods 
depend on the inversion of (MTXDM), or some 
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similar matrix, at each iteration to generate the 
next vector of concentration shifts.5*6 This is 
itself very time-consuming, but it also involves 
a considerably greater number of arithmetic 
operations to form that matrix than the pro- 
cedure represented by equation (2.4). All of this 
suggested that little benefit over existing (NR 
and similar) procedures was likely to be ob- 
tained from pursuing the approach now, in view 
of the considerable developments that have 
already been made in this area, but especially 
since the existing RAMESES algorithm appears 
to be quite efficient.* It is nevertheless pertinent 
to observe that the difficulties arise simply from 
the inappropriateness of NR to this general class 
of problem. One known and serious limitation 
is that initial estimates must be “su&iently 
close” or within the “convergence range”, for 
which no useful measure exists before the event.’ 
In addition, there are recognized difficulties with 
inverting such matrices in this context, such as 
loss of precision and the risk of singularities or 
near-singularities arising. RAMESES cannot 
ever suffer from singularity in any sense as this 
term has no relevance in the context of its 
algebra, there being only the one inversion of 
the coefficient matrix C, [equation (1.7)], and 
this cannot be singular if formed correctly. 

FORWARD EXTRAPOLATION 

In an earlier paper, we discussed the use of 
polynomial estimation of the elements of the 
input vector X, based on the previous points 
of a scan.’ The coefficients then were derived 
directly and represented the exact fitting of the 
polynomial curve of degree b - 1 to b points; 
b was termed the order of the extrapolation. 

Noticing that, at each point in the scan, each 
XAi has an associated error of a maximum size 
given by the calculation tolerance, 6, some 
improvement in the accuracy of the prediction 
might be obtained by smoothing over more 
points, that is, for a given degree of polynomial, 
d < b - 1. In other words, by fitting a poly- 
nomial curve in the least-squares sense, the 
standard error of the prediction for the next 
point may be reduced. The direct implemen- 
tation of this idea would involve much further 
calculation, including the inversion of the 
matrix of sums of squares and cross-products of 
rank d + 1 for each of the species’ concen- 
trations to be predicted, and for each degree 
that was to be tested in searching for a ‘best fit’, 
a very time consuming procedure. However, ,for 

uniformly spaced points in the independent 
(scanning) variable, considerable computational 
simplification is possible, and the weights pre- 
viously given’ emerge as the special case when 
the degrees of freedom for the curve fit are zero. 

The coefficients and theory of such curve 
fitting are well worked out,9.“’ and the co- 
efficients have integral values when an overall 
‘weight’ division is taken out.9*‘0 The values of 
the coefficients and weights for the next point 
in a series have been tabulated for degrees l-5, 
and for up to 25 points in the known sequence, 
along with the standard errors (cr) of predicted 
points.’ These errors are summarised in Fig. 1. 
It can be seen that, for a given degree, the values 
of e are asymptotically proportional to b -“.5, 
as would ordinarily be expected. More impor- 
tantly, the error increases substantially with an 
increase in d. However, one or two points more 
than the minimum are expected to reduce the 
error to near that expected for the next lower 
degree, i.e., the loss of accuracy arising from 
the use of a higher degree polynomial may be 
offset by using more points in the prediction. 

d-50 

40 . 

30 * 

.-------- 

, I 

2 4 7 lo 
b 

20 30 

Fig. 1. Log-log plot of the standard error (a) of polynomial 
extrapolation to the next evenly-spaced point in a series as 
a function of the number of points (6) used in the fitted 
curve, for polynomial degree (d) l-5. The circled points are 
for minimum b (= d + 1); the dashed line shows b for each 

d at near-constant 0. Data taken from reference 10. 
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The number of extra points so required increases 
rapidly as b is increased. The questions then 
arise as to whether any practical predictive im- 
provement can be obtained with b > d + 1 and, 
if so, how far this idea ‘can be taken. Given the 
many degree and. number of points combi- 
nations possible, a good many strategies are 
conceivable. To avoid a too detailed description 
of the route, the conclusion only of an extensive 
series of comparisons over several test systems 
(see EXAMPLES Section) will be given. 

The optimum performance, on average, was 
obtained by the conditions giving as near uni- 
form an expected error, 0, in the predicted point 
as possible. The number of points to be used 
can be read off as corresponding to the points 
nearest below the’ horizontal dashed line of 
Fig. 1, oiz b = 2, 5,9, 14 and 20 for degrees 1-5, 
respectively. This expected nearly constant error 
is on the supposition that the true curve is of the 
same degree as the line fitted. As the species’ 
log(concentrations) are not polynomial func- 
tions in the present sense; there remains the need 
for a search for the degree of curve giving a ‘best 
fit’. The method used as most effective was in 
part based on the fact that n, the number of 
points available for the curve fitting, ranges 
from zero at the start to an indefinitely large 
value (depending on the range of the scan and 
the step interval, h). There is thus constraint 
initially as d <b - 1 must hold. Table 1 shows 
the variation in b used for each d as the number 
of fitted points increases. After the first point, 
there is no (real) choice but to use this as the 
next guess (using b = 0 is, on average, rather 
worse than any reasonable approximation). 
With two points, no test is possible, but d = 1 
is on average by far the best choice and was used 
by default. At n = 3, a choice of d = 1 and d = 2 
is possible, and d = 3 is not so clearly advan- 
tageous in general. After that, the scheme is 
straightforward, with b increasing towards the 
general optimum for each d as n increases, and 
then stopping at that value. The coefficients c, 
and associated weights, w, used are given in 
Table 2, and their use is summarized in the 
following equation, where, to minimize sub- 
scripts, we write p-i to represent the log(con- 
centration) for the (ith) species of interest in PA 
at the jth prior point: 

F,+,.(d) = i p-/c&, bM4 6) 
I= 1 

(4) 

There is at present no known simple function 
which can be used to,generate these coefficients, 

Table 1. Number of points wed in the extrapolation pro- 
cedure ADEPT according to the number of data points 

available and the degree of the wrve to be used 

Degree. d 
Number, n. of 
known points 0 I 2 3 4 5 

- - - - 
: 1,____ 

: 
1 - - - - 
1 :3-_--_ 

5 1244-- 
6 1 5 5 5 - 

: 
: 5 6 6 6 

t 2 5 7 7 7 

1; 
I 

: 
5 8 8 8 

I1 : 2 : 
9 9 

; 10 10 

Ib 1 2 5 9 li Ii 

2.1 1 2 5 9 13 26 
: i : i . . 

and the most effective way of using them in a 
program is entered as a set of DATA statements 
to be read into an array as required. 

Knowledge about the goodness of fit of a 
given degree of curve can only be based on 
a test of the immediately prior point. That is, 
to decide how best to predict p,,, the goodness 
of prediction of p_, must be tested with p_*, 

p-3,. . . . Thus, in equation (4), p-j is replaced 
by p_,_ , . Then, given the expectation of conti- 
nuity that no jump in best fit d of greater than 
f 1 will be required, at most only three values 
need be tested: di- 1, d,, d,+ 1, where di is 
the last chosen degree, subject to 0 <d G 5. 
The test is then of the magnitude of the error 
of prediction of the previous point: 

error(d) = 1 PAi - fi”,(d) 1 (5) 

where the circumflex implies the estimate at 
degree d, although (of COWW) PAi itself has 
error, the maximum of which is equal to 6. The 
optimisation of the degree of curve used is done 
for each independent species, independently. 
The more stable concentrations thus engender 
less calculation than do the more rapidly 
varying ones. 

When the previous guess is ‘exact’ to the 
required tolerance, i.e., requiring zero iterations 
for a solution, the entire search procedure is 
skipped, the last prevailing d being used until 
iteration occurs again. 

The Adaptive Extrapolation Procedure 
written to embody the above ideas is now 
termed ADEPT for convenience. In the tests 
described below, this will be described as either 
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on or off, depending on whether it is invoked or 
not; the latter case corresponds to b = 0 under 
RAMESES II.’ 

OSCILLATION 

Depite earlier optimism concerning the 
assuredness of convergence,’ and the pattern- 
breaking introduced to cause convergence when 
a certain kind of oscillation occurred, explo- 
ration of the behaviour of the algorithm and its 
implementation has revealed a class of problems 
that fails to give convergence for the general 
worst case of no prior information.2 

To reiterate, the initial guesses (that is, for 
the first point of a scan or with b = 0) for the 
concentrations of the independent species will in 
general be far removed from the actual solution 

values; RAMESES adopts a very low initial 
concentration for all such species as this is, 
on average, better than other possible starting 
points.’ Further, the algebra of the problem 
permits (in principle) any meaningful subset of 
the species present to be defined as the indepen- 
dent species. ‘*3 For simplicity, this subset may 
be chosen to represent the ‘minimal’ notional 
building blocks required to form every species 
with only positive coefficients. However, this 
necessarily results in highly charged indepen- 
dent species when, for example, polybasic acids 
or high oxidation state metals are present. If one 
of these is used as the ‘free’ species, that is the 
one being used to adjust for charge balance, 
then the feedback may be so extreme that 
the system oscillates wildly and uncontrollably, 
especially when that species is present in very 

Table 2. Coefficients and weights, ~(4 b), for the polynomial extrapolation functions of ADEPT for each degree up to 
5 and the number of points used, 6. The coefficients, c(d, b, -j), are given in order of distance from the point to be predicted. 

and correspond to p_, , p_*, . . . [see equation (S)] 

b 
Degree: 1 

2 
Degree: 2 

3 
4 
5 

Degree.: 3 
4 
5 
6 
7 
8 
9 

Degree: 4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Degree: 5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

w 

4 
5 

1 
5 

7 
14 

126 

6 
7 

56 
18 
12 
33 

396 
143 

2002 

4 
12 
15 
33 
22 

286 
1001 
715 
104 

1768 
1326 
1938 

20 19380 

coefficients, c_, , c2,. c-b 

2 -1 

3 -3 1 
9 -3 -5 3 
9 0 -4 -3 3 

4-64-l 
16-14-4-4 
8 -4 -4 1 4 -2 
16 -4 -8 -3 4 6 -4 
28 -2 -12 -9 0 8 8 -7 
224 14 -76 -81 -36 24 64 49 -56 

5 -10 10 -5 1 
25 -35 10 20 -19 5 
25 -25 -5 15 7 -15 5 
175 -125 -75 45 81 5 -85 35 
50 -25 -25 0 18 15 -5 -20 10 
30 -10 -15 -5 6 10 5 -5 -10 6 
75 -15 -35 -20 4 20 20 5 -15 -21 15 
825 -75 -345 -265 -52 140 220 160 -5 -177 -195 165 
275 0 - 100 -95 -41 20 60 65 35 -16 -60 -55 55 
3575 275 -1100 -1250 -749 -45 540 810 695 251 -340 -770 -605 715 

6 -15 20 -15 6 -1 
36 -69 50 15 -48 29 -6 
18 -27 8 15 -6 -13 12 -3 
48 -57 -2 33 12 -23 -18 27 -8 
54 -51 -16 24 24 -4 -24 -9 26 -9 
108 -81 -46 24 48 20 -24 -39 -4 45 -18 
66 139 -32 3 24 20 0 -18 -18 3 24 -11 
792 -363 -398 -69 204 260 120 -90 -216 -153 78 253 -132 
2574 -891 -1276 -471 390 775 600 75 -450 -639 -324 341 726 -429 
1716 -429 -814 -429 96 425 450 225 -100 -345 -366 -121 264 429 -286 
234 -39 -104 -69 -6 43 60 45 10 -27 -48 -41 -6 39 52 -39 
3744 -351 -1534 -1209 -348 443 858 825 440 -99 -558 -733 -516 39 650 741 -624 
2652 -78 -988 -897 -390 149 504 594 440 132 -204 -439 -747 -273 104 468 468 -442 
3672 102 -1228 -1263 -696 -1 534 774 704 396 -24 -409 -624 -579 -262 228 648 

578 -612 
34884 2754 -10336 -11946 -7746 -1747 3468 6513 6968 5148 1872 -1768 -4638 -5793 

-4708 - 1509 2796 6086 4896 -5814 
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low concentration. This lack of control arises 
essentially from the nature of the oscillation 
in that it has a period of greater than two 
iterations, which the adaptive gain procedure2 
was not designed to handle. In fact, it turns out 
to be rather difficult to identify oscillation of 
that kind reliably, so that corrective action 
can be taken, without severely compromising 
the present efficiency for other systems. The 
problem could be avoided by choosing a low 
charge number (complexed) free species, but 
this would seriously weaken the principle upon 
which RAMESES has been designed, namely, 
to handle any starting conditions reliably with- 
out the use of prior knowledge or exploration. 
Accordingly, a procedure has been designed to 
handle such situations. 

Previously,2 no upper limit was found necess- 
ary for the elements of F, the (diagonal) matrix 
of correction factors; this enables rapid conver- 
gence in many cases, as does the setting of a 
rather small lower limit.2 It was found, however, 
that in cases of the uncontrolled oscillation, 
setting much closer limits permitted the com- 
mencement of a convergent series of iterations. 
Thus, a limit should be adjusted towards unity 
whenever a calculated Fii lies outside that 
bound. However, very great changes in the 
value of Fii may occur under ordinary circum- 
stances in the early iterations (indeed, this is 
one reason for the algorithm’s usual efficiency), 
and the limit adjustment needs to be held off 
until it is likely that uncontrolled oscillation is 
the cause. A slight relaxation of the limits can 
also be used during convergence to prevent 
untoward constraint arising spuriously. 

A possible implementation of the procedure 
in BASIC is given in the Appendix as the 
procedure FLIMIT. After testing the effects of 
this procedure it was found that the best balance 
was obtained with the following values for the 
relevant constants: 

switch%: 4 

dec#: there is a shallow optimum in the 
region 0.3-0.6; 0.5 was chosen. 

inc # : 1,l; this value is not critical. 

limit # : 25; this was found to be best 
matched to the factor used in setting 
the initial guesses for the vector X* ,2 
as this then ensured little influence, 
if any, on the more well-behaved 
systems. Thus a at equation (2.15) is 
now 10-25. 

INDEXING 

Even though RAMESES II achieved lower 
storage requirements and execution time by 
eliminating a sparse matrix multiplication, there 
are still multiplications of matrices containing a 
large number of zeros, viz: at equation (1.12) 
and (3.6), and other calculations that might 
be considered redundant. In this latter group 
are all operations involving components with 
zero concentration2 and fixed partial pressures. 
There are two main strategies that may be 
employed in these circumstances: testing for 
the presence of the zero before doing the multi- 
plication or using an address matrix to indicate 
the non-zero elements. There is necessarily 
some execution time required for such schemes, 
and their benefits must outweigh that loss of 
speed for them to be worthwhile implementing. 
Effectively, the trade-off to be considered is the 
difference in the time to execute an “IF x = 0 
THEN. . .” test as compared to a location index 
assignment such as “i = A(j)“, both with 
respect also to “y = x*0”. A number of trials 
served to show that an address matrix was the 
more efficient, becoming more so as the size 
of the system increased, particularly the num- 
bers of components, r. Thus, considering as an 
example the indexing of the matrix C; [equation 
(3.1711 for the calculation of equation (3.6) the 
zeros are eliminated by row. A BASIC pro- 
cedure, ROWINDEX, to achieve this is given in 
the Appendix, as is the code for the implemen- 
tation of the addressing procedure used in the 
evaluation of equation (3.6), EQUATION36. 

Further indexing for the processing of the 
independent vector, X,, to skip zero concen- 
trations, fixed partial pressures and the like, is 
trivial and need not be elaborated upon. 

LOWJCR ROUND 

A potential problem, although as yet not 
encountered in practice, is that of an indepen- 
dent species’ concentration falling below that 
value corresponding to the smallest positive 
machine number, EPS, or perhaps more to the 
point, to less than 6 -‘.EPS. In contrast to the 
previously discussed handling of zero or vanish- 
ing calculated concentration,2 no default con- 
dition can be employed. This type of fault is not 
related to the algorithm employed for solution, 
but to the system under study, the choice of 
independent species, and the dynamic range of 
the machine/language combination in use. 
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As, again, reliance on prior knowledge is 
inappropriate, a test for this condition can be 
built into the tolerance test subroutine. For 
example, if 

PAi < log,,(EPS/TOL) (6) 

holds, at any time after (say) 10 iterations, where 
TOL = 6, the program should branch to an 
error handling routine. This could indicate the 
nature of the problem, permit the choice of a 
substitute independent species, and then pro- 
ceed with the column exchange between CA and 
Cg, and the corresponding element exchanges 
between X, and Xr,, and within Q [equation 
(2.12)], before proceeding to the inversion of 
the ‘replacement CB and the second attempt 
at a solution. This violates the principle of the 
RAMESES design in that user-intervention is 
required, but in view of the fact that it is a 
simple choice and also that the problem has yet 
to arise, it may not be too much of a burden, 
and the violation is not considered too serious. 
Equally, this is essentially a machine-dependent 
problem and so must apply to any algorithm 
dealing with this kind of system. 

It is worth pointing out at this juncture that, 
even if a calculated concentration falls well 
below No’, the ‘Avogadro dilution’, both the 
algebraic solution of the system of equations 
and the existence of the species, in the statistical 
sense of only rarely occurring for a (very) short 
duration, remain valid, as does the model. 
The chemical implications of such species are 
a matter for a different forum; non-existence 
depends on interpretation. 

EXAMPLES 

The program incorporating ADEPT, the 
extreme oscillatory control and the indexing 

refinements is referred to as RAMESES III. 
The opportunity has been taken to fix up some 
bugs and inefficiencies that have been found in 
the code. The testing was done in the same 
language and on the same machine as before.* 
RAMESES graphics screen images were printed 
directly on a dot-matrix printer (P5, NEC Cor- 
poration, Tokyo, Japan) with an EGA Screen 
Dump program (PSDUMP, Imago Software, 
Sydney, Australia). 

The direct comparison of RAMESES II 
(b = 0) and III (ADEPT off), is shown in the 
left hand part of Table 3. Regardless of other 
considerations, such a test is essential to ensure 
freedom from starting-condition constraints.’ 
The test systems that were previously employed 
were used (despite some doubts about their 
usefulness otherwise2) to allow ready compari- 
son with previous results. We now refer to the 
artificial system called ESTIME as System V. 
Some substantial improvement in all except 
Systems I and III were obtained. Even in System 
III, despite nearly doubling the mean iterations 
(due to detuning, u.i.), the indexing gave a net 
decrease in execution time. The deterioration in 
System I is proportionately large, but in real 
terms quite irrelevant. This illustrates essentially 
the overhead in execution time due to indexing 
in a very small system. 

With ADEPT on the results (Table 3) show 
an entirely satisfactory improvement in per- 
formance. In particular, the number of ‘zero 
iteration’ points is a very large proportion 
of the total for Systems I and IV, and not 
insignificant in Systems II and III. Only 
System V proved resistant under these con- 
ditions, but even here the minimum number of 
iterations is, for each set of starting conditions, 
equal to one. 

Table 3. Some illustrative results for the test systems to show the effect on timing of the current 
implementation of BAMESES III (pH 0 - 14, h = 0.25 [57 points]; -log L = 3) 

BAMESES II BAMESES III 
b=O ADEPT off ADEPT on 

iterations iterations iterations 

Svstem 5, set max min mean T, set max min mean r, see max min mean zeros 

I FJ 10 8 1 2.0 13 4 2 3.0 7 3 0 0.6 31 
10 8 1 2.0 13 4 2 3.0 6 3 0 0.6 31 

C 17 4 3 2.0 13 4 2 3.0 7 2 0 0.6 25 
II 354 110 4 71.7 245 79 4 53.1 35 47 4 6.2 11 
III 183 7 4 6.4 176 14 4 11.6 42 4 0 1.5 9 
IV 51 4 4 4.0 32 4 2 3.0 16 4 0 0.6 31 
V 

: 
429 131 3 58.0 344 99 4 44.8 86 52 1 10.1 0 
578 170 4 78.2 431 127 4 56.2 132 119 1 16.9 0 

; 
687 205 4 92.4 485 140 4 65.5 120 81 I 14.3 0 
434 120 4 58.2 352 112 4 47.4 87 68 1 10.6 0 

e 742 230 4 100.9 588 178 4 79.7 99 58 1 11.8 0 
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1 

-log h 

2 0 1 2 

-log h 

’ Fig. 4. Log(tota1 Itn.) us. -log(h) for System II for Fig. 2. Log(r) us. -log(h) for System I for -log c = 3-10. 
-loge = 3-10. 

The ‘zero’ iterations should perhaps be 
explained. If the elements of S, the component 
total vector [equation (1.1211, are each within 
tolerance with only the extrapolated values of 
X, to find Xs, then no refinement of X, whatso- 
ever is necessary, and the routine skips to the 
calculation for the next point. Thus no iteration 
with equation (2.4) has been performed, and the 
iteration number recorded is zero. The number 
of zero iterations is therefore a further measure 
of the effectiveness of the extrapolation, because 
no calculation beyond that of the polynomial 
was required. Previously, iterations were counted 
on entry to the core routine, but this gives a false 
picture of what the algorithm has actually done. 
Earlier reported iteration values? (maximum, 
minimum and mean) should therefore each be 
reduced by one for proper interpretation (the 
iteration values for RAMESES II in Table 3 
have been so adjusted). This definition of the 
number of iterations also accounts for the mean 
falling below one in some case in the present 
report. 

An interaction was expected between the 
stepping interval and the accuracy of forward 
extrapolation, depending on the tolerance per- 
mitted and the preselected degree of the fitted 
polynomial under RAMESES II.’ Although the 
latter factor is irrelevant in ADEPT, the inter- 
relationships of run-time (T), total number of 
iterations and number of zeros with tolerance 
(6) and step size (h) were examined for all 
five test systems for a scan over the range 
pH O-14; h = 1, 0.5, 0.2, 0.1, 0.05, 0.02, 0.01; 
-log 6 = 3-10. Some representative results are 
given in Figs. 2-10. 

For the simple Systems, I, III and IV, log T 
increased in fairly uniform steps with -log L, 
and was also more or less linearly dependent 
on the number of steps taken (Fig. 2). For 
Systems II and V the picture is more compli- 
cated (Fig. 3), showing local optima, pre- 
sumably due to some tuning effect, which 
optima shifted to smaller h at tighter tolerances. 

3.3 

1.3 
0 1 2 

-log h 
Fig. 3. Log(s) us. -log(h) for System II for -log t = 3-10. 

0 1 

-log h 

Fig. 5. L&no. of zero iterations) us. -log(h) for System IV 
for -log c = 3-10. The vertical line segments indicate zero 

iteration steps. 

TAL 38/8-F 
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Fig. 6. Number of iterations us. pH for System I (all conditions) under RAMESES III with ADEPT, 
-logs = 10. pH step sizes n: I, b: 0.1, c: 0.01. 

Fig. 7. Number of iterations US. pH for System II under RAMESES III with ADEPT, -1ogc = 10. 
pH step sizes u: 1, b: 0.1, c: 0.01. 

Fig. 8. Number of interations us. pH for System III under RAMESES III with ADEPT, -1ogc = 10. 
pH step sizes a: 1, 6: 0.1, c: 0.01. 
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PH 
Fig. 9. Number of iterations vs. pH for System IV under RAMESES III with ADEPT, -1ogc = 10. 

pH step sizes a: 1, b: 0.1, c: 0.01. 

The only differences between plots within these 
groups were essentially of the scale factors 
applied to the ordinate. These effects are 
mirrored in the number of iterations (Fig. 4), 
more or less uniformly for all systems. The 
relative differences arise only because of the 
overhead arising from the size of the system 
rather than variation in the behaviour of the 
system or the algorithm. The number of zeros 
observed increased steadly with a decrease in h, 
the absolute slope of the log-log plot approach- 
ing unity once zeros become possible (Fig. 5). 
It is nevertheless more difficult to be accurate at 
tighter tolerances. 

We have argued’ that, because of condition- 
sensitivity, algorithm performance should be 

demonstrated in part by the variation in number 
of iterations per point over a scan. Thus, for 
the .five test systems used, we give some such 
results for the above pH scans for three 
values of h, namely 1 (a), 0.1 (6) and 0.01 pH 
(c) (Figs. 6-10). The tolerance was set to lo-” 
in order to avoid the plots having large and 
overlapping sections running along the abscissa, 
i.e., zero iterations, but also to show more 
clearly the relative effects of changing h and pH. 
For example, System I at t = 10m3 has respect- 
ively 7/15, 105/141 and 1226/1401 (zeros/no. of 
points) for the three step sizes. 

For Systems II and V the difficulty of solution 
increases markedly for pH p 3. It is speculated 
that ‘difficulty’ is a property of the system and 

Fig. 10. Number of iterations vs. pH for System V (condition d) under RAMESES III with ADEPT, 
-1ogc = 10. pH step sizes u: 1, b: 0.1, c: 0.01. 
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Table 4. Some run results for the system H,PD, in water, using the stated 
ion as the free (charge balance) species, employing the procedure FLIMIT 

in BAMESES III (pH 2-6.9, h = 0.1 [50 points]; -log t = 3) 

ADEPT off ADEPT on 
iterations iterations 

Free 
Species T, set max min mean 7, set max min mean zeros 

H,PO; 4.8 3 1 2.06 4.6 3 0 0.60 31 
HPO:- 32.5 30 3 23.60 4.1 23 0 0.46 49 
PO!- 33.6 28 20 24.30 5.9 64 0 1.78 48 

conditions, and not the algorithm, as the same 
pattern appeared under all the many strategies 
investigated. 

One curiosity that may be detected by inspec- 
tion of Figs. 6-10, most easily for the lines (b) 
corresponding to h = 0.1 pH, is of an oscillation 
in the number of iterations taken from point to 
point superimposed on the general trend. The 
period is generally equal to 2 or a little greater. 
Close inspection of the elements of the error 
matrix E [equation (1.15)] showed the following 
general explanation. When a solution is delayed 
because a small number of the XAi have not 
settled, the remaining elements of X, necessarily 
continue to improve in precision, sometimes to 
many digits better than the preset tolerance 
would suggest. This means that the estimates for 
the next point are good and fewer iterations 
are required to achieve the required precision 
because the error of prediction is proportion- 
ately smaller. However, in that time, the stable 
elements will not have achieved the same high 
precision. This continues for a small number of 
points but eventually the accumulated errors 
become large enough to require more iterations. 
As can be seen, the effect is not large enough 
to cause concern, but the amplitude is in some 
sense a measure of the perturbation sensitivity 
of the system. The larger oscillations occur in 
regions of greater difficulty, as measured by the 
(local) average number of iterations. 

Phosphoric acid in water provides a good 
example of the kind of uncontrolled oscillatory 
behaviour occurring during attempted solution. 
For a scan in pH from 2 to 7, using either 
HPO:- or PO:- as the free species, the calcu- 
lation fails ever to converge, although for 
H*PO; the solution is obtained very rapidly. 

*We have dealt with the typographical errors in the report’ 
as follows: corrected the sign of the log(formation con- 
stants); assumed that (a) total concentrations are given 
as -log(conc.), not log(conc.); (b) “DTPA” complexes 
are “CaDTPA”; (c) the second “CaDTPA” complex 
with stoichiometry “1 IO” is in fact “210”. The carbonate 
said to be present, but not defined, was ignored. 

Introducing the FLIMIT procedure, all three 
free species choices can be used successfully in 
satisfactorily short calculation times and few 
iterations even with ADEPT off (Table 4). The 
entry for H2PO; (ADEPT off) is unaffected 
by the use of FLIMIT. With ADEPT on, the 
results were somewhat improved (Table 4). 
In the case HPO:-, only the first point of the 
50 in the scan is calculated iteratively, because 
this species has a constant concentration, 
while for PO:- only the first two points are 
found by iteration as its log(concentration) 
changes linearly. 

An example has been given of a system (now 
labelled System VI) that fails in an established 
program, GEOCHEM, and of a method of 
avoiding that difficulty.4 It was reported that at 
pH 7.3 the revised produce took 82 iterations to 
L = 10e6 (their definition of tolerance appears to 
be similar to that of RAMESES): no timing was 
given.4 Using the published information (which 
has some errors*) and adding a background 
‘NaCl’ for charge balance, and scanning over 
pH O-14, h = 0.1, the results shown in Figs. 11 
and 12 and Table 5 were obtained. It can be 
seen that while there is some more difficulty 
in the pH range 5-9, RAMESES encountered 
no particular problem, even with ADEPT off: 
at pH 7.3, the single calculation required 45 
iterations for c = 10e6. 

DISCUSSION 

The use of smoothing polynomial functions 
to provide the independent species’ concen- 
tration estimates for the calculation of the next 

Table 5. Some run results for System VI with BAMESES 
III; pH O-14, h = 0.1. (Dashes under ‘zeros’ mean ‘not 

applicable’.) 

Iterations 

ADEPT -log 6 5, set max min mean zeros 

Off 3 240 40 5 21.5 - 
on 3 28 5 0 1.2 33 
Off 6 325 50 9 29.5 - 
on 6 83 13 1 6.1 0 
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0 1 2 5 Ii 7 9 1n 11 12 13 

PH 
Fig. 11. Distribution diagram for System VI. Species: 3 Ca *+, 4 Fe’+, 5 H,DTPA, 9 DTPAS-, 
10 HDTPA4-, 11 H,DTPA’-, 12 H,DTPA2-, 13 H,DTPA-, 14 CaDTPA’-, 15 CaHDTPA2-, 
16 Ca,DTPA-, 17 CaOH+, 18 FeDTPA2-, 19 FeHDTPA2-, 20 FeOHDTPA’-. The ‘background 

species are omitted, and the FeOH species are at very low concentrations. 

point in a scan provides the most efficient use 
of the information available at prior points, 
given that these functions are approximations. 
The rapid deterioration of prediction accuracy 
with degree for the minimum number of points 
(Fig. 1) can be seen to provide a limitation to the 
effectiveness of the simple procedure suggested 
earlier,2 but of course then the choice of degree 
was arbitrary. 

It is unfortunate that direct comparison of 
these results with the theoretically attractive5 
analytical differentiation for extrapolation, as 
used for example in PSEQUAD,” cannot 
presently be made as no documented examples 

are known. We speculate however that since it 
is essentially based on a form like equation (I), 
the method will be successful in systems or 
regions with many straight lines in the plots of 
log(concentration) us. pH for example (such as 
are seen in Systems II and III, Figs. 7 and 10 in 
Reference 2). But in more complex regions, such 
as typifies System V (Fig. 12), we would expect 
less efficiency. ADEPT is more flexible. 

With the incorporation of ADEPT, any 
further substantial improvement in speed or 
efficiency seems unlikely. This remark needs 
qualification. In the tests that have been done, 
many combinations of strategies and values for 

Fig. 12. Number of iterations us. pH for System VI under RAMESES III with ADEPT (a) off, (b) on; 
-loge =3, 6; h =O.l. 
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the few arbitrary factors used exist, and for 
some systems and conditions quite remarkable 
results can be obtained. However, this has been 
found to be to the detriment of performance 
with other systems or conditions, sometimes 
badly so. Some consequences of this kind of 
effect are to be seen in the results for Systems I 
and III (Table 3). Quite clearly, there can be 
no universal optimum strategy. So, relying on 
the principle that we have taken as a guide 
the development of RAMESES, i.e., that prior 
knowledge should not be needed, we are obliged 
to concede that the results presented are not 
by any means the best possible for each sys- 
tem, because we avoid the provision of user- 
adjustable parameters or switches. Simply put, 
the user should not need to be concerned with 
tuning before starting work. In this sense, the 
production of dedicated programs for particular 
problems,‘* or more elaborate but still limited 
generalised solutions to a class of problems,13 
has required system-specific analysis. But, 
although this serves immediate purposes, it 
does not help other users who must retailor 
such programs to their individual needs. These 
other approaches are therefore redundant in 
the face of the existence of algorithms such as 
RAMESES. We believe that we have come close 
to an overall optimum tuning of the present 
program, and that it will be of wide applica- 
bility. We shall therefore turn our attention to 

handling other aspects of the general problem 
within the framework of RAMESES. Whether 
it is the fastest possible program is another 
matter and is a question we see no point in 
attempting to address. A speed claim has been 
made for another program,14 but this is with a 
routine that relies on a weak tolerance test.* 
Such claims are dangerous and not very helpful. 
Even so, RAMESES III can be seen to compare 
at least favourably despite the handicap of a 
rigorous tolerance test. 

The oscillation problem now handled rep- 
resents the same kind of difficulty as defeats 
some NR techniques inasmuch as the initial 
estimates are outside of the region of conver- 
gence.4 However, whether it is capable of being 
controlled as easily as at present in the NR 
context cannot be said as, on the one hand, we 
are unaware of any other treatment of this type 
of problem, and, on the other, charge balance 
itself is rarely considered.* It remains notewor- 
thy that the revised algorithm for the NR 
method only had an “increased” convergence 
range, i.e., of input estimate values that would 
lead to a solution; RAMESES only requires 
each Xi > 0, with no sensible upper bound. 

Experience to date leads to the confidence 
that RAMESES can continue to be developed 
as a robust, efficient algorithm with effective 
implementation. It is hoped to make the 
program available for testing shortly. 

APPENDIX 

Possible BASIC implementations of the procedures described in the text. 

FLIMIT: ‘procedure to control correction factor limits 
FOR j% = 1 TO ncom% ‘range = no. of components 

IF itn% > switch% THEN 
IF F#(j%) > = Ful#(j%) THEN 

IF Fulc%(j%) < 2 THEN 
Fulc%(j%) = Fulc%(j%) + 1 
Flimit#(j%) = Flimit #(j%)*dec# 

ELSE 
Flimit#(j%) = MIN(Flimit#(j%)*inc#, limit?+) 

END IF 
Fllc%(j%,) = 0 

END IF 
IF F#(j%) < = Fll#(j%) THEN 

IF Fllc%(j%) c THEN 
Fllc%(j%) = Fllc%(j%) + 1 
Flimit#(j%) = Flimit#(j%)*dec# 

ELSE 
Flimit#(j%) = MIN(Flimit#(j%)*inc#, limit#) 

END IF 
Fulc%(j%) = 0 

END IF 
IF F#(j%) > Fll#(j%) AND F#(j%) < FulX(j%) THEN 

Fulc%(j%) = 0 
Fllc%(j%) = 0 
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ELSE 
Ful#(j%) = 16 Flimit#(j%) 
Fll#(j%) = lb -Flimit+(j%) 
G#(j%) = 1X 
END IF 

END IF 
F#(j%)=MIN(MAX(G#(j%)*(F#(j%,)-1#)+ 1%. Fll#(j%)). FdX(j%)) 

NEXT j% 

% indicates an integer; # indicates double precision, floating point. 
The arrays have the following interpretations: 

F # (): concentration correction factors, F 
Ful#(): upper limits for the elements of F#() 
Fll#(): lower limits for the elements of F#() 

Flimit # 0: exponents for calculation Ful # (), Fll # () 
F~lc%(): counters for attempted crossings of upper limit 

Fll%(): counters for attempted crossings of lower limit 
G # 0: sensitivity factors’ 

The constants are: 

j%: component index 
ncom%: number of components 

itn%: iteration counter 
switch%: hold off 

dec#: decrement factor for absolute value of limit exponent 
inc#: increment factor for absolute value of limit exponent (relaxation) 

limit#: overall limit for absolute value of limit exponent 

ROWINDEX: 

maxoccr% = 0 
FOR i% = 1 to neq% 

rocc% =0 
FOR j% = 1 to ncom% 

IF Ca2#(i%, j%) THEN rocc% = rocc% + 1’ 
NEXT j% 

‘procedure to index non-zero element of 
‘coefficient matrix CA’ = Ca2 # ( ) 

‘range = no. of equations 

‘range = no. of components 

maxoccr% = MAX(maxocc%, rocc%) 
NEXT i% 
maxoccr% = max occr% + 1 
REDIM CaZndxr% (neq%, maxoccr%) 
FOR i% = 1 to neq% 

k%=O 
FOR j% = 1 to ncom% 
IF Ca2#(i%, j%) THEN 

i% = k% + 1 
CaZndxr% (i%, k%) = j% 

NEXT j% 
Ca2ndxr%(i%, maxoccr%) = k% 

NEXT i% 
EQUATIONS36 

FOR i% = 1 to neq% 

‘address matrix for rows 

‘initial& counter 

‘find non-zero element 
‘count non-zero elements 

‘store address 

‘store no. of non-wro elements 

‘procedure using indexed multiplication, eqn 3.6 

FOR j% = 1 to CaZndxr% (i%, maxoccr%) 
k% = CaZndxr%(i%, j%) 
Xb#(i%) = Xb#(i%) - Ca2#(i%, k%)*Pa#(k%) 

NEXT j% 

‘extract address 
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Summary-A computer model is developed to describe struvite solution chemistry; this includes the 
electroneutrality equation and allows greater variability in the input components. Relationships between 
the major ions are retained without approximation. The model results fit data derived both in our 
laboratory and from the literature. Equilibrium constants which.markedly affect the output are identified 
and solubility constants are derived. Applications of the model include studies of waste-water treatment 
and of the formation of kidney stones. 

The solubility product (4) for struvite 
(MgNH,PO,. 6H20) has been derived by several 
authors (e.g., Johnson,’ Taylor et uZ.,Z and 
Burns and Finlayson’). However, these solubil- 
ity product values are based on only some of the 
complex ionic equilibria and various approxi- 
mations are made which limit their applicability. 
For instance, Linder and Little4 developed a 
computer model for equilibrium speciation of 
urine. Good predictions were obtained for the 
precipitation of calcium oxalate monohydrate, 
dicalcium phosphate dihydrate, calcium hy- 
droxyapatite and uric acid, but not for struvite. 

A more complete understanding of struvite 
solution chemistry is necessary to solve applied 
problems such as its formation in waste-water 
treatment systems and in urinary and kidney 
stones (uroliths). In the removal of phosphorus 
in waste-water treatment systems struvite depo- 
sition has attracted considerable attention, and 
is a major precursor of the eutrophication of 
water bodies. s-’ Struvite is the most common 
type of urolith deposited in cats and dogs, and 
forms 15% of all uroliths found in humans. All 
these depositions occur as a result of increased 
concentrations of less soluble crystallites at 
raised PH.“” Also struvite formation is import- 
ant after the application of phosphate fertilizers 
to soils” and after the canning of seafoods.‘* 

There is a need for an algorithm that treats 
the general problem of struvite equilibria. The 
aim of this study is to specify mathematically 
the solubility of struvite, by using the known 
ionic equilibria. The intention is to compare 
theoretical solubility data derived from the 

model with available data and provide a basis 
for the development of a predictive model for 
use in waste-water treatment and medical re- 
search. 

Chemical equilibria 

The appropriate literature values of the solu- 
bility constants and dissociation constants are 
listed in Table 1. The equilibria listed in the first 
column include only the simplest forms and are 
presented in the way they are used in the final 
algorithm (Table 2). The constants in Table 1 
are for a standard temperature of 25” and were 
used to form Figs. l(a) and l(b). The second 
column shows a range of pK values from the 
references as noted; the third column consists of 
selected values as used. Note that the literature 
values are derived from experiments and are 
dependent on the model used to interpret the 
experimental results. 

The model was developed to understand the 
optimal conditions for struvite formation and is 
limited to the range of minimum solubility. It 
allows for variations of components formed 
from ammonia, phosphate, magnesium and 
water. A separate term may be included to 
account for the addition of an excess of non- 
reacting ions. 

Three assumptions are made, as follows: 

(1) No species are present other than those 
derived from the independently variable com- 
ponents, water, magnesium, ammonia and 
phosphate. Ionic and molecular species included 
are Mg?+, Mg(OH)+, NH,, NH:, PO:-, 

889 
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Table 1. Equilibrium solubility constants relevant to struvite formation 

Value of 
Range of log K values log K used 

from literature13,14 in calculations’s 

H+ + NH, = NH,f 9.2-9.3”” 9.3 
H+ + H,PO,- = H,PO, 2.1-2.2’6 2.1 
H+ + HPO; = HPOj- 7.1-7.2’1’ 7.2 
H+ + PO:- = HPO:- 12.0-12.4/s 12.0 
Mgr+ + OH- = MgOH+ 2.6h.’ 2.6 
Mg2+ + 20H- + 6H,O = Mg(OH),.6H,O 10.5-l 19 10.9 
Mg2+ + HPO:- = MgHPO 
Mg2+ + PO- + 8H,O = M;,(P04),+8H20 

5 8k.’ 
25 2k.l 

5.8 
25.2 

Mg2+ + PO- + 22H,O = Mg,(P04)r.22H20 23:lk.’ 23.1 
Mg2+ + NH: + PO:- + 6H,O = MgNH4P04.6H,0 13.2k.’ 13.2 
H++OH-=H20 13.9-14.0mn 14.0 

“H. S. Harned and B. B. Owen, J. Am. Chem. SW., 1930, 52, 5079. 
hG. N. Lewis and P. W. Schutz, ibid., 1934, 56, 1913. 
‘R. G. Bates, J. Res. Narl. Bur. Srdr., 1951, 47, 127. 
dH. C. Helgeson, J. Phys. Chem., 1967, 71, 3 121. 
‘R. C. Phillips, P. George and R. J. Rutman, Biochemistry, 1963, 2, 501. 
‘P. Papoff, G. Torsi and P. G. Zamboni, Gazzerta, 1965, 95, 1031. 
8J. Beukenkamp, W. Rieman III and S. Lindenbaum, Anal. Chem., 1954, 26, 505. 
“D. I. Stock and C. W. Davies, Trans. Faraday Sot., 1948, 44, 856. 
‘P. B. Hostetler, Am. J. Sci., 1963, 261, 238. 
‘R. Naslnen, Z. Phys. Chem., 1941, 188, 272. 
‘A. W. Taylor, A. W. Frazier and E. L. Gurney, Trans. Faraday Sot., 1963, 59, 1580. 
‘A. W. Taylor, A. W. Frazier, E. L. Gurney and J. P. Smith, ibid., 1963, 59, 1585. 
“R. Lorenz and A. Bohl, Z. Phys. Chem., 1909, 66, 733. 
“G. N. Lewis and M. Randall, Thermodynamics, p. 487. McGraw-Hill, New York, 1923. 

HPO:-, H,PO;, H3P04, OH-, H+, Hz0 and an 
excess of non-reactive positive and negative 
ions. In contrast to the work of Verplaetse 
et ~1.‘~ and Stumm and Morgan,” this assump- 
tion considers the possibility of an excess of 
acid, ammonium or magnesium ions; it not only 
applies to the case of dissolution of pure struvite 
but allows for formation of struvite from 
its pure components when these are in non- 
stoichiometric portions. 

(2) The effects of ionic strength on activity 
coefficients can be neglected; it is assumed that 
the activities of individual ions are equivalent 
to their concentrations. Currently we have as- 
sumed the ionic strength of around 0.1 to 
be relevant to urine and waste-water treatment. 
Note that it is possible by repeated calculations 
to estimate activity coefficients by using the 
Debye-Hiickel or Davies approximations. 
These calculations are more time-consuming 
and are to be considered in a follow-up paper. 
This approximation is already widely used and 
is unlikely to change the structure of the results. 

(3) Only one insoluble solid phase is formed 
and the mole fractions in the solid are identical 
to the component activities. 

Computational methods 

Extensive calculations were made with ver- 
sion 4.2 of the Maple symbolic manipulator’* 

run on a Commodore Amiga 2000 with a 
20 Mbyte hard disc and 3 Mbytes of RAM. 
Initially a series of equations describing the 
variations of the species in the system were 
found. These equations are derived from the 
equations of conservation of mass and conser- 
vation of charge in solution as presented below. 
The network of equations is expressed as an 
input file to Maple in Table 2. This algorithm 
presents’assignments for the equilibria and the 
equations in a structured form that produces 
outputs in Fortran code. 

First to be considered are the mass-balance 
equations: 

Plqd = [H,PO,] + [H,PO, ] + HPO:- ] 

+ [PO:-] 

Nlqd = [NH:] + [NH,] 

Mlqd = [Mg+] + [MgOH+] 

where each is simply a total sum of molarities 
and where square brackets represent molar 
concentrations. 

Secondly, we recognize the equation of elec- 
trical neutrality: 

[H+] + [NH:] + 2[MgZ+] + [MgOH+] 

=[OH-] + [H,PO;] + 2[HPO:-] + 3[PO:-] 
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Table 2. File input to Maple 

MNP:=Kl’Mg*NH4*PO4; # Struvite 
NHG=K2*NH3*H; #Ammonium 
H3P:=K3*H2PSH; #Phosphoric acid 
H2Pa=K4*HPSH; # Dihydrogen phosphate 
HPz=KS*PO4*H; #Hydrogen phosphate 
MP8:=K6*MgA3*P04”2; #Magnesium phosphate with 8 H20 
MP22:=K7*MgA3*P04^2; #Magnesium phosphate with 22 H20 
MgOH:=KS*Mg*OH; #Magnesium hydroxide ion 
MgOHZ:=Kq*Mg*OH n 2; #Magnesium hydroxide 
MHP:=KlO*Mg*HP; #Magnesium hydrogen phosphate 
OH:=Kl l/H; #Water dissociation 

fll=PO4 + HP + H3P + HZP-PLQD; #Phosphorus balance in the liquid 
PO4:=solve(fl ,PO4); 
readlib(fortran): #Activates the fortran conversion library 
fortran(PO4,optimixed,filename = ‘dfl :PO4.for’); #produces fortran codes in file 

f2:=NH4 + NH3-NLQD; #Nitrogen balance in the liquid 
NH3:=solve(f 2,NH3); 
fortran(NH3, optimized, filename = ‘dfl :NH3.for’); 

f 3:=Mg + MgOH-MLQD; 
Mg:=solve(f 3,Mg); 

#produces fortran codes in file 

#Magnesium balance in the liquid 

fortran(Mg,optimized,filename = ‘dfl : Mg.for’); #produces fortran codes in file 

ffffi=H + NH4 + 2*Mg + MgOH-OH-3*PO4-2*HP-HZP; 
#The electroneutrality equation, add Exions to care for added ions 
fff:=normal(ffff); 
ffi=op(l,fff); 
fi=collect(ff,H); 

gggg:=MNP + MP8 + MP22 + MHP + MgOHZ-1; 
ggg:=normal(gggg); 
~~=oP(2,ggg); 
g=collect(gg,H); 

#Overall balance in solid phase 

fNLQD:=solve(f,NLQD); 
gNLQD:=solve(g,NLQD); 

hhhh:=fNLQD-gNLQD; 
hhh:=normal(hhhh); 
hh:=op( 1 ,hhh); 

#New equation without NLQD 

h:=collect(hh,PLQD) 
a:=coeff(h,PLQD,Z); 
b:=coeff(h,PLQD, 1); 
c:=coeff(h,PLQD,O); 
fortran(a,optimixed,filename = ‘dfl : a.for’); 
fortran(b,optimized,filename = ‘dfl : b.for’); 
fortran(c,optimixed,filename = ‘dfl : cfor’); 

Notes 
:= signifies an assignment; # separates out comments and A signifies a power. Other operations should 

be self-evident with special functions, e.g., “solve” being used to perform operations.” 

Extra terms for the excess of non-reactive ions 
are added as appropriate. Lastly we include an 
overall mass balance of the constituents in the 
solid phase (see Table 2). 

Two input variables are specified in the input 
Maple file, namely the total molar concen- 
tration of magnesium in the liquid phase (Mlqd) 
and the concentration of hydrogen ions in sol- 
ution (H). It is necessary in this fully flexible 
system to specify two concentrations to deter- 
mine the equilibria. These degrees of freedom 
are expected from the Gibbs phase rulei for the 
case of four independently variable components 
and two phases. The temperature is held con- 
stant at 25” and the pressure is 1 atmosphere; 
two degrees of freedom remain, which we 

choose. conveniently as the pH and the total 
molar concentration of magnesium in the liquid 
(Mlqd). The output from Maple is a series of 
Fortran codes, which are algebraic and relate all 
variables to the equilibrium constants; these 
algebraic expressions fill several pages. 

The technique produces an 1 lth order poly- 
nomial in H, so H is used as an argument, one 
of the input variables. The other argument, 
Mlqd, then gives an explicit quadratic equation 
for the total molar concentration of phosphorus 
in solution (Plqd). The output algebraic code is 
integrated into a Fortran program which solves 
for Plqd, then back-substitutes to obtain values 
for the other 18 variables, producing a data file 
containing the values of all 20 variables. From 
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these data, groups of variables are selected for 
graphical presentation and numerical compari- 
sons. 

EXPERIMENTAL 

Solutions of the salts magnesium chloride, 
potassium dihydrogen phosphate and am- 
monium chloride in distilled water were made 
up in 200-ml lots in 250-ml Erlenmeyer flasks, 
and were initially adjusted in pH with 0.4M 
sodium hydroxide for use in experiments at 
approximate pH values of 6.5, 7.2, 7.5 and 8.1. 
Sets of four flasks were prepared for each pH 
value. The initial flask concentration of mag- 
nesium was 7.0mM, of phosphorus 3.lmM and 
ammonium 130.6mM. The flasks were sealed 
with parafilm, then placed in a water-bath set at 
30”, and rotated at 70 cycles/min. Each flask 
contained 1 g of borosilicate glass grindings for 
enhanced nucleation of crystals from solution. 
Sampling took place at approximately 0.5,2,40, 
60 and 200 hr. The total number of data points 
collected was 66. 

Samples (5 ml) were drawn from the solutions 
with a syringe. Each sample was drawn through 
a Whatman glass fibre filter paper and a 
0.45 pm membrane filter to remove solid and 
glass particles. Magnesium, ammonia and phos- 
phorus were measured according to APHA 
methods;” pH was measured in the flask just 
prior to sample extraction. 

RESULTS AND DISCUSSION 

Calculated concentration contours 

The structure of the system at equilibrium, as 
derived from the theory above, is presented in 
Figs. l(a) and l(b). These represent three-dimen- 
sional surfaces for dissolved phosphorus [Fig. 
l(a)] and nitrogen [Fig. l(b)] in the solution. 
These calculated concentrations are for a tem- 
perature of 25” and are total values at equi- 
librium in the presence of a precipitate. Figure 
l(a) presents contours at constant values of 
total dissolved phosphorus; Fig. l(b) gives con- 
tours at constant values of total dissolved 
ammonia (or nitrogen species). The equilibrium 
constants used are estimated from Hiigfeldt” 
and are listed in Table 1, column 3. 

The contours jn Fig. l(a) indicate that at 
a given total magnesium concentration in 
solution, the total phosphorus in solution de- 
creases with increasing pH, e.g., at 10-SM mag- 
nesium, phosphorus decreases from lO-O.‘M at 

p [Mg m solution] 

7 6 5 4 3 2 

p [Mg I” solutm] 

Fig. 1. Plots relating concentration of (a) phosphorus species 
in solution and (b) nitrogen species in solution to pH and 
p (magnesium in solution). The numbers on the contours are 

-log[species in solution], at 25°C. 

approximately pH 5 to 10-4.3M at pH 10. 
Similarly, in Fig. l(b) the concentration curve 
for the solubility of nitrogen at a fixed mag- 
nesium value of 10e5M indicates that 
nitrogen in solution decreases from 10-0.5M at 
pH 5 to a minimum concentration of 10-3,2M 
at pH 9.5, then increases in concentration to 
lo-‘.‘M at pH 11. 

The concentration of phosphorus in solution 
decreases rapidly with an increase in either 
magnesium or pH; the nitrogen in solution 
decreases with a increase in magnesium with the 
smallest rate of change occurring at pH near to 
9 [Figs. l(a) and l(b)]. 
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Note that these curves have 2 degrees of 
freedom and require contours to simulate the 
three-dimensional nature of the equilibria. In 
contrast, Verplaetse et ~1.‘~ show the system as 
being only a function of pH, a single indepen- 
dent variable. It is clear that their calculations 
do not require two degrees of freedom. Careful 
examination of their algorithm shows that they 
have not directly considered the necessity to 
consider electrical neutrality. This means that 
some form of internal adjustment must be ex- 
pected to bring the system to an electrically 
neutral state. Perhaps this can be attributed to 
the complexing agents, but in the general case 
this is unrealistic. 

Our results are difficult to compare with those 
of Verplaetse et al. I6 as their formulation is for 
the dissolution of struvite in its entirety. That 
means that if Mlqd = Plqd = Nlqd our calcu- 
lated results should be similar to theirs. From 
Figs. l(a) and l(b), Mlqd = Plqd = Nlqd = 
10-3~SM at about pH 7 at 25”. The data of 
Verplaetse et a1.l6 indicate that at 37” and pH 7 
the corresponding concentrations would be 
about lo-*.‘M. This is satisfactory agreement, 
considering the restricted nature of the calcu- 
lations. The salient point is that though 
Verplaetse et al. used the activity coefficients, 
they seem to have ignored the electroneutrality 
equation, so the Gibbs phase rule would have 
been violated except in special cases. 

Our model incorporates all the mass balances 
as well as the electroneutrality equation. The 
plots in Fig. 1 are just two examples of contours 
out of at least 400 curves which can be derived 
from the model. 

Comparison of iheoretical model predictions with 
laboratory and literature data 

Laboratory data. Figure 2(a) presents a com- 
parison between the measured and ‘calculated 
phosphorus concentrations (Plqd); which are 
significantly correlated (r* = 0.77 with 66 data 
points from equilibration times up to 200 hr). 
For data points derived from times greater than 
50 hr this correlation increases in significance 

[r* = 0.91, n = 32, Figure 2(b)]. The measured 
nitrogen (Nlqd) values are correlated with 
model-derived values for equilibration times up 
to 200 hr (r* = 0.85, n = 66) and even more so 
for times greater than 50 hr (r* = 0.97, n = 32). 
Note that the nitrogen is in excess and has a 
limited range in concentration, and that the 
statistics are not very useful. Figures 3(a) and 
3(b) show that the correlation of the P, values 

-4.0 

a 
I I I I I 

-35 -3.0 -2.5 

log,, of the measured phosphorus 

- r2 value 0.91 

/. I, 1 I I I, 4 I I I, I, I 

-35 -30 -2 5 

log,, of the measured phosphwus 

Fig. 2. Phosphorus concentrations in solution at 30°C 
calculated by the model, compared with laboratory results 

(a) O-200 hr and (b) 50-200 hr equilibration. 

derived from the model and laboratory data is 
significant for times up to 200 hr (r* = 0.72, 
n = 66) and much more so for times greater 
than 50 hr (r* = 0.96, n = 32); P, is the con- 
ditional solubility product, which is both con- 
centration- and pH-dependent. 

Two major conclusions drawn from the com- 
parison of the model data with the laboratory 
data are (1) the model is successful in predicting 
struvite solution chemistry and (2) improved 
correlations are found for equilibration times 
greater than 50 hr. It appears that true equi- 
librium exists after 50 hr, in agreement with 
Taylor et af.* 

Literature data. A correlation (r* = 0.46, 
n = 20) exists (Fig. 4) between the model Plqd 
values and the only other data set available’ for 
an equilibrium struvite solution, that completely 
specifies the mass and charge balances. The 
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-6 r2 value 0 72 

/ 
/ l,,,,l,,,~l,,,,l~~~~I~~, 

-6 -7 -6 

log,, of the experimental P I 

log,, of the expenmental P, 

Fig. 3. P, values at 30°C calculated by the model, compared 
with laboratory results for (a) O-200 hr and (b) 50-200 hr 

equilibration. 

correlation improves if the two outlying points 
are removed (9 = 0.85, n = 18). These authors 
used combinations of specific chemicals and 

Experimental P in solution (IOm3MM) 

Fig. 4. Phosphorus concentrations in solution at 25°C 
calculated by the model, compared with the experimental 

data of Taylor et al.* The line has a slope of 1. 

have specified the amount of excess ions. The 
scatter of points may be partly due to a disparity 
between their quoted values and our estimates 
of their excess ion values. The relationship 
between Nlqd generated from the model and 
that derived from the data of Taylor et al.* is not 
highly significant. We believe a major factor in 
this discrepancy may be difficulty in measuring 
the nitrogen concentrations. 

Derivation of best -jit solubility constants. Lit- 
erature values of solubility constants have in- 
herent limitations because they have been 
derived by using approximate solution equi- 
libria. Hence, K values were derived from the 
present model by applying a least-squares pro- 
gram to laboratory and literature data. This 
enabled modification of the solubility constants 
to yield the best fit, as well as allowing an 
estimate of some of the constants. The second 
column of Table 3 shows the values derived 
for the experimental temperature of 30” from 
some literature values. Six solubility constants 

Table 3. A comparison of literature solubility constants with values derived for ionic 
equilibrium during model calibration 

K fitted from 
laboratory K fitted from 

Equilibrium data (3O’C) literature* (25°C) 

H+ + NH, = NH: 10x 109s 2.0 x 1097 
H+ + HrPOi = H,PO, 1:s x 102 1.4 x 10’ 
H+ + HPOi- = HrPOi 5.0 x 10’ 1.3 x 108 
H+ + PO:- = HPO:- 1.8 x lOI* 2.2 x lOI2 
3M 

8 
*+ + 2w- + 8H,O = Mgr(PO,),.8H,O 1.2 x 1022 2.0 x 102’ 

M + + OH- = Mg(OH)+ 1.0 x 103 2.4 x 10’ 
M8+ + 20H- = M&OH), 5.0 x 10’0 4.3 x 10” 
M2+ + HPO:- = MgHPO, 1.1 x 105 2.9 x 106 
M$+ + NH: + PO:- = MgNH,PO, 1.1 x 10” 1.8 x lOI 
H++OH- =H20 7.1 x 101’2 1.0 x 1o’.4 

*Selected 30°C value_Silkn and Martell’) quote log K 9.08, but Hogfeldt” quotes 8.38. 
tLiterature value from Table 1. 
$Selected 30°C value-Sillen and Martell” quote log K 13.833, but H6gfeldt15 quotes 13.851. 
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listed in Table 3 were found to have a marked 
effect on the least-squares comparison. The 
literature K values often vary by more than one 
order of magnitude and some of this disparity 
may be resolved with more information about 
species. The standard values given by Hiigfeldt” 
are usually used, but these constants do not take 
account of all interfering species. We think the 
present algorithms allow for all known species 
and should give a “best” set of equilibrium 
constants. 

In conclusion, we have developed a model 
which considers the known reactions for the 
formation of a mixed precipitate in a pure 
solution. The model of struvite formation con- 
siders ionic reactions in the solution and reac- 
tions in the solid precipitate, without the need 
for bold approximations. The model allows for 
all combinations of the three chemical com- 
ponents as well as extra ionic species. Previous 
workers have only considered the solution of 
struvite directly, or with specific chemicals 
added to form known combinations of species. 
The model has been validated with both labora- 
tory and literature data and several equilibrium 
constants have been redetermined. 

The model still has some deficiencies, in that 
it does not use activity coefficients, or include 
other dissolved species, e.g., dissolved 
MgHPO,, MgPO; and MgH,PO:, and the 
effects of organic complexing agents. This work 
is continuing and a following paper will address 
some of these points. 

The model in its present form is primarily 
qualitative. That is, the curves simply present 
the structure of the equilibria and the various 
deficiencies of the model do not allow precise 
interpretation. Its real use is in the design of 
systems that allow a known amount of struvite 
to be precipitated. When all the appropriate 
constants are known, this is an inversion prob- 
lem and not easily solved analytically. Consider 
the problem of calculating the precipitation of 
struvite in waste-water, knowing the amounts of 
ammonia, phosphate and magnesium in the 
input stream. The present algorithm produces a 
table of struvite concentrations in the solid for 
various pH values and amounts of magnesium. 

One way of completing the inversion is simply 
to interpolate in this table while maintaining the 
appropriate concentrations and amounts of the 
three inputs. The final outcome is the amount of 
struvite in the total mix, expressed in g/l., in the 
stream. 
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Summary-A novel computer-assisted “C NMR spectroscopic method for the identification and 
determination of chlorohydrins in reaction mixtures formed during the manufacture of glycerol, is 
described. It utilizes the unique features of quantitative and edited “C NMR spectrometry and avoids 
chromatographic separation for identification and quantification of the mixture components. It is simple, 
specific and quicker than the GCMS and GC-IR methods. 

1,2,3-Trihydroxypropane (glycerol) is an im- 
portant intermediate in the manufacture of 
alkyd resins, ester gums, urethane foams, drugs, 
cosmetics and toothpastes. It is synthetically 
produced in large quantities.‘” The product 
generally contains chlorohydrins, glycerol, gly- 
cidol and their hydrolysis products in different 
proportions, and complete analysis of the mix- 
ture is of great importance not only to deter- 
mine the extent of reaction but also to optimize 
the processing conditions. Several methods 
based on chromatography, spectroscopy and 
combined techniques such as GC-MS and 
GC-IR have been reported.“’ These methods 
generally involve a two-step procedure involv- 
ing isolation of the components, followed by 
identification and quantification, but they suffer 
from a number of shortcomings due to lack of 
selectivity in chromatographic separation. 

The present paper describes a simple, specific 
and single-step procedure using computer- 
assisted 13C NMR spectrometry. It is based on 
comparing edited 13C NMR spectra with multi- 
plicity data derived directly from the chemical 
structures. It does not require a chromato- 
graphic separation. The results obtained are 
comparable with those obtained by GC-MS. 

Apparatus 

EXPERIMENTAL 

A JNM Model FX-90Q FT-NMR spec- 
trometer (JEOL, Tokyo) with a C/H dual probe 

*Author for correspondence. 

containing a quadrature detection system was 
used. 

Reagents 

All reagents were of analytical grade unless 
otherwise specified. Deuterium oxide (minimum 
isotope purity 99.8%) was obtained from Sto- 
holer Isotope Chemicals, U.S.A. Reaction mix- 
tures containing chlorohydrins, glycerol and 
glycidol were obtained from pilot plants in our 
laboratory. 

Procedures 

Determination of quantitative “C NA4R data. 
Quantitative 13C NMR spectra were obtained by 
a gated decoupling pulse technique to ensure 
suppression of the nuclear overhauser effect 
(NOE). Spin-lattice relaxation was shortened 
by addition of chromium triacetylacetonate 
[Cr(acac),] at 0.05M concentration. A recycle 
time of 10 set between scans was found suitable 
for quantitative measurements. The spec- 
trometer was operated at a resonance frequency 
of 22.5 MHz with 8 K (8192) data points and 
the probe temperature was maintained at 27”. 
The spectral width was 5 kHz and the pulse 
width was 28 psec which was a 90” pulse for the 
spectrometer. About 100 pulses were needed to 
obtain a spectrum with a good signal to noise 
(S/N) ratio. Chemical shifts were measured with 
TMS as internal reference. The samples were 
undiluted and were examined in 10 mm o.d. 
tubes. The internal lock was maintained by 
means of D,O in a capillary concentric with the 
NMR tube. 

TAL 38,e-G 
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No. 

Table 1. Simulated i3C NMR data base containing probable components of the reaction mixtures 

Chemical shift Multiplicity* 
No. of 

Compound peaks CH, CH, CH CH, CH, CH 

1 Propylene 
2 Propane 
3 I-Hydroxypropane 

4 2-Hydroxypropane 
5 I-Chloro-2-hydroxypropane 
6 2-Chloro-l-hydroxypropane 
1 1,2-Dichloro-3-hydroxypropane 
8 1,3-Dichloro-2-hydroxypropane 
9 1,2,3-Trihydroxypropane 

10 I-Chloro-2,3-epoxypropane 

I1 1,2-Epoxy-3-hydroxypropane 

12 3-Chloro-l-propene 

13 3-Hydroxy-l-propene 

14 I-Chloro-2,3_dihydroxypropane 

15 2Chloro- 1,3-dihydroxypropane 

3 

2 

18.7 115.9 136.2 1 
15.4 15.9 - 2 
10.0 25.8 - 

63.8 
25.1 - 63.4 
45.6 63.2 71.5 
20.9 73.2 58.1 
- 53.8 69.3 
- 45.6 70.5 
- 63.2 72.1 
- 44.9 51.2 

52.2 
- 43.9 61.9 

52.2 
- 117.5 133.7 

48.7 
- 114.9 137.5 

63.4 
- 93.6 81.5 

58.2 
- 68.5 68.1 

2 

0 

0 

0 

0 

0 

ld 

1.1+ 

0 
1” 
1+ 
1”. 1’ 
2” 
2+ 
1”,1” 

I”, If 

Id, 1” 

ld, 1+ 

I”, 1’ 

2+ 

Id 
0 
0 

1+ 
1+ 
1” 
1” 
1+ 
1+ 
1” 

1” 

1” 

Id 

If 

1” 

*Gives the number of carbon atoms of type CH,, CH, and -CH contributing to a particular resonance for each 
compound. 

X, + and ’ indicate carbon atoms bonded to Cl, OH and 0 respectively, and d indicates a double bond. 

Determination of edited 13C NMR data. Multi- 
plicity data were obtained from edited spectra 
acquired by the distortionless enhanced polariz- 
ation transfer pulse technique (DEPT) at 
8 = 3~14 and 7~12. At 8 = 3~14, the CH, and 
CH resonance signals are positive, those for 
CH2 are negative and those for quaternary 
carbon atoms are suppressed. At 8 = lc/2, all 
resonances except those of CH are suppressed. 
Assignments were based on coincidence of ap- 
pearance of signals in both the quantitative and 
edited 13C NMR spectra. 

RESULTS AND DISCUSSION 

Optimization of operating conditions for quanti- 
tative “C NMR spectrometry 

‘% NMR spectrometry is used for obtaining 
both qualitative and reliable’2-‘4 quantitative 
information, but requires close attention to be 
paid to many experimental parameters.‘5*‘6 
These were considered during design of the 
present experiments. The spin-lattice relaxation 
times (T, ) of all the carbon resonances of the 
compounds to be found in the reaction mixtures 
were measured by the inversion recovery tech- 
nique” and were used for selecting appropriate 
recycling times between pulses. 

Generally, three methods have been em- 
ployed in efforts to obtain quantitative results 
by “C NMR spectrometry. They are based on 

use of long pulse delays (5T, ), gated decoupling, 
and the addition of paramagnetic relaxation 
reagents such as Cr(acac), and Fe(acac),. 
Shoolery,” and Levy and Edlund,” studied 
extensively the limitations and problems associ- 
ated with use of the relaxation reagents ‘and 
pointed out that the use of Cr(acac), alone will 
not ensure complete suppression of the NOE 
that is due to 13C-‘H dipoledipole interaction. 
They suggested that the NOE may be quenched 
more effectively by using Cr(acac), and a gated 
decoupling technique simultaneously, and this 
approach was therefore used in the present 
investigation to ensure complete suppression of 
the NOE in order to obtain reproducible results. 

Simulated data base 

A data base containing chemical shifts, multi- 
plicities, degeneracy and type of bonding was 
derived from the molecular structures of all 
the components to be found in the reaction 
mixtures. It is presented in Table 1. The multi- 
plicity data for each compound are described 
effectively by using line notation (CH,/CH,/ 
CH) and distinguishing the bond-types appro- 
priately. They give the actual number of methyl, 
methylene and methine group carbon atoms 
contributing to a particular resonance. These 
data are used in identifying reaction mixture 
components by a reverse search procedure”. 
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Read chemical shifts, multiplicities Read S. No., name, no. of peaks, chemical 

I Choose compound no. 1 in Data Base I 

Select next compound in Data Base 

I 
__ Match spectral multiplicities of sample 

with those of Data Base 

I 

Compound identified 

_ Select next . 
subspectrum 

Fig. 1. Flow chart of logic for “C NMR analysis of reaction mixtures formed in the manufacture of 
glycerol. 

Search algorithm NMR data to determine relative peak areas and 
multiplicities arising from hydrogen coupling. 

A flow chart for “C NMR analysis of a In the first step separation of carbon resonances 
reaction mixture is given in Fig. 1. It involves by compound is performed by using chemical 
the processing of quantitative and edited 13C shift data. In the second step the simulated 
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Edited spectrum with 8=a/2 

\ ,I Edited spectrum with 8=3s/4 1 , 

Quantitative spectrum 
Y 

with delay time -10 ssc A , , 

150 loo 5” L 

PPM 

Fig. 2. Quantitative and edited “C NMR spectra of a three-component mixture containing MCH, DCH 
and ECH. 

library is subjected to a reverse search procedure 
in which all possible subsets of the library 
multiplicity data matching with spectral multi- 
plicities are determined. If a suitable match is 
not found, the tolerance limit is increased and 
the process is repeated. Thus a unique group of 
compounds is found in the simulated library, 
that matches the quantitative and multiplicity 
data of the reaction mixtures. 

Standard mixtures 

The method was evaluated by determining 
the content of a three-component mixture con- 
taining 25% monochlorohydrin (MCH), 34% 
dichlorohydrin (DCH) and 41% epichloro- 
hydrin (ECH), compounds 5, 8 and 10 in 

Table 1. The quantitative and edited “C NMR 
spectra are shown in Fig. 2. The quantitative 
spectrum contains a total of 7 resonances, in- 
cluding 1 methyl, 5 methylene and 3 methine 
carbon atoms. It can be seen from the edited 
spectrum with 8 = 3x/4 (Fig. 2) that the peak at 
45.57 ppm is actually due to overlap of the two 
resonances of methyl and methylene carbons. 
The positive and negative signals at this reson- 
ance not only confirm this but also give the 
relative contributions to the resonance calcu- 
lated by the distortionless enhanced polariz- 
ation transfer technique. Table 2 summarizes 
these results along with the allocations of the 
resonances in accordance with the algorithm 
described in Fig. 1. 

Table 2. Computer-assisted ‘)C NMR analysis of a three-component mixture containing 25% 
MCH, 34% DCH and 41% ECH 

Chemical Peak 
Peak shift, area Subset of Compound 
no. ppm Multiplicity range* peak nos. identified Found, % 

I 44.92 135-140 
2 45.57 :$, CH, 252-256 
3 46.65 CHz 130-139 
4 51.20 CH 137-142 1,374 ECH 41.0 
5 63.23 CH, 81-90 
6 70.54 CH 170-174 2,6 DCH 34.0 
7 71.46 CH 80-85 2,597 MCH 25. I 

*Arbitrary units; an average of three integrations was fed to the computer. 
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Edited spectrum with &8/2 

Edited spectrum with 8=3r/4 J 

Fig. 3. Typical “C NMR spectra of reaction mixture from the manufacture. of glycerol. 

Reaction mixtures 

Typical ‘%I NMR spectra for the reaction 
mixtures under investigation are shown in 
Fig. 3. Table 3 gives the computer analysis of 
13C NMR data obtained for a typical reaction 
mixture in the process of manufacturing glyc- 
erol. Five compounds, viz. glycerol, glycidol, 
monochlorohydrin, dichlorohydrin and epi- 
chlorohydrin are identified in the reaction 
mixtures. The quantitative 13C NMR spectrum 
contains a total of 10 resonances. For example 
the peaks 1, 3 and 4 in Table 3 are initially 

matched and identified as belonging to ECH, 
by use of chemical shift and multiplicity data 
respectively. The ECH content is subsequently 
determined from the peak areas. Similarly, the 
content of each compound is determined by 
using the areas of the corresponding peaks 
matched for identification. Three different reac- 
tion mixtures were then analysed by the pro- 
posed method. Table 4 gives a comparison of 
these results with those obtained by GC-MS. 
The time required to complete an analysis was 
1 hr by NMR and 1: hr by GC-MS. The results 
show that the 13C NMR method is not only 

Table 3. Computer-assisted “C NMR analysis of reaction mixtures for the manufacture of glycerol 

Peak 
Peak Chemical area Subset of Compound 
no. shift Multiplicity range* peak nos. identified Found, % 

1 43.9 
2 44.9 
3 45.6 
4 46.1 
5 51.2 
6 52.2 
7 61.9 
8 63.2 
9 70.5 

10 71.4 
11 72.1 

CH, 188-195 

::’ 
CH;’ CH, 

357-362 355-360 
365-370 

CH 362-366 2,475 ECH 33.5 
CH 187-192 
CH, 185-190 1,6,7 GDL 20.6 
CH, 245-250 
CH 251-255 3,9 DCH 18.2 
CH 107-l 12 3,8, 10 MCH 11.9 
CH 134-138 8, 11 GCL 9.8 

*Arbitrary units; an average of three integrations was fed to the computer. 
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Table 4. Comparison of quantitative data obtained by i3C NMR and GC-MS 

Found (range) Coefficient of variation, % 
Reaction 
mixture Component 13C NMR GC-MS “C NMR GC-MS 

I MCH 17.7-18.0 18.5-18.9 0.7 1.2 
DCH 14.7-15.0 13.9-14.3 1.4 1.5 
ECH 53.3-54.8 52.5-54.1 1.5 1.5 
GCL 7.9-8.2 8.3-8.7 1.8 2.0 
GDL 5.0-5.1 5.0-5.2 0.5 2.1 

2 MCH 4.04.1 4.24.4 0.8 1.4 
DCH 7.1-7.3 7.7-8.0 1.5 2.0 
ECH 31.9-32.6 33.3-34.5 1.1 1.7 
GCL 49.6-57.6 45.948.4 1.9 2.6 
GDL 5.4-5.5 6.1-6.2 0.8 1.0 

3 MCH 17.8-18.3 18.5-18.9 1.4 1.5 
DCH 37.438.7 38.3-39.8 1.8 2.0 
ECH 33.6-34.2 31.8-32.7 2.0 1.3 
GCL 7.3-7.6 7.9-8.3 2.1 2.6 
GDL 2.3-3.4 1.8-1.9 2.9 1.1 

simple and rapid but also reasonably accurate 
and precise. 

CONCLUSION 

A simple, specific and rapid method for 
identification and determination of chlorohy- 
drins in reaction mixtures formed during the 
manufacture of glycerol has been developed, 
based on use of computer-assisted 13C NMR 
spectroscopy. The lowest limit of detection for 
any of the components in the reaction mixture 
was 50 pg/g, but this could be improved 
by increasing the number of quantitative spectra 
collected. 
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Summary-Of the organic compounds examined for possible two-photon photoionization behavior, 43% 
were found to yield analytically useful photoionization with excitation at 308 nm. Fifty-five per cent 
produced greater photoionization responses than aniline, the defacfo photoionization standard. Addition- 
ally, 16 of the surveyed compounds were morephotoionizarion egfcient (i.e., exhibit higher photoionization 
per unit absorption cross-section) than aniline. It was found that photoionization is relatively easily 
achieved with primary amines, anilines and diamines. Less readily photoionixed were primary and tertiary 
amides, esters, alkyl ethers, and most halogenated compounds, the main exceptions being the halogenated 
anilines. Tertiary amines and fluorinated compounds gave poor photoionization results. 

Photoionization occurs when a molecule ab- 
sorbs one or more photons, causing ejection of 
an electron. The direct photoionization of a 
molecule from the ground state generally re- 
quires ultraviolet (UV) light.’ Photoionization 
(PI) techniques have been used, with consider- 
able effectiveness and high sensitivity, for the 
gas phase detection of both molecules and 
atoms. Consecutive multiphoton photoioniza- 
tion (MPPI) of molecules may also be carried 
out in solution.* The photoionization process is 
much more complex in the condensed phase 
than in the gas phase because photoionization 
produces a cation and either an electron in a 
solvent cage or an anionic species. Molecular 
MPPI is analytically useful, in the condensed 
phase, because the ionization potential is lower 
due to the solvation stabilization of the photo- 
generated charge carriers. 

In the gas phase, organic molecules typically 
have ionization potentials of x9 eV. In sol- 
utions, effective ionization potentials are as 
much as several electron volts less than those 
observed in the gas phase. Although gas phase 
photoionization can be an extremely sensitive 
and practical technique, high energy sources are 
necessary to photoionize molecules in the gas 
phase.3 Condensed phase photoionization does 

*Present Address: Merck & Co., P.O. Box 2000, RY 71-22, 
Rahway, N.J., 07065, U.S.A. 

tAuthor for correspondence. 

not need as energetic a source due to the lower 
ionization potentials. 

Several studies of photoionization of sol- 
utions have been conducted in the past two 
decades. The photoionization of pyrene has 
been studied in detail. 2+7 The quantitative de- 
termination of aromatic molecules has also been 
achieved.“” The compounds that have been 
studied thus far consist mainly of polycyclic 
aromatic hydrocarbons (PAHs). There is almost 
no information available on the photoionization 
of the majority of organic compounds. 
Langhorst’s studies of PI detection of organic 
compounds in the gas phase suggested that PI 
sensitivity depends upon carbon number, func- 
tional group, and bond type.12 A survey of 
several organic compounds in the liquid phase 
was therefore conducted to determine if corre- 
lations between functional group and ease of 
photoionization could be made as has been 
done in the gas phase. 

EXPERIMENTAL 

The experimental instrumentation is illus- 
trated in Fig. 1. Two-photon photoionization 
was induced by a Questek 2210 xenon chloride 
excimer laser. Its wavelength of emission was 
308 nm (4.03 eV) and the laser was operated at 
a 20-Hz repetition rate. A windowless flow cell, 
shown in Fig. 2, was utilized. A -900 V bias 
voltage was applied to a stainless steel solution 

903 
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Beam 

’ 

splitter Beam dump 
Excimer I \. 
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= 1% 
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Fig. 1. The experimental apparatus for a laser induced 
photoionization study. 

reservoir. The (negative) photocurrent produced 
upon two-photon photoionization was detected 
at the stainless steel pedestal. A voltage-mode 
preamplifier, capacitively coupled (50 nF, 1600 
WV, silvermica) was utilized to convert the 
photocurrent to a voltage. The gain of the 
preamplifier was N 3.0 x lo6 V/A. A Tektronix 
2465A 350-MHz oscilloscope was used to ob- 
serve and monitor the waveform magnitude. 
The SR250 Gated Integrator and Boxcar Aver- 
ager (Stanford Research Systems) was used to 
acquire the PI signal from the preamplifier. The 
oscilloscope was used to monitor setting of 
the gate width and delay of the boxcar system. 
The optimum gate width was * 1 psec and the 
optimum delay N 3-4 psec after the laser firing. 
The SR265 software package, for the SR250 
Boxcar, was used to select a non-time scan and 
collect and average four runs of 1024 points. 
The SR265 program was also used to calculate 
the average signal and standard deviation, in 
volts. 

Stock solutions of the organic compounds, 
each at 120 pg/ml, were prepared in HPLC- 
grade methanol (Fisher). Methanol was used 
because most organic compounds, of prklimi- 
nary interest, were at least sparingly soluble in 
it. The purity of the compounds was checked, by 
melting point determinations, and were found 
to be in agreement with literature values. Ten- 
fold methanol dilutions of the stock solutions 
resulted in 12 pg/ml solutions which were used 
for the PI detection survey. This concentration 
is approximately the upper limit concentration 
for photoionization studies. For several com- 
pounds, further dilutions were necessary to 
avoid saturation of the preamplifier output. 

The mean blank (methanol) signal was sub- 
tracted from the PI signal produced by each 
organic compound. The standard deviation of 
the methanol blank was 23 nA. The blank-sub- 
tracted PI signal voltage was divided by 3 x lo6 

SOLUTION 
RESERVOIR 

BIAS 
VOLTAGE STAINLESS 

STEEL 

II I 

Fig. 2. Schematic of the three mode windowless flow cell. 

V/A to produce a nominal photocurrent signal, 
in nA. The molar absorptivity of each com- 
pound, in methanol solution at N 12 ,ug/ml, 
1.00~cm pathlength and 308 nm, was measured 
with the Perkin-Elmer Lambda 3B UV-Visible 
spectrometer. 

RESULTS AND DISCUSSION 

The tabular results of the photoionization 
studies are given in Tables 1 and 2, which list the 
111 organic compounds examined in this sur- 
vey. The photocurrent magnitude (I,,) and 
molar absorptivity at 308 nm (6) are also listed 
for each compound in Table 2. The 63 com- 
pounds in Table 1 either exhibit negligible ab- 
sorbance at 308 nm, thereby precluding MPPI 
at the excimer laser wavelength, or they produce 
photocurrents less than three standard devi- 
ations of the blank, i.e., less than -70 nA. 
Thus, the test solutions were already at or below 
the detection limit. 

Analysis of the results in Tables 1 and 2 
indicate that 48 of 111 compounds (43%) yield 
useful PI detection response with 308~nm exci- 
tation. Aniline, which is readily photoionized, 
may serve as a de facto ‘photoionization stan- 
dard’, rather like quinine in molecular fluor- 
escence studies and sodium vapor in atomic 
fluorescence studies. It is seen that 34 of 47 
compounds (72%) in Table 2 absorb 308~nm 
light more strongly than aniline does, while 26 
of 47 (55%) produce higher PI signals than 
aniline, ceteris paribus. Accordingly, more than 
half of the compounds listed in Table 2 should 
yield lower detection limits than aniline does. 

To demonstrate the sensitivity and linearity of 
MPPI detection, consider the detection limit 
determination of 1,5_diaminonaphthalene, the 
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Table 1. Compounds exhibiting negligible absorbance at 308 nm or poor photoionixation behavior 

~Nitroaniline m-Chlorophenol 2,2-Dimethoxypropane 
~Chloroaniline pChloropheno1 Butyl acetate 
o-Bromoaniline 3,4,5-Trichlorophenol Amy1 acetate 
Dibutylamine o-Bromophenol Methyl-p-bromobenzoate 
Tributylamine m-Bromophenol Methyl-p-iodobenzoate 
Nonylamine p-Bromophenol Chlorohexadecane 
1,2-Diamino-2-methylpropane m-Iodophenol Chlorobenxene 
1,9-Diaminononane p-Iodophenol m-Dichlorobenxene 
Tetraethylenepentamine o-Fluorophenol p-Dichlorobenxene 
n-Butyldodecylamine m-Fluorophenol I-Chloro-2-iodobenzene 
n,n,n’,n’-Tetramethyl-ethylenediamine 3,4-Dimethylphenol Iodobenxene 
A&amide 3,5-Dimethylphenol Fluorobenxene 
n-Butylamide 2,3,6-Trimethylphenol Iodobutane 
Acrylamide 2,3,5-Trimethylphenol I-Bromopropane 
Carbanilide 2-Amino4nitrophenol 2-Bromopropane 
n,n-Dimethylformamide 4-Amino-2nitrophenol l&Dibromobutane 
n,n-Diethyl-m-toluamide Anisole Phthalic anhydride 
Benzonitrile o-Nitroanisole Hexamethylenetetramine 
3Cyanobenxaldehyde p-Iodoanisole Benxophenonehydrazone 
o-Nitrophenol Ethyleneglycol monomethylether Axobenxene 
~Chlorophenol Ethyleneglycol monobutylether Dansylchloride 

second most readily photoionized compound 
listed in Table 2. A methanol stock solution of 
15 ,ug/ml of 1,5_diaminonaphthalene was pre- 
pared. Thirteen binary serial dilutions, in 
methanol, were performed, with the most dilute 
solution having a concentration of 1.8 ng/ml. 
Solutions more concentrated than 1.8 pg/ml 
produced photoionization signals too large for 
the boxcar to process. The photoionization sig- 
nals of the remaining solutions were measured 
and a log-log plot of photocurrent versus con- 
centration is illustrated in Fig. 3. 

The limit of detection (S/N = 3) for 1,5- 
diaminonaphthalene in methanol was found to 
be 7 ng/ml. This is an extremely good detection 
limit taking into consideration the noise pro- 
duced by polar solvents.13 Note that detection 
limits in non-polar solvents are as much as 1000 
times better. I3 The slope of the log-log cali- 
bration curve is 0.9989, indicating excellent 
linearity. 

drocarbons also tend to work well, especially in 
non-polar solvents. Less readily photoionized, 
under present experimental conditions, are pri- 
mary and tertiary amides, esters, alkyl ethers, 
and most halogenated compounds, the main 
exceptions being the halogenated anilines. Com- 
pounds which exhibit poor photoionization 
include tertiary amines and fluorinated com- 
pounds. Notice that 1,9_diaminononane gives 
poor PI detection even though it is a diamine. 
It was hoped that it would yield good perform- 
ance so that its use as a possible photoionization 
tag could be explored. The goal was to attach 
the diamine by utilizing one of its amino groups 
for bonding to a desired moiety, leaving the 
other ‘end’ free for PI detection. Unfortunately, 
this appears out of the question with 1,9- 
diaminononane, and the lower molecular 
weight homologs of it, e.g., cadaverine and 
putrescine, are too noisome to utilize in this 
manner. 

Returning to the analysis, Table 2 also shows 
the photocurrent magnitudes normalized by re- 
spective molar absorptivities. The results are 
therefore corrected for absorption cross-section. 
It was found that 16 of 47 (34%) of the surveyed 
compounds yield normalized photoionization 
responses that exceed that of aniline. Accord- 
ingly, N l/3 of the surveyed compounds are 
more photoionization efficient than aniline. 

Photoionization eficiency 

Photoionization ease 

Many of the surveyed compounds are readily 
detected by transmittance measurements, par- 
ticularly with excitation wavelengths more opti- 
mally chosen than 308 nm. Evidently, the best 
application for laser-excited MPPI is for com- 
pounds that are weak absorbers but produce 
large photoionization signals. These compounds 
may not be readily detected by transmittance 
measurements, but are easily detected by MPPI. 

Analysis of the results for compounds in Compounds with large c’s and/or small PI 
Tables 1 and 2 suggest that photoionization is signals will have small I+& values. Small L’S 
relatively easily achieved with primary amines, and/or large PI signals will yield large Zp,,/c 
anilines and diamines. Polycyclic aromatic hy- values, so these latter are the compounds best 
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Table 2. Compounds exhibiting photoionization with 308-nm excitation 

Compound 

Photocurrent Molar 
magnitude, absorptivity, 

I. 6, Iph I6 

?lA I.tnole-‘.cm-’ nA M cm 

3,3’-Diaminobenxidine 71000 15000 4.7 
1,5Diaminonaphthalene 40008 9800 4.1 
2,7Diaminotluorene 27000 2300 1.2 
p-Nitrophenol 2300 11000 0.21 
n-Phenyldiethanolamine 1700 1700 1.0 
pChloroaniline 1500 1400 1.1 
I-Naphthylamine 1500 6000 0.25 
o-Phenylenediamine 1400 1800 0.78 
Aminophenol 1100 2500 0.44 
2,4-Dimethylaniline 900 350 2.6 
Methylaniline 830 2300 0.36 
7,IlBenzoquinoline 800 1300 0.62 
1 +Diaminoanthraquinone 630 5200 0.12 
m-Iodoaniline 570 1700 0.34 
Phenanthrene 500 290 1.7 
m-Nitrophenol 500 1700 0.29 
Isobutylamine 500 10 50 
2-Naphthylacetate 500 1800 0.28 
Naphthalene 430 170 2.5 
Phthalimide 400 490 0.82 
Anthracene 400 1500 0.27 
p-Bromoaniline 370 1200 0.31 
n-Butylamine 370 20 19 
Vanillin 330 10000 0.03 
p-Iodoaniline 300 1900 0.16 
p-Anisaldehyde 300 870 0.34 
Aniline 300 380 0.79 
m-Bromoaniline 280 1400 0.20 
Hydroquinone 200 1200 0.17 
p-Acetamidobenxaldehyde 180 12000 0.02 
p-Nitroaniline 170 3200 0.05 
p-Hydroxybenzaldehyde 170 2400 0.07 
o-Iodoaniline 140 2500 0.06 
Benzamide 140 1 140 
2-Amino-3-nitrophenol 140 5500 0.03 
2,5-Dichlorophenol 140 60 2.3 
Phenylhydrazine 130 240 0.54 
Ethyleneiodide 130 20 6.5 
Benxanilide 110 1600 0.07 
3,CDichloroaniline 110 2000 0.06 
o-Nitrobenzonitrile 100 1500 0.07 
2,3,4,6-Tetramethylphenol 90 1400 0.06 
o-Nitroaniline 80 730 0.11 
Maleimide 80 190 0.42 
2,4-Dinitrophenylhydraxine 80 3500 0.02 
o-Iodophenol 70 60 1.2 
Carbohydrazide 70 2 35 
2-Ethylphenol 70 20 3.5 

si 1 

II 
1 ,bd!aminonaphlMene in melhand 

50 
> 
=. 
$ -1 

.P 
cn E -2 

8 
-I -3 

- 

0 1 2 3 
Log Concentration (1 ppm = 3) 

Fig. 3. A log-log plot of photoionization signal us. concen- 
tration for the 1,5-diaminonaphthalene limit of detection 

study. 

suited for PI detection. Examined in this light, 
the most efficient photoionization is achieved 
with amines, diamines, anilines and amides. 

Functional group dependence 

Functional group dependence is difficult to 
evaluate. In the gas phase, the effects of func- 
tional group dependence are considerably better 
understood, though far from complete. Jaffet4 
comprehensively examined the effects of sub- 
stituents on the ‘a’ substituent constant in the 
Hammett equation. Crable and Kearns15 
measured ionization potentials of numerous 
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substituted benzenes and found linear corre- 
lation between measured ionization potentials 
and the ‘0 +’ values (similar to the Hammett ‘0’ 
values) of Brown and 0kamoto.‘6 More re- 
cently, Tembreull et al.” have examined the 
effect of functional group type and ring location 
on the ionization potentials of a variety of 
substituted benzenes, including halogenated 
benzenes and substituted anilines. They found 
that ionization is facilitated by electron releas- 
ing groups (e.g., -NH,, -OH, -CH,), hin- 
dered by electron withdrawing groups (e.g., 
-NOZ, -CN, -COOH) and helped or hin- 
dered by halogen substitution, depending on the 
substitution pattern and other factors. As an 
example, dichlorinated aniline exhibits a sub- 
stantial ionization potential lowering only when 
the chloro groups are in the meta and para 
positions. 

For photoionization in liquid solutions, the 
same general observations are likely to be rel- 
evant, but great caution must be exercised in 
extrapolating from the gas phase. The lowered 
ionization potentials for analyte moieties in 
solutions are largely unknown and are strongly 
dependent on numerous solvent system par- 
ameters. Furthermore, the quantitative relation- 
ship between the measured photoionization 
currents in solutions and the actual ionization 
potentials in the solution environments has not 
been determined. Accordingly, no attempt will 
be made, at present, to definitively address the 
matter, since available data are insufficient to 
the task. 

Of the 11 aniline derivatives in Table 2, 10 
have higher molar absorptivities at 308 nm than 
does aniline, yet only 2 of the derivatives are 
more PI efficient. Several additional aniline de- 
rivatives, listed in Table 1, produced PI signals 
too small to be considered reliable. It appears 
that substitution generally degrades PI efficiency 
(in solution), though detection limits should be 
comparable to that of aniline because photo- 
current magnitudes are not much changed by 
functional group substitution. Roughly speak- 
ing, ring activation, especially in the para pos- 
ition, appears to enhance the photoionization of 
substituted aniline. Similarly, ortho substitution, 

especially with a ring deactivator, tends to de- 
crease photoionization efficiency. These results 
are in general agreement with the results of 
Langhorst12 and Tembreull et al.” 

CONCLUSION 

Despite the limited number of surveyed com- 
pounds and other experimental limitations (e.g., 
308~nm excitation and methanol solvent sys- 
tem), the survey of organic compounds illus- 
trated that there is a definite correlation between 
functional group and ease of photoionization in 
solution. Compounds similar to those studied, 
in structure and/or functional groups, should 
produce similar photoionization results. The 
photoionization tag studies are potentially very 
important and are presently in the planning 
stage. 
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!Stuamary--A simple, rapid and sensitive spectrophotometric method has been developed for the 
determination of platinum. 5-(4-Nitrophenylazo)-8-(p-toluencsulphonamido)quinoline (NPTSQ) reacts 
with platinum(D) almost instantaneously in alkaline solution to form a violet-red 1:2 complex with an 
absorption maximum at 640 nm. Beer’s law is obeyed over the concentration range O-l pg/ml platinum. 
The molar absorptivity is 1.37 x lo5 l.mole-’ cm-‘. The method has been used for the determination of 
microamounts of platinum in catalysts and anode slime. 

Many spectrophotometric methods have been 
reported for the determination of platinum.‘-4 
Several’-‘4 involve either heating the solution or 
allowing it to stand for a long time for maxi- 
mum colour development. Some reagents”-” 
cannot tolerate interference by heavy-metal or 
other ions. Recently, several new organic 
reagents’8-23 have been suggested for the deter- 
mination of platinum and have good sensitivity 
and selectivity. In this paper, we report the 
colour reaction of platinum(I1) with a new 
reagent, 5-(4-nitrophenyazo)-8-(p-toluene- 
sulphonamido)quinoline (NPTSQ),24 and a 
method for the rapid spectrophotometric 
determination of microamounts of platinum. 
The major advantages of this method over 
existing ones are that maximum colour intensity 
is attained almost instantaneously at room 
temperature and the sensitivity is higher than 
that of other methods. 

EXPERIMENTAL 

Apparatus 

A spectrophotometer (Model 721, Third Ana- 
lytical Instrument Factory, Shanghai) with 
stoppered cells of l-cm optical path was used for 
all absorbance measurements. 

Reagents 

Platinum (II) standard solution. Prepared with 
pure K,PtCl, to give a stock solution containing 
100 pg/ml platinum. Diluted further as required. 

*Author for correspondence. 

NPTSQ solution, 2.0 x 10-W, in 95% 
ethanol. 

NaOH-KC1 solution. Dissolve 4.0 g of 
sodium hydroxide and 7.5 g of potassium chlor- 
ide in 30 ml of water, and dilute to 500 ml with 
water. 

Tween-80 solution, 20 mgjml. 
All other reagents were of analytical grade. 

Procedures 

Determination of microamounts of platinum. 
Take a known volume of solution containing up 
to 25 pg of platinum(II), in a 25-ml standard 
flask, add 2.0 ml of NPTSQ solution, 3.0 ml of 
Tween-80 solution and 3.0 ml of NaOH-KC1 
solution, dilute to the mark with distilled water, 
shake and measure the absorbance at 640 nm 
against a reagent blank prepared in the same 
manner. 

Determination of platinum in anode slime. 
Dissolve an accurately weighed sample (0.5-1.5 
g) of anode slime by heating with 20 ml of aqua 
regiu, evaporate the solution to incipient dry- 
ness, add 5 ml of concentrated hydrochloric acid 
and evaporate until nitrogen dioxide ceases to 
evolve. Let cool to room temperature (18-25”), 
add 2.5 ml of 3.OM hydrochloric acid to dissolve 
soluble salts, filter off the residue and wash it 
with -20 ml of distilled water, dilute the com- 
bined filtrate and washings to -25 ml, saturate 
the solution with sodium chloride and extract 
with two lo-ml portions of tributyl phosphate 
(TBP). Strip platinum from the organic phase 
with three 20-ml portions of 25% v/v nitric acid 
saturated with sodium nitrate. Evaporate the 
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combined nitric acid extracts to incipient dry- 
ness in a small beaker, and dissolve the soluble 
salts in 0.3M hydrochloric acid. Transfer the 
solution to a 25ml standard flask and dilute to 
the mark with distilled water. Take 2.0 or 5.0 ml 
of the solution in a 25ml standard flask, add 0.5 
ml of 20% potassium iodide solution, then 
5 min later add a drop of 5.0% ascorbic 
acid solution,** adjust to nearly neutral with 
0.2M sodium hydroxide, and complete the 
determination as above. 

Determination ofplatinum in a catalyst. Weigh 
accurately about 1.0 g of Pt-Al,O, catalyst and 
dissolve it in 10 ml of aqua regia. Evaporate the 
solution to incipient dryness, add 5 ml of con- 
centrated hydrochloric acid and evaporate until 
no more nitrogen dioxide is evolved, then let cool 
to room temperature. Dissolve the soluble salts 
with distilled water, filter off the residue and 
wash it with distilled water, collecting the filtrate 
and washings in a 50-ml standard flask, and 
dilute to the mark with distilled water. Take 1.0 
ml of the solution in a 25-ml standard flask and 
add 0.5 ml of 20% potassium iodide solution, 
then 5 min later add a drop of 5.0% ascorbic 
acid, 0.5 ml of 2.0% sodium fluoride solution, 
and complete the determination as above. 

RESULTS AND DISCUSSION 

Absorption spectra 

Under the conditions used, platinum(I1) 
forms a violet-red complex with NPTSQ, as 

X(nml 

Fig. I. Absorption spectra of NPTSQ and its platinum(H) 
complex. (I), NPTSQ (against water as reference); (2), 
NPTSQ-Pt(II) complex (against reagent blank as reference). 

Table 1. Tolerance limits in the determination of 10 pg of 
platinum(I1) with NPTSQ 

Amount 
tolerated, 

Ion added fig 

I-, acetate, ascorbate 1000 
F-, Zn(I1) 500 
Ga(IV) 400 
Ca(II), Hg(II), Mo(VI), Ir(III), W(VI) 200 
Mg(II), Th(IV), V(V), Cr(VI), Al(III), Os(VII1) 100 
Os(IV) 80 
Pb(II), Mn(II), phosphate 50 
Ag(I), Ge(IV) 40 
Fe(III), Cd(II), Ce(IV), Sn(IV), Fe(I1) 25 
Bi(II1) 15 
Ni(I1) 10 
Au(III), Rh(II1) 5 
Cu(I1) 2 
Co(II), Ru(II1) 1 
Pd(I1) 0.5 

does platinum(IV), but the molar absorptivity 
of the platinum(IV) complex is very low. The 
platinum(I1) complex exhibits maximum 
absorption at 640 nm, whereas that of the 
reagent is at 515 nm. The absorption spectra of 
NPTSQ and its platinum(I1) complex are shown 
in Fig. 1. 

Reaction conditions 

The optimum pH for the NPTSQ-Pt(II)- 
Tween-80 system is in the strongly alkaline 
region and addition of 2.0-5.0 ml of the 
NaOH-KC1 solution to an approximately neu- 
tral test solution was found to give essentially 
the same absorbance; addition of 3.0 ml is 
recommended. 

In the absence of surfactant or in the presence 
of an ionic surfactant a precipitate forms in the 
colour system, but the presence of a non-ionic 
surfactant, such as the emulsifying agent OP, 
poly(viny1 alcohol), Triton X-100 or Tween 
increases the solubility. Tween-80 was found 
to be the best additive, 1.0-5.0 ml of 2% 
Tween-80 solution giving good results; 3.0 ml is 
recommended. 

Maximum and stable absorbance was 
attained with 1.0-3.0 ml of 2 x 10e4M NPTSQ, 
and use of 2.0 ml is selected as optimal. 

At room temperature, platinum(I1) reacts 
nearly instantaneously with NPTSQ. The 

Table 2. Determination of platinum in a catalyst and an 
anode slime 

Sample Standard content, % Pt found,* % 

Catalyst 0.0419 0.0402 + 0.0008 
Anode slime 0.0020 0.0019 k 0.00008 

*Mean f standard deviation of five replicates. 
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Table 3. Comparison of the main characteristics of spectrophotometric determination of platinum with several organic 
reagents 

Reagent 
Molar absorptivity, Experimental Interferings 

I.mole-‘.cm-i conditions ions Reference 

PTK 7.3 x 10’ 

6-Aminoquinoxaline-2,3-dithiol 7.8 x 10’ 

Extract, 
heat, 
pH 34.5 
Extract, 
pH 0.7 

MPM 1.71 x 10’ 

BDPTK 1.29 x lo5 

3,5-DiBr-PADAT 7.3 x 104 

5-Br-PADAP 2.7 x 104 

NPTSQ 1.37 x 10’ 
pH 12-13 

30-Fold excess 
of MPM 
Heating for 
15 min, 
pH 3-4 
Heat at 70” for 
25 min. 
pH 6.5 
Heat at 100” for 
60 min, 
pH 3.8 
Tween-80 

Fe, Ni, Co, Mn(II) 

Au, Rh, Ru(II1) 

Pb, Cu(I1) 
Fe, Cr, Rh, Ir(II1) 
Cu, Co, Ni(I1) 
Fe, Rh(II1) 
Os(V1) 
Ag(I), Pd(II), I- 
Au, Ru, Gs(III), W(VI) 
Pb, Co, Hg, Pd, Ni(I1) 
Au, Ru, Rh(III), Ag(1) 
Os(VIII), Cl-, NO; 
Hg, Fe, Sn, Pd, Ni(I1) 
Ru, Ir(II1) 
Os(VII1) 
Ni, Co, Cu, Mn, Sn(I1) 
W(II), Ag(I) 
Ru, Rh(III), Ir(IV) 
Cu, Co, Pd(I1) 

5 

7 

18 

21 

22 

23 

This work 

chelate is stable in solution for at least 24 hr. 
The order of addition of reagents seriously 
affects the system, however. Addition in the 
order Pt(II), NaOH-KC1 solution, Tween-80 
solution, NPTSQ solution gives the worst re- 
sults, whereas the order Pt(II), NPTSQ, Tween- 
80, NaOH-KC1 solution gives the best. 

Analytical characteristics 

A calibration graph was prepared by the 
procedure described for determination of mi- 
croamounts of platinum. Beer’s law was obeyed 
over the concentration range O-25 pg of plati- 
num in 25 ml of final solution; the linear 
regression equation obtained was 

A = 0.0282C + 0.00102 (r = 0.998) 

where C is expressed as pg/25 ml. From this 
equation, the molar absorptivity was calculated 
to be 1.37 x lo5 l.mole-‘.cm-‘. 

The composition of the complex was deter- 
mined by the molar-ratio and continuous-vari- 
ation methods, and found to be 1:2 
(metal : ligand). 

Interferences 

The influence of 36 diverse ions on the deter- 
mination was examined. The ions to be tested 
were added individually to a solution containing 
10 pg of platinum. The tolerance limits (er- 
ror < 2%) listed in Table 1 showed that plati- 
num could be determined in the presence of 
many foreign ions, but the interference of 
Ru(III), Co(II), Pd(I1) and Cu(I1) was serious. 
Hence, extraction with TBP25.26 was used in the 

analysis of samples containing these species. 
The interference of Al(II1) was eliminated by 
masking with sodium fluoride. 

Applications 

The method has been applied to the determi- 
nation of microamounts of platinum in a cata- 
lyst and an anode slime. The results are shown 
in Table 2, along with the values found by a 
reference method. 

Conclusion 

The comparison (in Table 3) of the NPTSQ 
method with others shows that NPTSQ is a 
highly sensitive spectrophotometric reagent for 
platinum, and that the method is simple and 
rapid, more selective and with higher sensitivity. 
It may be used to determine microamounts of 
platinum in small samples. 
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Summary-The ultraviolet (UV) photolysis of several classes of nitrogenous pesticides was examined with 
a view to photo-induced fluorescence detection in flow-injection analysis (FIA) and liquid chromatog- 
raphy. The solvents evaluated as typical reversed-phase mobile phases included water, methanol, and 1: 1 
mixtures of methanol/water and acetonitrile/water, and methanol/acetonitrile/water mixtures. Acetone, 
acetophenone, the surfactant Triton X-100, and the photocatalyst titanium dioxide were assessed as 
photosensitizers to enhance the UV photolysis and fluorescence responses. FIA and liquid chromato- 
graphic separations of several pesticides were followed by post-column UV photolysis for the fluorescence 
detection. Ultraviolet photolysis produces some fluorescent products. The type of photolytic solvent seems 
to play a significant role. The presence of photosensitizers also affects the fluorescence response of some 
pesticides. The photochemical transformation products of some of the pesticides are suggested. Analytical 
figures of merit were evaluated for determination of several pesticides in ground water. The post-column 
UV photolysis approach for fluorescence detection in liquid chromatography was assessed for several 
nitrogenous pesticides in ground water samples at n&g concentrations. 

A variety of detectors have been developed for 
liquid chromatographic and gas chromato- 
graphic determination of trace levels of pesti- 
cides.’ Although liquid chromatography (LC) 
with ultraviolet (UV) detection is sensitive for 
many organic compounds, it lacks selectivity, 
especially for complex matrices. Fluorometri2-4 
and electrochemicals~6 detectors are more selec- 
tive than W detection but intrinsically fluor- 
escent and electroactive compounds are relatively 
few. Recently, it has been shown that the intro- 
duction of a UV lamp in-line induces photo- 
chemical reactions in several compounds, leading 
to the formation of active species that respond to 
electrochemical’.* or fluorescence detection.9-” 

The photochemistry of several classes of 
pesticides has been reviewed by Crosby,‘* and 
more recently by Marcheterre et ~1.‘~ Plimmer14 
has summarized the photochemistry of the 
halogenated pesticides in the light of present 
knowledge of the mechanism of photochemical 
loss of chlorine from aromatic systems. A large 
number of pesticides contain aromatic structures 
that absorb strongly at some of the shorter 
wavelengths, resulting in bond fission; inter- 
molecular energy transfer may also occur from 

*Author for correspondence. 

a sensitizer.15 The effect of UV light on dinitro- 
phenols, phenyl esters, and esters of nitrophenols 
and pentachlorophenols has been well docu- 
mented.‘* In the presence of a sensitizer, several 
compounds that am otherwise inert may undergo 
photolytic degradation reactions. Addition of 
acetone as a sensitizer was reported to result in 
the rapid disappearance of ethylenethiourea 
under both natural and artificial light.16 Photo- 
lysis was sensitized also by riboflavin, Rhod- 
amine B or Methylene Blue. The production 
of radicals by photolytic or other homolytic 
processes may also be an important factor in the 
biological action of a pesticide.14 

We have constructed a post-column photo- 
lysis/fluorescence detector”,” and extensively ex- 
amined several classes of nitrogenous pesticides 
for the fluorescence induced by UV photolysis 
in LC and FIA. Typical reversed-phase mobile 
phases (methanol, 1: 1 mixtures of methanol/ 
water and acetonitrile/water) were evaluated as 
the photolytic solvents. Acetone, acetophenone, 
the surfactant Triton X-100 and the photo- 
catalyst titanium dioxide were assessed as 
potential photosensitizers to enhance photolysis 
and fluorescence responses. Both flow-injection 
analysis and liquid chromatographic techniques 
were employed. 
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EXPERIMENTAL 

Apparatus 

The instrumental system described earlierlo*” 
for LC postcolumn UV photolysis fluorescence 
detection was used in this work. A schematic 
diagram of the system is shown in Fig. 1. 
Briefly, it consisted of a Perkin-Elmer Series 4 
liquid chromatograph solvent-delivery system, a 
Perkin-Elmer ISS-100 autosampler, Milton Roy 
minipumps, a UV mercury lamp surrounded by 
an open tubular knitted photolytic reactor, a 
Kratos FS 970 fluorometer and a Perkin-Elmer 
LCI- 100 laboratory computing integrator. A 
Kratos Spectrdflow 980 programmable fluor- 
escence detector replaced the FS 970 in the later 
part of the studies. A Tracer Model 965 photo- 
conductivity detector was used with a Soltec 
Model 261 chart recorder. 

Perkin-Elmer 3 x 3 (0.46 x 3.3 cm; 3 pm) 
and Waters Resolve (0.46 x 15 cm; 5 pm) Cl8 
columns (room temperature) and linear aceto- 
nitrile/methanol/water gradients were used for 
all LC separations. To detect nanogram amounts 
of pesticides in water, the volume of sample 
injected in the column was 400 ~1, and the 
solvent program was optimized for the separ- 
ation of several pesticides in 27 min, as follows: 
flow-rate 1.0 ml/min; linear gradient from 
60 : 35 : 5 to 20 : 55 : 25 water/acetonitrile/methanol 
in 11 min; linear gradient to 30: 14: 56 water/ 
acetonitrile/methanol in 6 min; hold at 30: 14: 56 
for 4 min; linear gradient to 60: 35 : 5 water/ 
acetonitrile/methanol in 4 min; equilibrate for 
2 min. 

All initial photolysis studies were performed 
by flow-injection analysis (FIA) to allow rapid 
screening and to eliminate chromatographic 
problems. The solvent flow-rate used was 1 ml/ 
min for all solvent/photosensitizer systems. 

Fluorescence was measured at wavelengths 
longer than 418 nm after excitation at 235 nm 
with a deuterium source. This setting provided 
maximum response for several pesticides that 
produced fluorescent species upon photolysis, 
and had emission and excitation maxima at these 
wavelengths, but was a compromise for several 
other analytes. The fluorescence signals were 
integrated by the LCI-100 and printed on ther- 
mal paper. Fluorescence signals were also printed 
on the Soltec strip-chart recorder. Experimental 
conditions were optimized by a single univariate 
optimization method in the following sequence. 
The Teflon irradiation reactor designs (coiled, 
or knitted differently in three dimensions), 
flow-rates through the reactor, residence times, 
mobile-phase effects on responses, and concen- 
trations were examined and adjusted to provide 
maximum responses and minimal band broad- 
ening on the chromatograms for pesticides. 

Reagents 

Acetonitrile, acetone and water (all LC grade), 
methanol (Optima@ grade) and Triton X-100 
were obtained from Fisher Scientific Company. 

Chlorsulfuron, chlorimuron ethyl, metsulfuron 
methyl and sulfometuron methyl were obtained 
from Du Pont (Wilmington, DE), and fenoxy- 
carb was from Maag Agrochemicals (Vero 
Beach, FL). All the other pesticide standards 

Fig. 1. Schematic diagram of the instrumental system. 
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came from the U.S. Environmental Protection 
Agency, Pesticides and Industrial Chemicals 
Repository (Research Triangle Park, NC). 
The purities ranged from 95 to 100%. The 
chemical structures of these pesticides (except 
for avermectin) are shown in Figs. 2 and 3. 
Solutions of each pesticide (1 mg/ml) were 
prepared in methanol or water and diluted so 
that a l-p1 injection contained between 0.1 
and 10 nmole. Injections of 1 ~1 were made 
to minimize the effects of the pesticide 
solution solvent on the photolysis/fluorescence 
responses. 

Measurement procedure 

Relative fluorescence response measurements 
were initially made without an LC column in 
place, by FIA for rapid screening. The solvent 
systems (water, methanol, and 1: 1 mixtures 
of methanol/water and acetonitrile/water) were 
evaluated for fluorescence response and for use 
as mobile phases. The solvent systems evaluated 
with the photosensitizers were water, 1: 1 v/v 
mixtures of methanol/water and acetonitrile/ 
water, each with 0.5% v/v acetone; 1: 1 v/v 
mixtures of methanol/water each with 0.5% v/v 
acetophenone, 0.02% v/v Triton X-100 or 0.2 
mg/ml titanium dioxide. Each of the 37 nitro- 
genous pesticide solutions (1 ~1) was examined 
in each of these solvent systems. The fluor- 
escence measurements were performed in two 
modes of operation: (1) W lamp off (native 
fluorescence) and (2) UV lamp on (photo- 
induced fluorescence). Replicate measurements 
(at least 3) were made, to evaluate the repro- 
ducibility for each analyte. Relative fluorescence 
intensities, normalized to that of an equimolar 
amount of quinine sulfate standard, were evalu- 
ated after the W photolysis of each analyte/ 
solvent system combination. The analyte fluor- 
escence response is the difference between the 
mean of 3-5 measurements (RSD = 5%) with 
the UV lamp on and the UV lamp off. Fluores- 
cence improvement factors (ratio of fluorescence 
intensity of photolyzed chemical to fluorescence 
intensity of untreated chemical) were also 
evaluated for each analyte. Reversed-phase LC 
separations were performed and postcolumn 
UV photolysis and fluorescence measurements 
were performed for several of those analytes 
that showed high fluorescence responses in the 
FIA mode. Analytical figures of merit and 
recoveries from ground water samples fortified 
with the analytes at 25-500 ng/ml concentrations 
were evaluated for several pesticides. 

The photosensitizers acetone, acetophenone 
and Triton X-100 were added directly to the sol- 
vents to produce photosensitization, thus elimi- 
nating the need for an additional FIA pump. 

RESULTS AND DISCUSSION 

Fluorescence detection of pesticides 

All 37 nitrogenous pesticide chemicals, 
representing several classes of compounds (see 
structures in Figs. 2 and 3) were evaluated for 
fluorescence improvement after W irradiation 
and phototransformation. Some of these pesti- 
cides are from the EPA Pilot Groundwater 
Study list because of increasing interest in them.” 
Each of the 9 solvents and photosensitizer sys- 
tems was employed for screening fluorescence 
responses and fluorescence improvement follow- 
ing photolysis of each pesticide. The highest 
fluorescence responses obtained for each com- 
pound are listed in Table 1. Also included are the 
fluorescence improvement factors and the solvent 
system that produced the highest improvement 
factor. These results indicate that about 70% of 
the compounds screened show significant fluor- 
escence improvements upon UV photolysis, with 
relative fluorescence greater than 1% and/or 
fluorescence improvement factors larger than 3. 
It may be noted that the solvent system giving 
the highest fluorescence response varied from 
compound to compound. Further, solvent type 
significantly influenced photolysis efficiencies, 
fluorescence intensities and realtive fluorescences. 
Scholten et al.” have reported similar observa- 
tions. All the compounds in Table 1, except chlor- 
amben, gave significant fluorescence responses 
only after irradiation with UV light, indicating 
that this fluorescence resulted from some of 
the phototransformation products. Further, all 
of these compounds contained an aromatic 
grouping, suggesting that this fluorescence most 
likely resulted from phototransformation of this 
moiety. 

Addition of acetone, a photosensitizer, to the 
1: 1 water/acetonitrile solvent system enhanced 
the W photolysis reaction and increased relative 
fluorescences for the analytes carbetamide, metri- 
buzin, cyromazine and terbacil. These analytes 
showed lower fluorescence responses in the 
absence of acetone. 

Of all the compounds studied, only two, 
fluridone and chloramben, showed significant 
native fluorescence intensity without W photo- 
lysis under the present experimental conditions, 
and this varied significantly with various solvent 
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Table 1. Most intense fluorescences obtained by W photolysis with several solvent/photosensitizer systems for nitrogenous 
pesticides 

Relative fluorescence signal 
for 1 fig of analyte 

Fluorescence 
UV-induced Native response Relative Fluorescence 

Name (UV on) (UV off) per nmole* fluorescencet Solvent/system improvement$ 

3.2 
186.3 

8.6 
20.6 
38.9 

Ethylenethiourea (ETU) 0.175 0.080 0.026 0.007 
Trifluralin (Treflan) 3.167 0.017 1.056 0.293 
Captan 0.069 0.008 0.018 0.005 
Carbendazim (Derosal) 0.474 0.023 0.173 0.052 
Carbetamide (Legurame) 1.051 0.027 0.242 0.105 

1: 1 H,O/CH,CN 
1: 1 H,O/CH,CN 
1: 1 H,O/CH,CN 
1: 1 H,O/CH,OH 
1: 1 H,O/CH,CN 
+0.5% acetone 
1: 1 H,O/CH,OH 
100% CH,OH 
100% CH,OH 
1: 1 H,O/CH,OH 
1: 1 H,O/CH,OH 
1: 1 H,O/CH,OH 
1: 1 H,O/CH,OH 
100% CH,OH 
100% CH,OH 
100% CH,OH 
1: 1 H,O/CH,CN 
+0.5% acetone 
1: 1 H,O/CH,CN 
+0.5% acetone 
1: 1 H,O/CH,CN 
+0.5% acetone 
1: 1 H,O/CH,CN 
+0.5% acetone 
1: 1 H,O/CH,CN 
1: 1 H,O/CH,CN 
100% Hz0 
1: 1 H,O/CH,OH 
100% Hz0 
100% H,O 
1: 1 H,O/CH,OH 

Carboxin (Vitavax) 2.062 0.005 0.484 0.145 
Alachlor (Lasso) 1.276 0.005 0.343 0.08 1 
Butachlor (Machete) 1.100 0.009 0.340 0.080 
Avermectin 0.136 0.012 0.108 0.032 
Paraquat (Gramoxone) 1.950 0.017 0.497 0.149 
Chloramben (Am&n) 8.765 0.105 1.784 0.536 
Fenamiphos (Nemacur) 0.652 0.021 0.191 0.058 
Metolachlor (Dual) 0.722 0.014 0.201 0.047 
Melamine 0.099 0.024 0.01 0.002 
Atrazine (Aatrex) 0.15 0.035 0.025 0.006 
Metribuzin (Lexone) 0.234 0.035 0.058 0.025 

N-Methylfonnamide 0.192 0.012 

0.019 

0.011 

0.030 

0.005 

Cyromazine 0.159 0.013 

Terbacil (Sinbar) 0.268 0.030 0.052 0.022 

Cyanazine (Bladex) 0.078 0.022 0.014 0.004 
Dinoseb (DNBP) 0.918 0.043 0.23 0.064 
Chlorsulfuron 0.074 0.020 0.019 0.009 
Sulfometuron methyl 0.202 0.038 0.12 0.014 
Chlorimuron ethyl 0.145 0.003 0.061 0.027 
Metsulfuron methyls 0.108 0.003 0.08 0.036 
Fenoxycarb 1.695 0.049 0.496 0.019 

412.4 
255.2 
122.2 

11.3 
114.7 
83.5 
31.0 
51.6 
4.1 
4.3 
6.7 

17.0 

9.4 

9.9 

3.5 
22.3 

3.7 
5.3 

48.3 
36.0 
34.6 

*Difference between average of measurements with UV lamp on the UV lamp off. 
tRatio of the fluorescence response of pesticide to that of an equimolar amount of quinine sulfate. 
SFluorescence improvement = Fluorescence intensity of photolyzed chemical/Fluorescence intensity of untreated chemical. 

systems. The most intense native fluorescence 
and the optimal solvent systems for these two 
pesticides are given in Table 2. It is interesting 
that the native fluorescence intensity of chlor- 
amben is 10.5 times greater in 100% methanol 
than in 1: 1 water/methanol (see Table 1). Fur- 
ther, UV photolysis enhanced the fluorescence 
intensity of chloramben and produced a high 
fluorescence improvement (83.5; see Table 1). 

For several pesticides the relative fluorescence 
improvement was very dependent upon the 
solvents used, indicating that the solute environ- 

ment was important in the photolysis mechan- 
ism. It has been reported that the presence and/or 
absence of oxygen affects the rates of photolysis 
and products formed from some pesticides.‘9*20 
Even though the solvents used in this investi- 
gation were purged with helium to avoid bubble 
formation during chromatography, the oxygen 
permeability of Teflon prevented deoxygenation 
from being achieved during photolysis. There- 
fore, the role of oxygen, if any, in the photolysis 
of these pesticides is not known. Further, it has 
been reported that UV irradiation of Teflon 

Table 2. Most intense fluorescences observed without UV photolysis (native fluorescence) for nitrogenous pesticides in 
several solvent/photosensitizer systems 

Relative fluorescence 
signal for 1 peg of analyte Fluorescence response Relative Solvent/photosensitizer 

Name (native fluorescence, no UV) per nmole fluorescence* system 

Fluridone (Sonar) 3.595 1.184 0.356 1: 1 H,O/CH,OH 
Chloramben (Am&en) 1.140 0.235 0.055 100% CH,OH 

*Ratio of fluorescence response of pesticide to that of an equimolar amount of quinine sulfate. 
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Table 3. Photosensitizer-enhanced UV-photolysis and improvement of fluorescence of nitrogenous pesticides 

Relative fluorescence signal 
for 1 pg of analyte 

Fluorescence Solvent/ 
UV-induced Native response Relative photosensitizer Fluorescence 

Name (UV on) (UV off) per nmole* fluorescence? system improvement$ 

Trifluralin (Treflan) 0.087 0.015 0.024 0.007 1: 1 H,O/CH,OH 5.8 
Trifluralin (Treflan) 2.121 0.040 0.698 0.169 1: 1 H,O/CH,OH 53 

+0.5% acetone 
Thiobencarb (Bolero) 0.050 0.019 0.008 0.002 1: 1 H,O/CH,OH 2.6 
Thiobencarb (Bolero) 1.144 0.026 0.288 0.037 1: 1 H,O/CH,OH 44 

+0.02% Triton X-100 
Cyromazine 0.032 0.03 0.0003 0.0001 I : 1 H,O/CH,CN 1.1 
Cyromazine 0.159 0.019 0.030 0.013 I : I H,O/CH,CN 9.4 

+0.5% acetone 
Dinoseb (DNBP) 0.024 0.028 0.001 0.0003 1: 1 H,O/CH,OH 0.9 
Dinoseb (DNBP) 0.125 0.031 0.038 0.01 1: 1 H,O/CH,OH 5 

+0.5% acetone 
Metribuzin (Lexone) 0.018 0.015 0.0906 0.0002 I : 1 H,O/CH,CN 1.2 
Metribuzin (Lexone) 0.234 0.035 0.058 0.025 1: I H,O/CH,CN 6.7 

+0.5% acetone 
Terbacil (Sinbar) 0.014 0.011 0.0007 0.0002 1: 1 H,O/CH,CN 1.3 
Terbacil (Sinbar) 0.268 0.030 0.052 0.022 1: 1 H,O/CH,CN 9.9 

+0.5% acetone 
Daminozide (Alar) 0.015 0.014 0.0003 0.0001 1: 1 H,O/CH,CN 1.1 
Daminozide (Alar) 0.20 0.011 0.03 0.013 1: 1 H,O/CH,CN 19.2 

+0.5% acetone 
N-Methylformamide 0.018 0.015 0.0002 0.00005 1: 1 H,O/CH,CN 1.2 
N-Methylformamide 0.192 0.012 0.011 0.005 1: 1 H,O/CH,CN 17 

+0.5% acetone 
1, I -Dimethylhydrazine 0.029 0.016 0.0008 0.0002 1: 1 H,O/CH,CN 1.8 
1,l -Dimethylhydrazine 0.126 0.043 0.005 0.002 I : 1 H,O/CH,CN 2.9 

+0.5% acetone 

*Difference between average of measurements with UV lamp on the UV lamp off. 
tRatio of fluorescence response of pesticide to that of an equimolar amount of quinine sulfate. 
fFluorescence improvement = Fluorescence intensity of photolyzed chemical/Fluorescence intensity of untreated chemical. 

Table 4. Fluorescence improvements observed upon UV photolysis of several pesticides in various solvent systems 

Fluorescence improvement* 

1:l H,O 1:l H,O 
I:1 H,O 1:l H,O 

CH+OH CH+OH 
1:l H,O l:lH,O H,O CH+OH CH+CN + 0!02% + d.5% 

CH;OH CHt;CN 
+ 0.5% + d.5% + O.b2% Triton aceto- 

Name H,O CH,OH acetone acetone acetone x-100 phenone 

Trifluralin 2.6 2.2 5.8 186.3 3 53 41.1 4 3.8 
Carbendazim 3.7 9.9 20.6 15.5 0.8 3.8 6.2 10.3 1.3 
Carbetamide 0.4 12.8 6.2 11 1 4 38.9 3.9 0.6 
Carboxin 34 161 412.4 173.3 1.3 33.5 47.4 91.1 1.3 
Alachlor 21.5 255.2 104.3 23.2 0.8 3.7 4.1 54.8 0.7 
Butachlor 10.9 122.2 37.1 22.8 1.9 3.5 5.6 44.3 12 
Avermectin 1.1 13.6 11.3 2.5 1.7 3.7 7.6 4.7 1.6 
Paraquat 6 57.8 114.7 10.1 1.4 1 17.1 44.6 1.9 
Chloramben 16.3 2.9 83.5 46.8 2.5 42.9 56.9 55.1 5.3 
Fenamiphos 6.5 5.6 31 5.6 1.2 4.8 1.2 13.4 0.7 
Metolachlor 11.1 51.6 19 16.5 1.1 3.6 2.8 35.8 I 
Metribuzin 0.6 0.5 0.6 1.2 0.8 0.3 6.7 1.3 0.8 
Cyanazine 3.9 1.3 2.2 3.5 0.9 1.4 3.5 3 1.2 
Terbacil 1.4 6.4 1.1 1.3 1.3 1.1 8.9 2.7 1 
Cyromazine 0.4 1.4 0.7 1.1 1.7 2.6 9.4 0.8 0.9 
Dinoseb I.9 1.7 0.9 22.3 0.4 5 9.6 0.4 1.6 
Daminozide 1.3 1 0.8 0.9 2.2 1.7 19.2 0.5 I 
Molinate 1.4 1.1 1 2.2 1 1.6 10.1 1.6 7 
Thiobencarb 2.9 2.3 2.6 9.9 1 0.7 4.9 44 1.6 
EPTC 1.4 0.8 1.2 2.3 1.1 0.7 16.3 1.8 1.7 
Dinhenamid 10.3 8.3 26.9 14 1.1 1.2 2.5 8.9 2 

*Fluorescence improvement = Fluorescence intensity of photolyzed chemical/Fluorescence intensity of untreated chemical. 
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produces protons and fluoride ions, which may 
also affect photolytic pathways.*’ 

The effect of the photosensitizers was evalu- 
ated by adding them prior to UV photolysis. 
Table 3 lists acetone photosensitizer-enhanced 
UV photolysis and fluorescence response for 
several compounds. No one solvent system 
produced the highest fluorescence responses for 
all the pesticides. Fluorescence responses with- 
out acetone are also included for comparison. 
The presence of acetone enhanced the UV photo- 
lysis, giving fluorescence improvement factors 
5-15 times higher for all the pesticides except 
1,l -dimethylhydrazine. In other instances, how- 
ever, the presence of acetone in the solvent 
system produced diminished fluorescence signals. 
The fluorescence improvements are summarized 
in Table 4. 

The use of the photocatalyst titanium dioxide 
as a photosensitizer was evaluated by using an 
aqueous suspension. Initial studies were carried 
out with 0.2 mg/ml titanium dioxide dispersed 
in LC grade water. This suspension was con- 
stantly stirred and dispensed at a flow-rate of 
0.5 ml/min into a 1: 1 water/methanol solvent 
system. The five pesticides showing no significant 
fluorescence responses with UV photolysis and 
without a photosensitizer were: ethylenethiourea, 
trifluralin, thiobencarb, dinoseb and chlorsulf- 
uron. Three of these compounds upon UV 
photolysis in the presence of titanium dioxide 
gave a relative fluorescence response greater 
than 1%. The relative fluorescence (photolysis 
efficiency) values for three pesticides were: 
dinoseb (I%), thiobencarb (1.3%), and trifluralin 
(11%). Further work is needed to evaluate the 
effect of the photocatalyst titanium dioxide on 
other pesticides. 

Photoconductivity and programmed wavelength 
fluorescence detection 

A preliminary study was done with the 
photoconductivity detector for measurement of 
responses of several pesticides following UV 
photolysis. There was very little difference in 
photolytic efficiency between the UV sources, 
when used with either the LC fluorescence instru- 
mentation or the photoconductivity detector. 
The peaks measured with the photoconductivity 
detector were somewhat broader, probably be- 
cause of the open tubular design of the reactor. 
The limits of detection were within an order 
of magnitude of each other. All subsequent 
measurements were made by optical detection, 
because of the selectivity advantage conferred 

Min Min 

A a 

Fig. 4. Typical FIA traces of the LC-integrator output. 
A = 0.2 ng of diphenamid; B = I ng of diphenamid. 

by changing the fluorescence excitation and 
emission wavelengths. 

A new programmable fluorescence detector, 
an ABI Analytical Kratos Division Spectroflow 
980 model, was obtained to replace the Kratos 
model FS 970 detector and a comparative 
performance study was carried out for several 
analytes. The fluorescence signal intensities with 
the Spectroflow 980 detector were 3-4 times 
higher for equal amounts of analytes than those 
with the FS 970 detector. The fluorescence 
responses for several analytes were more than 
four times as great when measured with the 
new detector. Typical traces of the fluorescence 
signals for diphenamid are shown in Fig. 4. 

Analytical figures of merit 

Analytical figures of merit for determination 
of some of the more responsive compounds were 
evaluated by LC, employing UV photolysis for 
the generation of fluorophores. Several classes 
of pesticides in ground water were determined 
by this approach. Aqueous standard solutions 
of various pesticides (covering a range of 
concentrations) were examined individually 
and as mixtures. LC separation of the analytes 
was achieved in the reversed-phase mode in 27 
min with the water/acetonitrile/methanol gradi- 
ent solvent program mentioned in the exper- 
imental section, on a Cl 8 column at room 
temperature. The chromatographically separ- 
ated pesticides were UV photolyzed and their 
fluorescence responses were measured. Typical 
LC chromatograms are shown in Fig. 5 for a 
multi-component pesticide mixture. Analytical 
figures of merit for determination of several 
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Fig. 5. Chromatograms of multi-component pesticides in 
water, obtained by the reversed-phase LC and postcolumn 
UV photolysis and fluorescence detection technique. Column, 
Waters Resolve Cl8 (0.46 x 15 cm; 5 pm); sample injection 
volume, 400 ~1; amount of each pesticide, 50 ng. 1, Carbet- 
amide, retention time 5.45 min; 2, carboxin, retention time 
7.77 min; 3, alachlor, retention time 14.09 min; 4, butachlor, 

retention time 19.80 min. 

pesticides are given in Table 5. These analytical 
figures were determined from at least 6-10 
measurements of various concentrations. The 
calibration equation was calculated by a least- 
squares program with Lotus software. The limit 
of detection for the analyte was evaluated from 
6 or more fluorescence measurements of the 
lower concentrations. The standard deviation of 
measurements was within the range 35% RSD. 
Fluorescence signal peak heights, background 
noise (peak-to-peak) and blank measurements 
were recorded and detection limits were evalu- 
ated from the lower concentrations for a signal- 
to-noise ratio of 3. The limits of detection for 
the pesticides with this technique are in the 
lower pg/kg range. Typical analytical curves for 
these analytes were linear over an analyte mass 

Table 6. Determination of pesticides in ground water 
samples* 

Concentration, pgglkg Mean 
recovery, 

Pesticide Addedt Found: % 

Alachlor 25 26f 1 105 
100 105f4 105 
250 263 f 8 105 
500 5OOi 15 100 

Butachlor 25 28* I 110 
125 130f5 104 
250 243 f 7 97 

Carbetamide 50 58 f 3 115 
250 275 + 8 110 
500 415 + 14 95 

Carboxin 25 28* 1 110 
50 54*2 108 

250 250*8 100 
500 475 f 12 95 

*The concentration of the analytes in the ground water 
samples was below the limit of detection. 

tTo a 400-~1 sample injection into the LC column. 
IMean f standard deviation of four replicates. 

range of 2-3 orders of magnitude with the low 
end of the curves in the range of lower 
nanogram amounts. 

Analytical applications 

LC postcolumn W photolysis followed by 
fluorescence detection was applied to the deter- 
mination of pesticides in ground water samples. 
The samples were then fortified with pesticides 
at various levels and the pesticides were deter- 
mined again in the same way (four replicates). 
Least-squares and regression analyses of the 
data are shown in Table 6. The mean recoveries 
ranged from 95 to 115% at the lower pg/kg 
concentrations. 

CONCLUSIONS 

The postcolumn W photolysis of 37 pesticide 
chemicals, followed photoinduced fluorescence 
detection by FIA and LC, with nine solvent- 
photosensitizer combinations showed that more 

Table 5. Analytical figures of merit for the HPLC-UV photolysis fluorescence determination of pesticides 
in ground water 

Range of Analyte Limit of Correlation 
analyte amount concentration detection,* coefficient, 

Pesticide studied, ng range, clglkg &kg Regression equation? r 

Alachlor 4-200 lo-500 5 y = 4.32 + 1.42x 0.9986 
Butachlor IO-200 25-500 12 y = -2.41 + 1.74x 0.9985 
Carbetamide 20-400 50-1000 38 y-1.56+ 1.02x 0.9999 
Carboxin 4-200 IO-500 5 y = -3.18 + 1.22x 0.9996 
Diphenamid 50-200 125-500 50 y = -3.50 +2.65x 0.9973 
Fenoxycarb lo-50 25-125 5 y = 4.68 + 1.15x 0.9935 

*Limit of detection from signal peak-height, blank, and background peak-to-peak noise, for S/N = 3. 
ty = relative fluorescence, x = analyte concentration @g/l.). 



922 BHAGWANDAS M. PATEL et al. 

than two-thirds of these compounds produce 4. P. Froehlich, BioChromatography, 1987, 2, 144. 

high fluorescence responses upon W photolysis. 5. D. C. Johnson, S. G. Weber, A. M. Bond, R. M. 

These analytes showed no fluorescence improve- Wightman, R. E. Shoup and I. S. Krull, Anal. Chim. 

ment without photolysis, indicating that the 
Acta, 1986, 180, 187. 

fluorescence improvement resulted from some 
6. K. Stulik and V. Pacakova, Prog. HPLC, 1987, 2, 

131. 
of the phototransformation products. The rela- 7. I. S. Krull and W. R. LaCourse, in I. S. Krull (ed.) 

tive fluorescence response of most analytes was Reaction Detection in Liquid Chromatography, p. 303. 

very dependent on the solvent environment and Dekker, New York, 1986. 

on the presence or absence of photosensitizing 
8. X. D. Ding and I. S. Krull, J. Agric. Food Chem., 1984, 

agents. Fluorescence response measurements of 
32, 622. 

9. R. G. Luchtefeld, J. Chromatog. Sci., 1985, 23, 

the analytes after photolysis produced limits of 516. 

detection in the lower nanogram range. Several 10. C. J. Miles and H. A. Moye, Anal. Chem., 1988, 60, 

pesticides were determined in ground water 220. 

samples at ,ug/kg concentrations with this LC 
11. B. M. Patel, H. A. Moye and R. Weinberger, J. Agric. 

postcolumn UV photolysis fluorescence detection 
Food Chem., 1990, 38, 126. 

12. D. G. Crosby, in P. C. Keamey and D. D. Kaufman 
technique. The recoveries for various analytes (eds.) Herbicides: Chemistry, Degradation and Mode of 

ranged from 95 to 115% at the lower pg/kg Action, Vol. 2, 2nd Ed., p. 835. Dekker, New York, 

concentrations. 1976. 
13. L. Marcheterre, G. G. Choudhry and G. R. B. Webster, 

Acknowledgement-This research was sponsored by the 
Rev. Environ. Contam. Toxicol., 1988, 103, 61. 

U.S. Department of Interior, Grant no. 14-08-OOOl-G1722. 
14. J. R. Plimmer, Residue Rev., 1971, 33, 47. 
15. R. G. Zepp and D. M. Cline, Environ. Sci. Technol., 

REFERENCES 

L. Muszkat and N. Aharonson, Anal. Methods Pestic. 
Plant Growth Regul., 1986, 14, 95. 

A. Hulshoff and H. Lingeman, Molecular Luminescence 
Spectroscopy Methods and Applications, Part I, p. 621. 
Wiley, New York, 1985. 
R. W. Frei, in R. W. Frei and J. F. Lawrence (eds.), 
Chemical Derivatization in Analytical Chemistry, Vol. 1: 
Chromatography, Plenum Press, New York, 1981. 

1977, 11,359. 
16. R. D. Ross and D. G. Crosby, J. Agric, Food Chem., 

1973, 21, 335. 
17. Pesticide and Toxic Chemicals News, 11 February 1987, 

p. 19. 
18. A. H. M. T. Scholten, U. A. Th. Brinkman and R. W. 

Frei, Anal. Chim. Acta, 1980, 114, 137. 
19. P. K. Freeman and K. D. McCarthy, J. Agric. Food 

Chem., 1984, 32, 873. 
20. P. K. Freeman and E. M. N. Ndip, ibid., 1984,32,877. 

21. G. E. Batley, Anal. Chem., 1984, 56, 2261. 



Talanta, Vol. 38, No. 8, pp. 923-928, 1991 0039-9140/91 $3.00 + 0.00 
Printed in Great Britain Pergamon Press plc 

SEPARATION OF TRACES AND LARGER AMOUNTS OF 
BISMUTH FROM GRAM AMOUNTS OF THALLIUM, 

MERCURY, GOLD AND PLATINUM BY 
CATION-EXCHANGE CHROMATOGRAPHY 

ON A MACROPOROUS RESIN 

F. W. E. STRELOW 

Division of Processing and Chemical Manufacturing Technology, C.S.I.R., P.O. Box 395, Pretoria 0001, 
South Africa 

(Received 11 July 1989. Revised 27 August 1990. Accepted 26 February 1991) 

Sunnnary-Traces and larger amounts of bismuth (up to 50 mg) can be separated from gram amounts 
of thallium, mercury, gold and platinum (up to 5 g) by sorption from a mixture of 0.1 M hydrochloric 
acid and 0.4M nitric acid on a column containing just 3 g (8.1 ml) of AGMP-50, a macroporous 
cation-exchange resin. This resin retains bismuth much more strongly than does the usual microporous 
resin (styrene-DVB with 8% cross-linkage). Other elements are eluted with the same acid mixture as that 
used for sorption, and bismuth is finally eluted with l.OM hydrochloric acid. Separations of bismuth are 
sharp and recoveries quantitative. Only microgram amounts of the other elements remain in the bismuth 
fraction. Amounts of bismuth as little as 5 pg have been separated from 5 g of thallium, and determined 
(r.s.d. = 2%) by flame atomic-absorption. Only lOO+g amounts of bismuth have been separated from 
gram amounts of mercury, gold, and platinum, but there is no reason to believe that smaller or larger 
amounts of bismuth cannot be separated from these elements and recovered with the same accuracy as 
that for the separation from thallium. The lower limit of the method is determination of 0.4 pg of bismuth 
in 10 ml of solution (0.004 absorbance). An elution curve, the relevant distribution coefficients and the 
results of analysis of synthetic mixtures and two practical samples [thallium metal and mercury(I1) nitrate] 
are presented. 

The separation of bismuth from other elements 
by ion-exchange chromatography has received 
considerable attention during the past few 
decades. Probably the first selective method 
described was that of Lur’e and Filipova who 
found that bismuth was eluted by 0.05M sul- 
phuric acid, containing 10 mg/ml potassium 
iodide, from a cation-exchange column, while 
copper and lead were retained.’ Many other 
elements should also be retained. 

One of the most selective and generally appli- 
cable methods available originates from the 
work of Nelson and Kraus2 who showed that 
bismuth is retained by strongly basic anion- 
exchange resins from hydrochloric acid media 
over practically the whole acid concentration 
range. Lead can be eluted with 8M hydrochloric 
acid, followed by elution of iron(II1) and most 
other elements with 0.5M hydrochloric acid. 
Bismuth is retained and can be eluted with 1M 
sulphuric acid. Cadmium, zinc and indium are 
only partially eluted and thallium(III), mer- 
cury(II), gold(III), platinum(IV) and palla- 
dium(I1) are not eluted at all with 0.5M 

hydrochloric acid. They accompany bismuth 
either partially or completely. Numerous vari- 
ations of this method have appeared in the 
literature. 

Even more selective is anion-exchange in 
nitric-hydrobromic acid mixtures.3 As much as 
gram amounts of cadmium can be separated 
from traces of bismuth by eluting cadmium with 
0.03M hydrobromic acid in 2M nitric acid, from 
a quite small column. This separation is not 
possible by anion-exchange in pure hydro- 
chloric or hydrobromic acid (or iodide) media, 
because both elements are strongly retained 
even at low acid concentrations and show only 
minor differences in their anion-exchange be- 
haviour in pure halide solutions. 

Some species, such as thallium(III), gold(III), 
mercury(I1) and platinum metals, which form 
very stable chloride or halide complexes, are 
retained together with bismuth by anion- 
exchange resins from halide-containing sol- 
utions over practically the whole concentration 
range. Separations of these elements from 
bismuth by anion-exchange procedures in 
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halide solutions are therefore difficult or im- 
possible. 

It has been shown that bismuth can be sorbed 
selectively from 8M ammonium nitrate,2 or 
from nitric acid-methanol mixtures: but the 
large salt concentrations in the first case could 
cause problems, and mercury(II), gold(II1) and 
palladium(I1) are also sorbed from nitrate or 
nitric acid-methanol solutions. 

A different approach for separation of bis- 
muth from large amounts of thallium has been 
described recently. ’ The bismuth is retained 
from dilute nitric acid by a cation-exchange 
resin with a low degree of cross-linkage (Bio- 
Rad AG50W-X4) and thallium, as Tl(I), is 
eluted with 0.6M nitric acid. As much as 2 g of 
thallium can be separated. Unfortunately, mer- 
cury(I1) is also retained and cannot be cleanly 
separated from bismuth by this method. Large 
amounts of gold or platinum could cause prob- 
lems in chloride-free solutions of dilute nitric 
acid because such solutions tend to become 
unstable (with respect to reduction to the metal) 
when the last traces of chloride are removed by 
repeated evaporations with nitric acid. 

Recent publication@*’ indicate that macropo- 
rous cation-exchange resins such as Bio-Rad 
AG MP-50 retain bismuth much more strongly 
from dilute hydrochloric acid solutions than the 
usual gel-type resin with 8% divinylbenzene 
(DVB) cross-linkage does, whereas the sorption 
of mercury(II), gold(III), thallium(II1) and plat- 
inum(IV) does not change significantly. This 
seemed to offer good prospects for the separ- 
ation of traces and also larger amounts of 
bismuth from large amounts of these species. 

Also, because bismuth forms an oxychloride 
that is quite insoluble in very dilute hydro- 
chloric acid, but becomes more soluble with 
increase in chloride as well as hydrogen-ion 
concentration, and distribution coefficients for 
bismuth are much larger in nitric than in hydro- 
chloric acid,’ the use of nitric-hydrochloric acid 
mixtures as eluting agents seemed to offer possi- 
bilities for separating larger amounts of bismuth 
and for achieving separations on relatively small 
columns. Distribution coefficients have been 
determined for bismuth on a gel-type 8% cross- 
linked resin in the mixed acids,* but such infor- 
mation does not exist for macroporous resins. 
This paper therefore presents distribution co- 
efficients for bismuth(II1) on a macroporous 
resin in nitric-hydrochloric acid mixtures. The 
results are used to develop a method for the 
quantitative separation of traces and larger 

amounts of bismuth from thallium(III), 
gold(III), mercury(I1) and platinum(IV). 

EXPERIMENTAL 

Reagents 

Reagents were of analytical grade purity un- 
less stated otherwise, and distilled water was 
further purified by passage through an Elgastat 
demineralizer. A standard solution of bismuth 
was prepared by dissolving 2.000 g of bismuth 
metal (99.98% pure) in nitric acid, evaporating 
to dryness on a water-bath, and making up to 
1000 ml with 0.50M nitric acid. Solutions con- 
taining lower concentrations of bismuth were 
prepared by dilution as required. Solutions of 
thallium(III), gold(II1) and platinum(IV) were 
prepared by dissolving the pure metals in aqua 
regia. After evaporation to dryness on the 
water-bath, the remaining salts were dissolved 
in hydrochloric acid and the solutions were 
diluted to the required volume in O.lM acid (for 
thallium) or 0.5M acid (for gold and platinum). 
The gold(II1) solutions contained 40 mg/ml of 
the metal, platinum(IV) solutions 20 mg/ml, and 
thallium (III) solutions 100 mg/ml. The thallium 
solution also contained some free chlorine to 
ensure that thallium was in the +3 oxidation 
state. Before the final dilution to volume the 
solutions were purified from traces of bismuth 
by passing them (in about O.lM hydrochloric 
acid) through columns containing 5 g of 
AGMP-50 resin, washing with O.lM hydro- 
chloric acid and making up to volume with the 
same acid (thallium) or adding the concentrated 
acid to give a final acid concentration of 0.5M 
(gold, platinum). 

The resin was the Bio-Rad AG MP-50 
macroporous sulphonated polystyrene cation- 
exchanger, 100-200 mesh. 

Apparatus 

Borosilicate glass tubes of 11.8 mm i.d. and 
150 mm length, fitted with a No. 1 porosity 
sintered-glass plate and a burette tap at the 
bottom, served as columns. The top was con- 
nected to an additional piece of wider tube (20 
mm i.d., 100 mm long) fitted with a B19 joint to 
take a separating funnel as reservoir. 

The columns were filled with a slurry of AG 
MP-50 (100-200 mesh) resin in the hydrogen 
form until the settled resin reached the 8.1 ml 
mark (3 g of dry resin). The resulting resin 
column was 74 mm long in water. Because the 
resin, as received, was found to contain appreci- 
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able amounts of calcium (about 1 mg per g of 
dry resin), it was purified by passage of about 
200 ml of 5M nitric acid followed by 50 ml of 
demineralized water. 

A Varian-Techtron AA5 instrument was 
used for atomic-absorption spectrometry (AAS) 
with an air-acetylene flame, for all elements. 
For the smallest amounts of bismuth (20 and 
5 pg) a slotted tube made of transparent fused 
silica, similar in construction to the slotted 
stainless-steel tube described by Watling,’ and 
Watling and de Villiers” was used. The use of 
the slotted tube enhanced the absorbance signal 
by a factor of about 3, stabilized the signal, and 
made it possible to obtain an absorbance of 
about 0.2 for 2 ppm of bismuth with only 
moderate scale expansion ( x 2). 

Distribution coeficients in nitric acid- 
hydrochloric acid mixtures 

Portions (2.500 g) of AG MP-50 resin (dried 
at 1 IO’) were equilibrated in a mechanical 
shaker for 24 hr at 20” with 250 ml of a solution 
containing IO mg of bismuth and the concen- 
trations of nitric and hydrochloric acid shown in 
Table 1 and Fig. 1. After equilibration, the resin 
was separated from the aqueous phase by 
filtration through a glass column that was 
200 mm long and 23 mm wide (i.d.), with a 
No. 1 porosity sintered-glass plate at the bot- 
tom. The resin was transferred into the columns 
and washed with demineralized water, and the 
aqueous phase was retained. The sorbed bis- 
muth was then eluted with w IM hydrochloric 
acid and also retained. The amounts of bismuth 
in the two phases were determined by flame 
atomic-absorption after suitable dilution, and 
the distribution coefficients calculated from the 
analytical results. The coefficients are presented 
in Table 1 and Fig. 1. 

Elution curves 

A solution containing 5.00 g of thallium(III) 
and 30 mg of bismuth in about 250 ml of 0. IOM 
hydrochloric acid containing 0.40M nitric acid 

Table 1. Distribution coefficients for bismuth(II1) in 
HCl-HNO, mixtures with a macroporous resin (AG 

MP-50) 

lHNQ1, M [HCI], 0.1M [HCI], 0.2M 

0.2 4860 243 
0.3 1720 120 
0.4 790 67 
0.5 385 41.0 
I.0 41.1 7.6 
2.0 3.8 1.7 

100 - 

IO - 

, I I 8 

0 20 40 60 00 100 

Fraction of hydrochloric acid in mixture, % 

Fig. 1. Distribution coefficients for bismuth in hydro- 
chloric/nitric acid mixtures, O.SOM total acid concentration. 

was passed through a clean column of 8.1 ml 
(3 g) of AG MP-50 resin as described above. 
The column had been conditioned by passage of 
about 20 ml of a mixture of 0.1 OM hydrochloric 
and 0.40M nitric acid. The solution was washed 
onto the resin with a few small portions of the 
acid mixture, which was also used to elute 
thallium at a flow-rate of 2.0 &- 0.3 ml/min, a 
total of 100 ml being used. Finally bismuth was 
eluted with l.OM hydrochloric acid at the same 
flow-rate. Ten-ml fractions were collected from 
the beginning of the sorption step, with an 
automatic fraction collector. The concen- 
trations of thallium and bismuth in the fractions 
were determined, after suitable dilution, by 
flame AAS (standard conditions). The exper- 
imental elution curve is shown in Fig. 2. 

In another experiment, the elution of thallium 
was continued to establish how strongly 30 mg 
of bismuth was retained; no bismuth appeared 
in the first 500 ml of effluent. Elution curves for 
Au(III), Hg(I1) and Pt(IV) were very similar to 
the curve shown for thallium in Fig. 2. 
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Fig. 2. Elution curve for Tl(III)-Bi(II1) mixture, sorbed from O.lOM HCI + 0.40M HNO, on 8.1 ml (3 g) 
of AG MP-50 resin (10&200 mesh). Flow-rate 2.0 k 0.3 ml/min. 

Quantitative separation of synthetic mixtures 

Five-ml volumes of a standard solution con- 
taining 1.00 pg/ml bismuth in 0.5M nitric acid 
were added to five bismuth-free solutions, each 
containing 5.00 g of thallium. Enough 1M hy- 
drochloric and 5M nitric acid were added to 
give 0.1 and 0.4M concentrations, respectively, 
when the solutions were diluted to 250 ml. The 
solutions were then passed through columns 
containing 3 g of AG MP-50 resin as described 
earlier. Each was washed onto the resin quanti- 
tatively with a few small portions of a mixture 
of O.lOM hydrochloric and 0.40M nitric acid, 
then the thallium was eluted with 100 ml of the 
same reagent at a flow-rate of 2.0 + 0.3 ml/min. 
Finally bismuth was eluted with 80 ml of l.OM 
hydrochloric acid at the same flow-rate. The 
bismuth fractions were evaporated to about 
1 ml, finally in a 25-ml beaker, and then trans- 
ferred into lo-ml standard flasks. Triplicate 
blanks were treated in the same way. 

Bismuth was determined in both samples 
and blanks by flame AAS with the slotted 
transparent fused-silica tube as already de- 
scribed. The mean blank value was used to 
correct the recoveries obtained for the synthetic 
mixtures. The amounts of thallium remaining in 
the bismuth fraction were also determined by 
AAS. The experiment was repeated with 20 pg, 
100 pg, 500 pg, 2000 pg, 20.00 mg and 50.0 mg 
amounts of bismuth, more concentrated stan- 
dard solutions being used for the larger 
amounts. 

The 20-pg amounts were determined by flame 
AAS with the slotted tube, but direct AAS 

without the tube was used for the lOO+g, 
500~pg and 2.000-mg amounts. The 500~pg 
amounts were determined in a volume of 25 ml 
and the 2.000-mg amounts in 100 ml. The 
2O:OO and 50.00-mg amounts were determined 
by titration with EDTA, (Xylenol Orange as 
indicator). Next, the separation was tried for 
100~pg amounts of bismuth and 5.00-g amounts 
of mercury(I1). Then the same amounts of bis- 
muth were separated from 2.00 g of gold(II1) 
and from 1.00 g of platinum by the same 
procedure. 

Determination of bismuth in thallium metal and 
mercury(?) nitrate 

Thallium metal (5 g) and mercury(I1) nitrate 
(8.09 g 3 5.00 g of mercury) were separately 
weighed out accurately into 400-ml beakers. The 
thallium was dissolved in aqua regia and 
the solution was evaporated to dryness on 
the water-bath, after some chlorine water had 
been added. The dry thallium salts were dis- 
solved in about 250 ml of a mixture of O.lOM 
hydrochloric and 0.40M nitric acid, again with 
addition of some chlorine water. The mer- 
cury(I1) nitrate was dissolved in 250 ml of 
the acid mixture. The separation was per- 
formed as described above for the synthetic 
mixtures. Three blanks were taken through 
the whole procedure. Finally the bismuth 
fractions of the samples and blanks were evap- 
orated to h 1 ml, then accurately made up 
to 10.0 ml and analysed for bismuth by flame 
AAS with the slotted silica tube and scale 
expansion. 
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Table 2. Determination of bismuth in synthetic mixtures 

Other 
Bismuth element Bismuth Amount of other 
taken taken found element in Bi fraction 

mo PB 5.00 g Tl 5.0 f 0.1 /lg 
20.0 jig 5.00 g Tl 19.9 f 0.1 /Jg 

100.0 pg 5.00 g Tl 100.1 + 0.4 pg 
500 Peg 5.00 gT1 500*2 Pg 

2000 Pg 5.00 g Tl 1998 + 7 /4g 
mg 20.00 5.00 g Tl 20.00 * 0.01 mgt 

50.00 mg 5.00 g Tl 50.02 L- 0.03 mgt 
100.0 /lg 5.00 g Hg 99.9 f 0.3 /lg 
100.0 /fg 2.00 g Au 99.9 f 0.3 /lg 
100.0 jig 1.00 g Pt 100.1 + 0.4 pg 

*Mean + standard deviation of 5 analyses. 

60-125 pg 
54-111 jig 
80-211 pg 
49-109 jig 
51-l 16 pg 

n.d. 
n.d. 

7-21 fig 
6-11 Pg 

1.8-6.2 pg 

tComplexometric titrations. 
n.d. = Not determined. 

RESULTS AND DISCUSSION 

The results for the analysis of synthetic mix- 
tures are presented in Table 2 and those for the 
analysis of two practical samples in Table 3. 
These show that the method provides a sharp 
and quantitative separation of bismuth from 
gram amounts of thallium, mercury, gold and 
platinum. As much as 50 mg of bismuth can be 
separated from 5 g of thallium, mercury, gold or 
platinum on a column containing just 3 g of AG 
MP-50 resin. Such a separation is not possible 
on a similar column of gel-type AG 5OW-X8 
resin. The distribution coefficient in O.lOM hy- 
drochloric/0.40M nitric acid mixture is 790 
(Table 1) for the macroporous resin, compared 
with 51 for the microporous resin. A much 
larger column, with 20 g of resin, would there- 
fore be required if a gel-type resin were used. At 
lower acid concentrations the coefficients for the 
gel-type resin do increase, but then the solubility 
of bismuth oxychloride decreases very sharply. 
Nevertheless, both resins can be used to separ- 
ate traces of bismuth from large amounts of the 
other elements named above. However, at the 
lower acid concentrations which have to be 
used, the gel-type resin tends to retain consider- 
ably larger amounts of the other element to- 
gether with bismuth (up to several milligrams 
out of some grams). As little as 5 pg of bismuth 
has been separated from 5 g amounts of the 

Table 3. Determination of bismuth in practical samples 

Bi found,* 
Sample Sample weight, g PPm 

Thallium metal 
(Fluka, puriss.) 5.00 2.34 + 0.05 

Mercury(H) nitrate 
(Merck, pa.) 8.09 (= 5.00 g Hg) 0.18 f 0.03 

*Mean and standard deviation of five analyses. 

other elements and determined in synthetic and 
practical samples (Tables 2 and 3) with a co- 
efficient of variation of about 2% for 5-pg 
amounts and better than 1% for 20-pg 
amounts, and is much smaller for the largest 
amounts tested. Only microgram amounts of 
the other elements, which do not interfere, 
remain in the bismuth fraction. The lower limit 
of the method, based on the amount of bismuth 
in 10 ml of solution that will give an absorbance 
of 0.004 is about 0.4 pg, or 0.08 ppm in a 5-g 
sample. 

Blank runs gave values which were uncertain 
and at the limit of detectability, about 0.1 pg or 
less. Obviously considerably smaller amounts 
and concentrations of bismuth could be separ- 
ated and determined with use of electrothermal 
(furnace) AAS for the determination. This could 
not be investigated because the instrumentation, 
though available, was not operational. 

It may be of interest that a considerably 
smaller fraction of the gold is retained by the 
macroporous resin from the hydrochloric-nitric 
acid mixture used for this work (7-l 1 pg out of 
a total of 2.00 g) than that retained by a gel-type 
resin, such as AG 50 W-X8, from O.lOM hydro- 
chloric acid (8-17 pg out of a total of 50 mg).” 
Also, the relatively large amounts of thallium 
(about 0.1 mg) and the amounts of the other 
elements that accompany bismuth can be re- 
duced to a few pg, when required, by use of 
0.20M hydrochloric acid/0.30M nitric acid mix- 
ture as the sample medium and eluent, even 
though the distribution coefficient for bismuth is 
only 120 under these conditions and somewhat 
larger columns (5 or 6 g of resin) have to be used 
when the sample volume is 250 ml. 

Though palladium, rhodium and iridium 
have not been investigated, these elements 
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should also be separated by the method. Some 
low-level tailing could occur, so it is possible 
that traces of these elements might remain in the 
bismuth fraction. 
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Summary-A new polymer matrix based membrane electrode with an ion-exchanger responding to 
calcium was constructed by dissolving the copolymer ethylene-vinyl-acetate together with the ion- 
exchanger in chloroform in the presence of a mixture of dioctylphthalate-nitrobcnzene as plasticizer. The 
ion-exchanger used as the electroactive component was calcium didecyl phosphate in di-(n-octylphenyl) 
phosphonate (Orion). This electrode exhibited near-Nemstian response over the concentration range 
lo-‘4 x 10m6M calcium. The pH did not affect the electrode performance within the range 8-l 1. 
Response time varied from 15 to 120 se-c and the lifetime exceeded six months. The membrane is subject 
to static charge buildup, but this is avoided by controlling the level of dryness of the membrane. Selectivity 
coefficients determined for both monovalent and divalent cations showed negligible interference by most 
of these ions. The electrode was applied successfully to the determination of calcium in commercial mineral 
waters. 

The use of ion-selective membrane electrodes is 
finding increasing application in pharmaceutical 
analysis. ‘-3 The development of sensors that are 
easy to use and maintain, fast-responding, with 
low cost materials have boosted the use of 
potentiometric methods. Traditional methods 
for analysis utilizing spectrophotometry,4 polar- 

ography,’ chromatography6 and enzymatic 
measurements’ that may be characterized in 
some cases by low detection limits and high 
selectivity may possess limitations such as 
toxicity of reagents, high cost and complexity 
of the apparatus or the procedure. 

Ion-selective polymer-membrane electrodes 
based on ion-pair or chelating ligand complexes 
entrapped in the polymer, suffer from problems 
such as interferences and leaching of the the 
active component and the plasticizer&” from 
the polymer matrix. The leaching, which causes 
the deterioration of the response of the elec- 
trodes and leads to limited electrode lifetime, 
depends primarily on the nature (the lipo- 
philicity) of the softener and the membrane 
active component. I1 In order to minimize the 
problems of interference, the use of alternatives 

*Author for correspondence. 

to poly(viny1 chloride) (PVC) as the polymer 
matrix have been suggested.’ However, depend- 
ing on the polymer used, the electrodes may 
exhibit poorer performance. Hence, the use of 
VAGH copolymer (hydrolyzed vinyl chloride/ 
vinyl acetate) for calcium electrodes offers no 
advantages,’ while poly(viny1 isobutyl ether) 
exhibits the same behavior as a PVC electrode 
containing the same sensing ingredients.r2 

In this paper, we describe the use of ethylene- 
vinyl-acetate copolymer (EjVAC) as the matrix 
membrane for construction of ion-selective 
polymer-membrane electrodes. The use of this 
copolymer in an ISE has not previously been 
reported. The structure is as follows: 

-(-CH,--CH,-),--(-CH,-CH-),-- E/VAC 

L 

L -0 

L H3 

A new method for the assembly of this elec- 
trode was developed. This new membrane has 
been characterized for use in construction of a 
calcium ion-selective electrode. The proposed 
electrode exhibits high selectivity for cakium 
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over many cations. The main advantages and 
disadvantages of the electrode are compared 
with the ISE, previously developed for the 
determination of calcium. 

EXPERIMENTAL 

Reagents 

All reagents were of analytical-reagent grade 
and were used without further purification. 
E/VAC, 40% weight of the vinyl acetate 
monomer in the copolymer, (LEVAPREN 400, 
m < n) Bayer was kindly supplied by Professor 
G. Geuskens (ULB). Sources of all other re- 
agents were as follows: tetrahydrofuran, chloro- 
form and dioctyl phthalate from Janssen and 
nitrobenzene from Merck. All solutions were 
prepared in Milli-Q water. Stock solutions, 
lo- ‘M, were stored at room temperature and 
standard solutions were prepared from stock 
solutions by sequential dilution with Milli-Q 
water. 

Preparation of the electrode 

A commercially available solution of Orion 
92-20-02 calcium didecyl phosphate in di- 
(n-octylphenyl) phosphonate was used as the 
electroactive material for the calcium ISE. 
Membranes were prepared by dissolving the 
electroactive material (100 ~1) and about 350 mg 
of E/VAC in 4 ml of an appropriate solvent 
(chloroform) at about 60” in a water bath. 
To this solution is added 1 ml of both dioctyl 
phthalate and nitrobenzene as plasticizer and 
the mixture was exposed to ultrasound to insure 
good dispersion of electroactive material in the 
matrix. 

Fig. 1. Schematic diagram of the electrode: (1) coaxial cable; 
(2) glass tube, (3) cable junction; (4) paratilm; (5) mi- 
cropipette tip; (6) glass tube; (7) lo-‘MCaCl,; (8) Ag/AgCl; 

(9) E/VAC membrane. 

Potential measurements 

Potentiometric measurements were carried 
out at room temperature with a Tacussel Ion 
processor II. A Tacussel 6000 pH-meter with a 
Tacussel glass electrode was used to measure 
pH. A saturated calomel electrode was employed 
as the reference electrode in both measurements. 
Electrode response was examined by immersing 
the membrane electrode in 10 ml of buffered 
solution together with the double junction satu- 
rated calomel reference electrode. The cell used 
to investigate the characteristics of the electrode 
may be represented as follows: 

Ag/AgCl lo-‘M CaCl, Membrane Sample solution 
E/VAC 

/ Buffer 1 KC1 / Hg2C12/Hg 
Ca2+ (xM), pH (y) bridge saturated 

A simplified scheme of the electrode is shown 
in Fig. 1. A micropipette tip was used as the 
electrode body. The end of the tip was dipped 
in the polymer mixture for a few seconds and 
then it was left in air for three hours. Longer 
drying times should not be used, in order to 
minimize static electricity build up. Calcium 
chloride solution, lo-‘M, was used as the 
internal reference solution, and the internal 
reference electrode was an Ag-AgCl electrode. 
The electrode was activated before use by soak- 
ing it overnight in a lo-‘M solution of calcium 
chloride and it was stored in the same solution 
when not in use. 

The calibration curves were generated by 
addition of a O.l-ml aliquot of 10-6-10-‘M 
aqueous primary ion solution to 10 ml of the 
stirred solution. The potential was recorded 
when the reading became stable (*O. 1 mV/ 
10 set) after each addition. The data were 
plotted as observed potential vs. the logarithm 
of the concentration of the primary ion. Con- 
centration of calcium in commercial mineral 
water were then determined in a similar 
manner by means of a calibration graph, and 
the values obtained were checked by standard 
addition. 
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RESULTS AND DISCUSSION 

Membrane materials 

It has been suggested that polymers with low 
glass transition temperatures (Tg) are suitable 
matrices for polymer membrane electrodes.13 
Our results agree with this hypothesis since 
polystyrene (Tg = 100”) tested in our laboratory 
resulted in electrodes with no response, while 
good results have been found for the measure- 
ment of both organic (methixene, promethazine 
and some local anesthetics) and inorganic (cal- 
cium) cations by using E/VAC matrix whose 
glass transition temperature is below room tem- 
perature (Tg = - 50”). This study reports the 
results for the measurement of calcium ions. 
An advantage of E/VAC is the wide range of 
solvents that can be used to dissolve it, which 
allowed the use of alternatives to tetrahydro- 
furan and cyclohexanone commonly used with 
PVC. Six solvents are able to dissolve E/VAC: 
carbon tetrachloride, chloroform, dichloro- 
methane, p-xylene, tetrahydrofuran and toluene. 
From a response-stability point of view, the use 
of E/VAC instead of PVC causes an excessive 
susceptibility of the electrode to static electricity 
if allowed to become too hard, but this problem 
can be avoided by controlling the level of dry- 
ness of the membrane. Excellent potential stab- 
ility could be achieved by limiting the dryness to 
an extent that provides for minimum mechan- 
ical strength of the membrane in the ISE, 
accomplished by allowing to air dry for three 
hours only. 

The technique described for the assembly of 
the electrode, in which the sensor is inserted into 
the end of a micropipette tip, demonstrates the 
use of a simple and inexpensive material for the 
body of the electrode and insures good protec- 
tion of the sensor against solution turbulence. 

Response characteristics of the electrode 

Several parameters were investigated for 
optimal performance of the electrode. Typical 
calibration curves obtained for electrodes con- 
taining different amounts of calcium ion- 
exchanger, after one night of conditioning in 
O.lM calcium chloride are shown in Fig. 2. 
The optimal tested amount of the Orion sensor 
reagent appears to be 0.1 ml per 6 ml of polymer 
mixture, for maximum potential response to 
calcium ion. The electrode demonstrates, under 
these conditions, a linear response in the lo-‘- 
lo-‘M range, with a useful range extended to 
5 x 10e6M, a slope of about 26 mV per concen- 
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Fig. 2. Dependence of the Ca*+ E/VAC membrane electrode 
response on the calcium ion-exchanger content per 6 ml of 
polymer mixture. (0) 20 ~1 (a) SO ~1 (0) 100 PI(@) 200 

~1 (+ ) 500 pl ( x ) 1 ml. pH 9.4, Beckman Buffer. 

tration decade and a correlation coefficient of 
0.9996. The range of linear response for the first 
three electrodes (Orion sensor reagent > 0.1 ml) 
can be extended to lo-‘M by a much longer 
period of activation or after several uses of the 
electrode. 

An electrode prepared under the condition 
of 100 pl of sensor reagent without any other 
softener gives no response at all. Therefore, 
we selected the mixture dioctylphthalate nitro- 
benzene as plasticizer for our calcium ISE. The 
performance of the electrode with time (Fig. 3) 

pCa’+ 

Fig. 3. Calibration plots for CaZ+ E/VAC membrane elec- 
trodes in buffered solution, pH 9.4. (0) electrode one week 

old. (0) electrode six months old. 
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Table 1. Characteristics of polymer membrane Ca *+ electrodes based on Orion 92-20-02 sensor 

Lower limit of response (M) 
Detection limit 
Slope (mv/decade) 
pH range 

Electrode type 

E/VAC electrode PVC electrode* PVC electrode 
(this study) (this study) (reported) 

4 x 10-e 3 x 10-G 5 x lo-JS.11; 2 x 10-q 
1 x lo-6t 2 x lo-6t 5 x 10-65 
26 24 3W 
ca. 8-11 ca. g-11 7.5-105; 5-9.511 

*Electrode prepared with the following composition: to 300 mg PVC dissolved in 4 ml THF 
is added 100 pl Orion sensor, I ml DOP, and 1 ml nitrobenzene. 

tDetermined by S log 2. 
#Griffiths et a1.‘4 

$Lima and Machado.ls 
l/Moody and Thomas.16 

was evaluated from calibration curves obtained 
over six months. In fact, measurements with this 
electrode prior to any activation step showed a 
short range of linear response and long response 
time. Figure 3 was evaluated from calibration 
curves obtained over six months. During the 
first week of conditioning, a large variation in 
the potential was observed. However, after this 
stage of stabilization, the change in the potential 
was about 9 mV over six months of use (Fig. 3, 
linear portions). After six months of use, the 
lower limit of linear response was 4 x 10e6M. 
And the detection limit (Fig. 3, lowest curve), 
taken as the calcium concentration at which the 
potential deviated by S log 2 from the extrapol- 
ation of the linear portions of the calibration 
curve, was 10e6M. 

The major effect of conditioning was to 
lower the response time of the electrode. The 
response time depended on the concentration 
of the test solution. For electrodes conditioned 
for one week, fast response (cu. 15 set for 95% 
response) was observed with solutions > 10m3M 
while in more dilute solutions, as much as 2 min 
or more were required for 95% response. 

Table 1 summarizes the characteristics of the 
E/VAC membrane calcium electrode compared 
with those of a PVC membrane electrode of 
similar composition prepared in our laboratory 
and those reported for PVC membrane calcium 
electrodes based on the same ion-exchanger. 
The E/VAC membrane electrode shows more- 
or-less the same performance as the PVC elec- 
trode prepared in this study. The limit of linear 
response is lower than that of other reported 
PVC electrodes. The slope found here is less 
than that reported for PVC based electrodes.‘4-‘6 
While we cannot assume a lifetime as long as the 
eighteen months of the conventional electrode,16 
the calibration parameters found for our 
electrode after six months of continuous use 

indicate a long durability of this electrode. It is 
evident from Table 1, when comparison is 
made between E/VAC and PVC electrodes pre- 
pared under the same conditions, that E/VAC is 
as useful as a PVC like matrix membrane for 
ion-selective electrode construction. 

EfSect of pH and foreign cations 

The pH dependence of the electrode potential 
was tested over the range 4-l 1 for 10-4-10-‘M 
calcium chloride (Fig. 4). The pH values of the 
solutions, prepared in a Beckman buffer at pH 
4.9, were adjusted by addition of small volumes 
of 10M sodium hydroxide solution. The well 
known dip in the potential-pH curves which 
characterizes calcium ISEs based on calcium 
bis-dialkylphosphate type sensor”.‘* appears for 
the present membrane below pH 7. The plots in 
Fig. 4 indicate that at pH 8-l 1, the potentials 
are constant. Potentiometric measurements 
were therefore done at pH about 9.4. We note 
that at this pH, the electrode exhibits the same 

Fig. 4. pH-effect on the Ca*+ E/VAC membrane electrode 
response at four different concentrations of calcium chlor- 

ide. 
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characteristics by changing the bulfer from a 
Beckmann buffer to an acetate buffer. 

In order to investigate the selectivity of this 
new membrane, the response of the electrode 
was examined in the presence of various foreign 
cations. Potentiometric selectivity coefficients 
J&+,x2+ given in Table 1 were evaluated by 
both the separate solution method and the 
mixed solution method following the equation 

Kca2+, xz+ = [~a2+1/[x1+12’z 

where z is the charge on the foreign ion, [x”‘] 
is its concentration and [Ca*+] is the concen- 
tration of calcium that provides equal response 
to that of the interfering ion under investigation. 
According to the separate solution method, 
the electrode potentials were measured for sol- 
utions containing only interfering ion. Then the 
calcium ion concentration that produced the 
same potential as the foreign ion at [x2+] was 
determined graphically from the calibration 
curve established in the absence of any foreign 
ion. In the mixed solution case, calibration 
curves were established by measuring potentials 
of the solutions containing a constant concen- 
tration of interfering ion and varying the con- 
centration of calcium from 10-6-10-‘M. The 
concentration at which the potential deviates by 
S log 2 from the extrapolation of the linear 

portion of the curve was considered as [Ca*+]. 
If such deviation caused by the presence of the 
interfering ion did not begin at a concentration 
of calcium above 4 x 10e6M for the E/VAC 
electrode and 3 x 10e6M for the PVC electrode, 
which are the Nemstian limits in a pure solution 
of calcium, we have considered KRca2+,xz+ as 
< 10e4. The cations investigated with the con- 
centrations stated in Table 2 are completely 
soluble in water at the working pH (9.4) of the 
electrode. 

The selectivity coefficients listed in Table 2 
show that the E/VAC membrane calcium elec- 
trode has a high selectivity for calcium over 
many cations, especially relative to Na+, K+ 
and Mg2+, which are usually present in real 
samples. Only Mn*+ ions interfere significantly. 
Despite the small selectivity coefficient for 
Hg+, the calibration curve obtained in the 
presence of 10e3M Hg*+ shows a strong devi- 
ation from linearity between 10-l and lo-*M 
calcium. However, the electrode is not affected 
by immersing it in a solution of Hg2+ since 
complete recovery of the calcium response is 
observed after washing the electrode, without a 
need for reconditioning. Generally speaking 
there is good agreement between the selectivity 
coefficient values of our E/VAC electrode and 
those published’“” for PVC electrodes, especially 
when the mixed solution method was applied. 

Table 2. Selectivity coefficients for E/VAC membrane Ca 2+ electrode based on Orion 92-20-02 sensor reagent, compared 
with PVC membrane electrodes 

Interferent 
specie Ix)’ 

K, z;.xz+ K c.z+.x2+ 
(mixed solution method) (separate solution method) 

Present study Reported values? Present study Reported values? 

E/VAC PVC PVC EIVAC PVC PVC 

Li+ 
Na+ 

Fe:+ 

Hg2+ 
cu2+ 
Ni2+ 
Pb2+ 
cos+ 
Sn2+ 
Zn2+ 
Mg2+ 
Ba2+ 
Sr2+ 
Cd2+ 
Mn2+ 

< 10-4 
<lo-4 
<lo-” 
< 1o-4 
6.5 x lo-’ 

2 x 10-2 
2.5 x lO-2 
2.5 x lO-2 
3.1 x lo-2 
3.2 x lO-2 
3.5 x IO-2 
4.4 x 10-r 
4.5 x 10-I 
4.5 x lo-2 

5 x 10-r 
3 x 10-I 

- 
<10-4 

6 x lo-) 
- 
1 x 10-T 
10 
- 
- 
- 
- 

4 x 10-Z 
2.5 x lO-2 
- 
- 
- 

2 x 10-l 

1.2$ 
1.6 x 10-3§; 6.7 x lO-sll 
5.1 x 10-q; 2.2 x 10-q 
- 
- 
0.21 # 
5.7 x 10_2# 
- 
- 
- 
6.5 x lO-2ll 
2.2 x lo-‘11;5.2 x lO-2 # 

4 x lo-2 # ; 1.3 x 10-211 
3.1 x 10_2# 
- 
- 

<lo-’ 
<lo-4 
< 1o-4 
< 10-4 

5 x 10-r 
4 x 10-r 
8 x 10-r 
7 x 10-4 
5 x lo-3 

<lo-” 
2.5 x 1O-2 

2 x lo-2 
3 x 10-r 
5 x 10-r 
1 x lo-’ 

2.7 x 10-l 

- 
<IO--4 6.1 x IO”11 
<lo-4 5.5 x IO-311 
- 
3x10-1 q 
- - 
- 2.1 x 10-34 
- - 
- - 
- 
3.5 x lO-2 G x IO-‘11; 8 x lo-‘9 
10-3 8 x lo-‘& 4.5 x 10-311 
- 4 x 10-4§; 2.3 x lO-3ll 
- 4.6 x IO-‘1 
- - 

4x 10-I - 

*Concentrations of interfering ions were IO-‘M, except for Fe, Pb, Sn and Cd, which were 10e4M. 
Walues obtained under similar conditions of interfering ion concentration and calculation procedure as used in this study. 
IGriffiths er aLI4 
#Lima and Machado.15 
l/Moody and ThomasI 
# Moody and Thomas.” 
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THALLIMETRIC OXIDATIONS-VI 

TITRIMETRIC AND SPECTROPHOTOMETRIC METHODS FOR 
THE DETERMINATION OF PHOSPHITE AND ANALYSIS OF 

BINARY MIXTURES OF PHOSPHITE AND OXALATE 
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Summary-Titrimetric and spectrophotometric methods have been developed for the estimation of 
phosphite at mmole and pmole levels, respectively. Thallium(II1) is used as an oxidant and the thallium(I) 
produced is determined either oxidimetrically with potassium bromate or by measurement of the 
absorbance of thallium(II1) at 260 nm in the presence of 0.1 M hydrochloric acid and 1M perchloric acid. 
Based on the fact that phosphite and oxalate are oxidixed under different conditions, methods are 
described for the analysis of binary mixtures of phosphite and oxalate. A method is also described for 
estimation of thallium(II1) with phosphite as reductant, and is applied for analysis of mixtures of 
thallium(I) and thallium(II1). 

Few redox methods are available for the esti- 
mation of phosphite. Rupp and Kroll’ deter- 
mined it by treatment with excess of potassium 
bromate for 1 hr at room temperature or heat- 
ing at 60” for 30 min in a sulphuric acid medium 
followed by iodometric titration of the excess; 
Bernhart’ has described a method in which 
phosphite is oxidized quantitatively to phos- 
phate by heating with cerium(IV) in sulphuric 
acid solution at 80-100” for 15 min, the excess 
of cerium(IV) being titrated with iron(I1) 
solution, with ferroin as indicator. Boye? 
developed a method in which excess of iodine 
slowly oxidizes phosphite to phosphate in bicar- 
bonate solution. The excess of iodine is back- 
titrated with 0.05M arsenite. Rao and Gowda4 
oxidized phosphite by heating with vanadate for 
20 min in a boiling water-bath in the presence 
of silver as catalyst, cooling, and titrating 
the surplus vanadate with 0.05M ammonium 
iron(I1) sulphate with N-phenylanthranilic acid 
as indicator. 

There are virtually no methods available 
for the estimation of phosphite in the pmole 
range. We have therefore examined the reaction 
between thallium(III) and phosphite, and have 
developed convenient methods for the determi- 
nation of phosphite in pmole-mmole amounts. 

It has been suggested5 that oxalate is likely 
to occur along with hypophosphite and/or 
phosphite and must be tested for whenever 
the purity of these chemicals is determined. We 

therefore also examined analysis for phosphite 
and oxalate in mixtures on the basis of earlier 
work on the thallium(III>-oxalate system6 and 
the results of the present study. 

Most of the thallium(II1) complexes with 
reducing ligands are prone to redox decompo- 
sition, at least partially, at relatively high tem- 
peratures or in the presence of diffused light, 
even in the solid state, and some thallium(I) 
is always found to be present along with 
thallium(III).’ There is a need to analyse 
such samples and also certain complexes of 
thallium in mixed oxidation states.* Methods 
for this have already been developed?‘O and 
the thallium(III~phosphite reaction can also be 
used. 

EXPERIMENTAL 

Reagents 

Thallium(II1) solutions in perchloric acid and 
sulphuric acid were prepared and standardized 
as reported earlierg,” and their concentrations 
verified by other methods. An aqueous solution 
of disodium hydrogen phosphite, (B.D.H. ana- 
lytical grade) was prepared and standardized by 
the method of Bemhart.2 All other reagents 
were of analytical grade. 

Apparatus 

Although the photochemical reactions de- 
scribed take place much faster in direct sunlight, 

937 
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this has variable intensity, so all the work was 
done with a Philips high-pressure mercury va- 
pour lamp (200/250 V, 125 W) as the light 
source, placed 15 cm above the test solutions, 
which were contained in colourless uncovered 
glass vessels. 

A Shimadzu UV-260 recording spectropho- 
tometer with silica cells of l-cm path-length was 
used for the absorbance measurements. 

Titrimetric determination of phosphite (mmole 
range) 

Thermal method. To an aliquot of samples 
containing 0.0550.5 mmole of phosphite in a 
250-ml round-bottomed flask add 20 ml of 5M 
perchloric acid and 1.5 mmole of thallium(II1) 
and dilute to 100 ml. Reflux for 40 min. 
Add 15 ml of concentrated hydrochloric acid 
and cool to 60”. Add 0.1 ml of 1-mg/ml Methyl 
Orange indicator and titrate the thallium(I) with 
0.05N potassium bromate (1.392 g/l.) until the 
indicator is destroyed. The method is also appli- 
cable in sulphuric acid medium. 

Photochemical method. To an aliquot of 
sample, containing 0.05-0.5 mmole of phos- 
phite, in a 200-ml beaker, add 20 ml of 
5M perchloric acid, 0.075 mmole of bromide 
and 1.5 mrnole of thallium(III), and dilute to 
100 ml. Stir the solution and expose it to the 
radiation from the high-pressure mercury 
vapour lamp for 4 hr. Add 15 ml of concen- 
trated hydrochloric acid, 0.1 ml of 0.1 mg/ml 
Methyl Orange indicator, heat to 60” and titrate 
with 0.05N potassium bromate (1.392 g/l.) until 
the indicator is destroyed. The method is also 
applicable in sulphuric acid medium. Although 
the method requires prolonged exposure to 
the mercury vapour lamp, it is useful for the 
determination of phosphite when heating has to 
be avoided. 

Spectrophotometric determination of phosphite 
(pmole range) 

To an aliquot of sample, containing 0.5-l .25 
pmole of phosphite, add 1 ml of 5M perchloric 
acid and 5 ml of 5 x 10e4M thallium(II1). 
Reflux for 40 min. Transfer the solution to a 
25-ml standard flask, add 2.00 ml of 11.6M 
perchloric acid and 2.5 ml of 1M sodium chlor- 
ide and dilute to volume (solution I). Prepare a 
corresponding solution without phosphite (sol- 
ution II). Mix well, and after 60 min measure 
the absorbance of solution II against solution I 
as reference, at 260 nm. The absorbance corre- 
sponds to the thallium(II1) that has reacted. 

Prepare a calibration graph by the same pro- 
cedure. The amount of phosphite is in 1: 1 molar 
ratio to the amount of thallium(II1) that has 
reacted. 

Photochemical method. To an aliquot of 
sample, containing 0.5-1.25 pmole of phos- 
phite, add 1 ml of 5M perchloric acid, 0.5 pmole 
of sodium bromide, 5 ml of 5 x 10e4M 
thallium(II1) and expose the solution to the 
radiation from the mercury vapour lamp for 4 
hr. Transfer the solution to a 25-ml standard 
flask, and complete the determination as above, 
measuring the absorbance of a reagent blank 
against the test solution as reference. 

Determination of thallium(ZZZ) (mmole range) 

The methods are the same as for determi- 
nation of phosphite in the mmole range but a 
sample containing 0.05-0.5 mmole of thalliu- 
m(II1) is used with 1.5 mmole of phosphite. 

RESULTS AND DISCUSSION 

The reaction between thallium(II1) and phos- 
phite is slow, but is catalysed by light and is also 
considerably faster at elevated temperature. 
Separate studies had shown that phosphite does 
not interfere in the titration of thallium(I) with 
bromate, with Methyl Orange as indicator, so 
the reaction was used to monitor the progress of 
all the reactions described here. The reactions 
were carried out in sulphuric or perchloric acid 
medium. 

The molar reacting ratio of thallium(II1) and 
phosphite was found to be 1: 1, as shown by the 
equation 

Tl(II1) + PO:- + Hz0 -+ Tl(1) + PO:- + 2H+ 

(1) 

A minimum of threefold molar ratio of thal- 
lium(II1) to phosphite is required for rapid 
reaction, but higher ratios do not appear to 
increase the reaction rate very much. The use 
of halides to catalyse thallimetric oxidations 
has been reported,6.9.‘o~‘2-‘4 so bromide and 
chloride were tested as catalysts. 

It was found that at high temperatures bro- 
mide itself reduces thallium(II1) to thallium(I), 
so its effect on the thermal reaction between 
thallium(II1) and phosphite could not be deter- 
mined. It was found that the photochemical 
reaction is fastest when the thallium(II1) to 
bromide ratio is in the range between 4: 1 and 
1: 1. Under these conditions, thallium(II1) is 
likely to be present as TlBr*+ (by analogy 
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with the chloride system”) and to be photo- 
chemically active. Chloride, even at low concen- 
trations, retards both the photochemical and 
thermal reactions between thallium(II1) and 
phosphite. 

An increase in acid concentration up to 1M 
accelerates the rate of the photochemical reac- 
tion, but higher concentrations have no notice- 
able effect. Increase in acid concentration up to 
3M also increases the rate of the thermal reac- 
tion, but with acid concentrations above 4M 
the detection of the end-point in the bromato- 
metric titration becomes difficult. The results of 
these experiments led to development of the 
procedures described for titrimetric determi- 
nation of phosphite. The recovery data in 
Table 1 show that the methods are satisfactory 
and accurate. 

The absorption spectral6 of thallium(I) and 
thallium(II1) in 1M perchloric acid/O.lM hy- 
drochloric acid medium show that thallium(II1) 
has considerable absorption at 260 nm (molar 
absorptivity 9.15 x lo3 1 .mole-‘.cm-‘) but 
thallium(I) does not absorb. The presence of 
phosphite and phosphate does not affect the 
absorption spectrum of thallium(II1) under 
these conditions, and the thallium(II1) species 
obeys Beer’s law at 260 nm. In the spectropho- 
tometric method for phosphite an excess of 
thallium(II1) is allowed to react with phosphite 
either photochemically (with bromide as cata- 
lyst) or by heating. The amount of phosphite in 
the test sample corresponds to the amount of 
thallium(II1) reduced to thallium(I), which can 
be read from the calibration curve. The method 
is quite accurate (Table 2). 

Analysis of binary mixtures of PO :- and C,O :- 

Chloride and bromide ions in small concen- 
trations catalyse the photochemical oxidation of 
oxalate by thallium(III).6 The photochemical 
reaction between thallium(II1) and phosphite is 
extremely slow and inhibited by the presence of 
chloride. Hence oxalate can be selectively deter- 

Table 1. Titrimetric determination of phosphite 
Found, mmole 

Taken, mmole Thermal Photochemical 

0.050 0.049 0.050 0.050 0.050 0.050 0.050 
0.060 0.060 0.061 0.050 0.049 0.150 0.150 
0.070 0.070 0.070 0.150 0.149 0.050 0.051 
0.100 0.100 0.101 0.100 0.100 0.100 0.100 
0.200 0.200 0.200 0.150 0.150 0.150 0.150 
0.300 0.302 0.300 0.250 0.250 0.150 0.150 
0.400 0.400 0.403 0.150 0.155 0.250 0.240 

Table 2. Spectrophotometric determination of 
phosphite 

Found, pole 

Taken, wale Thermal Photochemical 

0.450 0.445 0.450 
0.550 0.553 0.552 
0.650 0.650 0.649 
0.750 0.751 0.750 
0.850 0.849 0.851 
0.950 0.960 0.950 

mined in the presence of phosphite by titrating 
bromatometrically the thallium(I) produced. 

In the presence of sufficient bromide, both 
oxalate and phosphite are completely oxidized 
by thallium(II1) either photochemically or by 
heating. In both cases, the thallium(I) formed 
can be determined bromatometrically. Hence 
the phosphite in a mixture with oxalate can be 
determined by difference. Typical results are 
shown in Table 3. 

Determination of thallium (III) 

It was also found that a threefold molar ratio 
of phosphite to thallium(II1) would give a rapid 
reaction and that higher ratios do not appreci- 
ably alter the rate of reaction. The effect of 
acidity, chloride and bromide was then exam- 
ined. The photochemical reaction was found to 
be reasonably rapid when the Tl(II1) : Br- molar 
ratio was between 4 : 1 and 1: 3 in 1 M perchloric 
or sulphuric acid medium. 

The method could therefore be applied to 
analysis of mixtures of thallium(I) and thal- 
lium(II1) with two identical aliquots of sample. 
The first is titrated with potassium bromate 
(Methyl Orange as indicator). The second is 
mixed with phosphite and perchloric acid and 
either refluxed for 30 min or, in the presence of 
sufficient bromide, exposed to radiation from a 
mercury vapour lamp for 4 hr, and then titrated 
with bromate. The first titration gives the 

Table 3. Analysis of mixtures of 
phosphite and oxalate 

Oxalate, Phosphite, 
mmole mmole 

Taken Found Taken Found 
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Table 4. Determination of thallium 

Taken, Found, 
mmole mmole 

Tl(III) n(I) Tl(II1) Tl(I) 

0.060 - 0.060 - 
0.125 - 0.125 - 
0.200 0.200 0.200 0.200 
0.250 0.250 0.251 0.250 
0.400 - 0.401 - 
0.450 0.050 0.450 0.050 
0.500 0.125 0.505 0.120 

amount of thallium(I) and the second gives the 
total amount of thallium, so the amount of 
thallium(II1) is obtained by difference. Table 4 
shows that satisfactory results are obtained. 

Interferences 

Cd(II), Zn(II), Ru(III), Co(II), Ni(II), Hg(II), 
Al(III), Pb(II), NH:, Na+, K+, Ca*+, Ba*+, 
SO:-, CH,COO-, PO:-, 2,2’-bipyridyl and 
1 ,lO-phenanthroline do not interfere even if 
present in lOO-fold molar ratio to phosphite, but 
even traces of oxalate or hypophosphite inter- 
fere by reducing thallium(II1) to thallium(I). 
Arsenite interferes with the bromatometric ti- 
tration method itself. Cu(I1) up to 0.05M and 
Fe(II1) up to O.OlM do not interfere, but at 
higher concentrations their colours interfere 
with detection of the end-point in the bromato- 
metric titration. Even traces of chloride retard 
the reaction, the effect increasing with chloride 
concentration. Though bromide catalyses the 

reaction at concentrations up to a Tl(II1): Br- 
molar ratio of 1: 1, further increase in bromide 
concentration retards the rate of the reaction. 
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SPECTROPHOTOMETRIC DETERMINATION OF ZIRAM, 
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Summary-A procedure has been developed for the determination of ziram (zinc dimethyldithiocarba- 
mate), ferbam (ferric dimethyldithiocarbamate) and zineb (zinc ethylenebisdithiocarbamate) after their 
decomposition and extraction of the diphenylcarbazone complexes of the zinc or iron into isobutyl methyl 
ketone. These complexes absorb strongly at 520 nm. The method is rapid, sensitive and selective and can 
be used for the determination of these dithiocarbamates in commercial and synthetic mixtures. 

Dithiocarbamates have found a variety of appli- 
cations in agriculture as pesticides and in the 
rubber industry as vulcanization accelerators 
and anti-oxidants. The toxicity of the dithiocar- 
bamates is increased when they are in the form 
of heavy metal salts. The dithiocarbamates are 
generally determined on the basis of their de- 
composition by hot mineral acid to the amine 
and carbon disulphide. Most of the analytical 
methods for their determination are based on 
the Clarke method’ in which the dithiocarba- 
mate is decomposed in acidic solution to give 
carbon disulphide, which is then absorbed in 
methanolic potassium hydroxide solution, and 
the potassium methyl xanthate so formed is 
titrated iodimetrically. Various modifications of 
this method are reported in the literature.2-‘3 
Dithiocarbamates have also been determined 
in vegetables by high-pressure liquid chroma- 
tography,14 titrimetry” and extraction voltam- 
metry. ‘* Ziram, ferbam and zineb have also been 
determined by converting these into copper”,‘* 
or molybdenum” complexes in acidic medium. 
The extraction of the molybdenum complexes is 
not rapid; for example, the molybdenum 
ethylenebisdithiocarbamate complex is extract- 
able only after heating for 5 min. Here we 
present a new, simple, rapid, sensitive and selec- 
tive method based on the determination of the 
zinc(H) and iron(II1) present in ziram, zineb and 
ferbam, respectively, by converting them into 
diphenylcarbazone complexes. 

EXPERIMENTAL 

Equipment 

A digital ECIL pH-meter and an SP-20 Spec- 
tronic spectrophotometer were used. 

Reagents 

All solvents and reagents were of analytical 
reagent grade. 

Ziram, ferbam and zineb solutions, I mgjml. 
Pure ziram and zineb were obtained from 
Wilson Laboratories, Bombay. Ferbam was 
prepared in the laboratory by the method given 
in the literature. 2o The purity of these samples 
was checked by elemental analysis and by 
determining their zinc and iron content by 
EDTA titrations, with Eriochrome Black T and 
Xylenol Orange, respectively, as indicators.” 
Stock solutions of ziram and zineb were 
prepared by dissolving 0.100 g in 100 ml of 
O.lM and 0.5M sodium hydroxide, respect- 
ively, and of ferbam by dissolving 0.100 g in 
100 ml of acetonitrile. These solutions were 
standardized2’ and further diluted with sodium 
hydroxide solution or acetonitrile as re- 
quired. 

Diphenylcarbazone solution, 3 mglml. 
Diphenylcarbazone (0.300 g) was dissolved in 
100 ml of absolute ethanol. 

Pyridine solution, 50 mgjml. Pyridine (5.0 g) 
was dissolved in 100 ml of water. 

Buffer solution. Boric acid and potassium 
chloride solutions (0.2M, 100 ml of each) were 
mixed, adjusted to pH 9.0 with 0.244 sodium 
hydroxide, and diluted to 500 ml. 

Other solutions. Stock solutions for interfer- 
ence studies were prepared by dissolving suit- 
able salts in water. Synthetic samples were 
prepared by mixing solutions of suitable salts to 
give the required composition. 

Zsobutyl methyl ketone. The purity of the 
isobutyl methyl ketone was checked spectropho- 
tometricany before use. 

941 
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Procedure 

To aliquots of sample solutions containing 
0.12-1.90 pg/ml ziram, 0.1 l-l .70 pg/ml zineb 
or 0.35-4.80 pg/ml ferbam add 2.0 ml of 
pyridine solution to ziram and zineb samples 
(but not to ferbam samples), and 3.0 ml of 
buffer solution, so that the pH after dilution to 
25 ml is 9.0. Transfer into separating funnels, 
and add diphenylcarbazone solution (1 .O ml for 
ziram and zineb and 1.5 ml for ferbam) and 25 
ml of isobutyl methyl ketone. Shake the mix- 
tures for 5 min, separate the organic layers and 
measure the absorbances at 520 nm, against 
reagent blanks prepared under similar con- 
ditions. 

RESULTS AND DISCUSSION 

The absorption spectra of the zinc(II)- 
diphenylcarbazone-pyridine and iron(III)- 
diphenylcarbazone complexes were recorded 
against reagent blanks. The complexes absorb 
strongly at 520 nm. The maximum absorbance 
was observed when the pH of the aqueous phase 
was 9.0-10.0 for ziram and zineb, and 9.0-l 1.0 
for ferbam, and when 0.8-1.0 ml of 3 mg/ml 
diphenylcarbazone solution was used for ziram 
and zineb, and 1.0-l .5 ml for ferbam. Smaller 
amounts of diphenylcarbazone gave incomplete 
complex formation, but larger amounts did 
not increase the absorbance. Therefore use of 
1 .O ml for ziram and zineb and 1.5 ml for ferbam 
is recommended. The binary zinc-diphenyl- 
carbazone complex is not completely extracted 
into isobutyl methyl ketone,** but it has been 
observed that the complex is completely ex- 
tractable in one step into isobutyl methyl ketone 
in the presence of l-100 mg/ml pyridine in 
the aqueous phase; the extraction of the 
iron-diphenylcarbazone complex is unaffected 
by the presence or absence of pyridine. 

Various organic solvents were examined for 
the extraction of the complexes in the presence 
of pyridine. Chou et ~1.~~ reported that pyridine 
enhances the extraction of zinc complexes 
through adduct formation. We have found that 
in the presence of pyridine the zinc-diphenyl- 

carbazone complex is not extractable into 
diethyl ether and carbon disulphide but is ex- 
tracted by benzene, n-butyl acetate, acetyl- 
acetone, n-amyl alcohol, n-amyl acetate, 
chloroform, carbon tetrachloride, toluene, 
isobutyl methyl ketone and ethyl acetate. Of 
these isobutyl methyl ketone and ethyl acetate 
were found to be the most effective. The extrac- 
tion into isobutyl methyl ketone is slower than 
that into ethyl acetate, but because of the solu- 
bility of water in ethyl acetate isobutyl methyl 
ketone was selected for use. In isobutyl methyl 
ketone the complexes are stable for more than 
8 hr. 

The Job, mole-ratio and logarithmic methods 
indicated the formation of the 1: 2 : 2 (M : L : Py) 
complex in the case of zinc and 1: 3 (M: L) 
complex in the case of iron(II1). 

Analytical characteristics 

The calibration curves, for measurement at 
520 nm, were linear over wide concentration 
ranges, given in Table 1 along with other per- 
formance characteristics. The limit of detection 
was calculated by the IUPAC recommended 
procedure.24 

Interferences 

Various foreign ions were examined for inter- 
ference in the determination of 40 pg of ziram 
and zineb, and 100 ,ng of ferbam. Of the anions 
examined, the amounts (mg) shown in parenthe- 
ses are tolerable: acetate (80), bromide (80), 
chloride (50), tartrate (50), thiosulphate (5); 100 
mg of citrate, nitrate, oxalate, sulphate, sulphite 
or thiourea did not interfere, but metabisulphite 
and EDTA interfered strongly. Fluoride up to 
100 mg is tolerable in the case of ziram and 
zineb, but only 2 mg in the determination of 
ferbam. 

Of the cations examined, Cu(I1) and Hg(I1) 
interfered but could be masked with 1 .O ml of 50 
mg/ml thiourea and potassium iodide solutions, 
respectively. Pb(II), Sn(IV), As(III), Ca(II), 
Cr(VI), Mo(V1) and Sb(II1) are tolerable up to 
1 .O mg and Hg(II), Bi(II1) and Mn(I1) up to 0.1 
mg. Interference by free Zn(I1) or Fe(II1) is 

Table I. Analytical characteristics of the determination of ziram, 
ferbam and zineb with diphenylcarbazone at 520 nm 

Characteristics Ziram/zineb Ferbam 

Linear range, pg/ml 0.12-1.9/0.1-1.7 0.354.8 
Detection limit, pgglml 0.08 0.18 
Molar absorptivity, I.mole-‘.cm-’ 8.36 x lo4 5.3 x IO4 
Precision, RSD, % 0.9 1.0 
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avoided by prior extraction of ziram, zineb or 
ferbam into chloroform, followed by evapor- 
ation of the organic phase to dryness. 

The mutual interference of ziram, zineb and 
ferbam was studied, along with the interference 
of some common pesticides such as thiram 
(tetramethylthiuram disulphide), nabam (di- 
sodium ethylenebisdithiocarbamate), maneb 
(manganese ethylenebisdithiocarbamate), 
vapam (sodium N-methyldithiocarbamate) and 
dibam (sodium dimethyldithiocarbamate). Pes- 
ticides containing no metal ion did not interfere 
in the determination of ziram, ferbam and 
zineb. Determination of ziram and zineb in the 
presence of ferbam and maneb was possible 
after masking with 2.0 ml of 50 mg/ml sodium 
fluoride and sodium citrate solutions, respect- 
ively. Ferbam in the presence of maneb was 
determined in the presence of 2.0 ml of 50 
mg/ml sodium citrate solution. Ziram and zineb 
interfere in the determination of each other. 

Simultaneous determination of ziram andferbam, 
or zineb and ferbam 

Ziram and ferbam or zineb and ferbam were 
taken in various proportions and dissolved in 
acetonitrile. Equal aliquots of the solution were 
analysed in the presence and absence of 2.0 ml 
of 50 mg/ml sodium fluoride solution. The 
difference in absorbance corresponded to the 
amount of ferbam. 

Applications 

The method is one of the most sensitive 
available for the determination of ziram, ferbam 
and zineb. Five dilutions of stock solutions 
prepared from “Ziram 27% S.C.” and “Dithane 
Z-78” were analysed, with pure samples of 
ziram and zineb as references, and in all cases 
the recoveries were between 98 and 100% with 
a relative standard deviation of 2-3%. 

Determination of ziram, ferbam and zineb in 
grain 

The procedure was applied to the determi- 
nation of ziram, ferbam and zineb in grain. A 
known amount of ziram, ferbam and zineb was 
crushed with 20 g of grain and the mixture was 
shaken mechanically with 100 ml of chloroform 
for an hour. The mixtures were filtered and the 
residues were washed with three IO-ml portions 
of chloroform. The extracts were evaporated to 
2.0 ml in a current of dry air at room tempera- 
ture. The ziram and zineb residues were dis- 
solved in 0. 1M and 0.5M sodium hvdroxide. 

Table 2. Recovery of dram, ferbam and zineb from grain 

Dithiocarbamate* 

Dithiocarbamate Taken, Found, Recovery, 
added /Q tig % 

Ziram 40 38.9 91.5 
50 49.0 98 

Ferbam 40 38.0 95 
50 49.5 99 

Zineb . 20 19.0 95 
40 39.0 91.5 

*Mean of three determinations. 

respectively, and the ferbam in acetonitrile, and 
analysed by the general procedure. Untreated 
samples were taken as reference. The results are 
given in Table 2. 

Comparison of sensitivity 

The sensitivity of the present method is better 
than that of the methods of Lowen,” Cullen” 
and Chmie1,26 which are based on the deter- 
mination of liberated CS2 . It is also more sensi- 
tive than the direct methods reported by Rao 
et a1.‘9s28 (5 and 2 pg/ml ziram and zineb), 
Rangaswamy et al. “Jo (1 pg/ml zineb and 0.8 
pgg/ml ziram and ferbam) and Verma et aLz7 (0.6 
fig/ml ferbam). By the present method it is 
possible to estimate 0.12, 0.35 and 0.11 pgg/ml 
ziram, ferbam and zineb, respectively. 
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SPECTROPHOTOMETRIC DETERMINATION OF 
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Summary--A sensitive and selective procedure for the spectrophotometric determination of thallium is 
described. The method is based on the formation of an ion-pair between [TICI,]- and the pyronine G 
cation in chloride-containing acid media. The ion-pair is extracted into benzene and permits the 
determination of as low as 0.3 pg of thallium in a final volume of 25 ml at 530 nm. The system obeys 
Beer’s law in the concentration range 1-14 pg of thallium in a linal volume of 25 ml. Potassium iodate 
was found to he highly effective for the oxidation of Tl(1) to Tl(II1) and the presence of excess oxidant 
does not interfere. The method can he used for the determination of thallium in high purity cadmium, 
cadmium sponge and rock samples. 

Numerous methods have been proposed for the 
spectrophotometric determination of thallium,’ 
but the most sensitive ones are based on the 
ability of the anionic chloro- or bromo-complex 
of thallium(II1) to interact with cationic dyes to 
form ion association complexes. Methods have 
been described based on the extraction of the 
ion-pair formed between the anionic bromo- 
complex and Brilliant Green’ or Crystal Violet,3 
and the chloro-complex and Methyl Violet,4 
Rhodamine B’ Methylene Blue6 or Methylene 
Green.’ Thallium(I), if present, was oxidized to 
the trivalent state with Ce(IV),2 bromine,‘*’ hy- 
drogen peroxide4 or sodium nitrite.6 As the 
presence of excess of oxidants destroyed the 
cationic dye, they were removed by boiling 
the solution (for hydrogen peroxide or bromine) 
or adding hydroxylammonium chloride [for 
Ce(IV)] or urea (for NO;). Fogg et al.* reviewed 
the methods which used basic dyes for the 
determination of thallium and other elements 
and indicated that problems can arise due to 
the incomplete oxidation of thallium(I) in the 
determination. 

Our studies on the spectrophotometric deter- 
mination of thallium(I) revealed that potassium 
iodate in acid medium is highly effective for its 
oxidation and the resulting thallium(III), as an 
anionic chloro-complex, can be made to interact 
with pyronine G and extracted into benzene. 
The blank absorbance was almost negligible and 

*Author for correspondence. 

was unaffected by the presence of unused pot- 
assium iodate. The method was found to be 
suitable for the determination of thallium(I) 
down to 0.3 pg in a final volume of 25 ml. 

EXPERIMENTAL 

Apparatus 

A Carl-zeiss PMQ II spectrophotometer was 
used with lo-mm quartz cells. 

Reagents 

All reagents were of analytical grade. 
Standard thallium (I) solution, 1ooOppm. Dis- 

solve 1.303 g of thallium nitrate in 1 litre of 
distilled water containing 2 ml of concentrated 
nitric acid. Dilute an appropriate volume of this 
stock solution with water to provide a 2 pg/ml 
solution. 

Pyronine G, 0.025%. Dissolve 0.25 g of py- 
ronine G in 1 litre of distilled water. 

Potassium iodate, 0.025%. Dissolve 0.25 g of 
potassium iodate in 1 litre of distilled water. 

Sulphuric acid, ION. 
Sodium chloride, 5%. 
Potassium iodide, 2.5%. 
Sodium nitrite, O.JM. 
Sulphamic acid, 5%. 
Benzene (thiophene free). Used for extraction. 

Procedure 

Transfer the sample solution containing not 
more than 14 pg of thallium into a 60-ml 
separating funnel and add, while mixing, 1 ml 

TAL 38/C, 945 
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each of 10N sulphuric acid and 2.5% potassium 
iodide solution to reduce the thallium(III), if 
any, to thallium(I). Then, add 1 ml of OSM 
sodium nitrite solution and extract off the liber- 
ated iodine by equilibrating with 5 ml of ben- 
zene. Repeat the extraction if necessary and 
discard the organic layer. 

Transfer the aqueous layer containing thalli- 
um(1) into a 25ml standard flask and treat with 
2 ml of a 5% solution of sulphamic acid. Add, 
with mixing, 5 ml of 10N sulphuric acid fol- 
lowed by 2 ml each of 5% sodium chloride, 
0.025% pyronine G and 0.025% potassium 
iodate solutions and dilute to the mark with 
water. Mix well and allow the solution to stand 
for 20 min. Transfer the solution into a 60-ml 
separating funnel and equilibrate with 10 ml of 
benzene for 2 min. Separate the organic layer 
and treat with 0.5 g of anhydrous sodium 
sulphate. Measure the absorbance of the ben- 
zene extract at 530 nm with IO-mm cells against 
a reagent blank. Establish the concentration of 
thallium by reference to a calibration graph 
prepared for 1-14 pg of thallium, following the 
procedure described. 

RESULTS AND DISCUSSION 

Preliminary experiments were carried out in 
2N sulphuric acid medium containing 10 pg of 
thallium(I) and 2 ml each of 5% sodium chlor- 
ide, 0.025% pyronine G and 0.02S”/, potassium 
iodate in a final volume of 25 ml. The solutions 
were equilibrated for 5 min with 10 ml of 
benzene. The results indicated that the extrac- 
tion of the ion-pair into benzene was selective as 
the absorbance of the blank at 530 nm, where 
the ion-pair absorbed maximally, was found 
to be negligible. The presence or absence of 
iodate in the medium had no effect on the 
blank and the intensity of the absorbance of 
the sample extract was found to increase in 

direct proportion to the amount of thallium(I) 
present. 

The effect of various experimental parameters 
on the thallium(I) reaction was therefore exam- 
ined in detail. The results are summarized in 
Table 1. Except for the study of the effect of 
acidity, the overall acidity was maintained at 2N 
in a final volume of 25 ml. Extractions were 
conducted with 10 ml of benzene and the ab- 
sorbances of the extracts were measured at 530 
nm in lo-mm cells. 

A reaction time of 20 min was found necess- 
ary before extracting into benzene. Equili- 
bration of the phases for about 2 min was found 
to be sufficient for the quantitative extraction of 
the ion-pair into the organic phase. The inten- 
sity of the extract was found to remain stable for 
at least 3 hr. The order of addition of reagents 
had no effect on the absorbance of the extract. 
Similarly the variation of aqueous phase volume 
from 25-100 ml had no effect provided the 
overall concentrations of the reactants in the 
solution were maintained at the optimum level. 

Table 2 gives the data on the extraction 
behaviour of various solvents tested for the 
extraction of the ion-pair. Benzene gave maxi- 
mum extraction of the ion-pair and the blank 
was very low in this solvent. The presence of 
chloride in excess of 0.08M caused an increase 
in the blank absorbance although the net ab- 
sorbance of thallium remained unaffected. 

The calibration graph was linear in the con- 
centration range 1-14 pg of thallium(I) in a final 
volume of 25-ml and the molar absorptivity was 
1.2 x 10’ 1. mole-‘. cm-‘. The Sandell sensitivity 
was found to be 0.0007 fig/cm’. The precision of 
the proposed procedure was checked by estab- 
lishing the concentration of 10 samples each 
containing 10 pg of thallium(I). The mean 
recovery was 10.08 pg and the coefficient of 
variation was found to be 1.4%. 

Table 1. Effect of different parameters* on thallium(I) determination (Tl+ = 10 pg) 

Acidity 
H,SO,, N 0.25 0.5 
Absorbance 0.340 0.400 
Sodium chloride, 2% 

solution, ml 1 2 
Absorbance 0.440 0.510 
Pyronine G, 0.01% 

solution, ml 1 2 
Absorbance 0.380 0.540 
KIO,. 0.01% 

solution, ml 1 2 
Absorbance 0.340 0.475 

0.75 1 1.5 2 
0.465 0.505 0.570 0.580 

3 4 5 6 
0.580 0.585 0.575 0.580 

3 4 5 6 
0.580 0.575 0.580 0.585 

3 4 5 6 7 
0.580 0.585 0.580 0.590 0.580 

2.5 3 3.5 
0.580 0.585 0.580 

7 
0.580 

7 
0.580 

*Except for the variable under study the following concentrations were maintained in a final volume of 25 ml. 5 ml of 10N 
HrSO,, 2 ml of 5% NaCl, 2 ml each of 0.025% pyronine G and 0.025% potassium iodate. 
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Table 2. Extractability of the ion-pair into various solvents 
(Tl’ = 10 fig) 

Absorbance 

Sample us. 
Solvent Blank Sample blank 

Benzene 0.050 0.635 0.585 
Toluene 0.090 0.595 0.505 
Xylene 0.090 0.520 0.430 
Chloroform 0.180 0.590 0.410 
Carbontetrachloride 0.160 0.635 0.475 
Iso-propyl ether 0.150 0.575 0.425 

Composition of the complex 

Since treatment of thallium(I) with iodate 
resulted in the formation of thallium(III), the 
composition of the extracted complex was es- 
tablished with thallium(II1) by Job’s continuous 
variation and molar ratio methods. Both 
methods indicated that the mole ratio of 
Tl(III):Cl-:Pyronine G in the complex was 
1:4: 1. However, when identical amounts of 
thallium(I) and thallium(II1) were subjected to 
extraction under conditions optimal for thalli- 
um(I), the absorbances obtained were widely 
different. Thus for solutions containing 10 pg, 
the absorbance was found to be 0.580 for 
thallium(I) and 0.400 for thallium(II1). The 
enhancement observed in the case of Tl(1) deter- 
mination may be attributed to the formation of 
an additional ion-pair formed between pyronine 
G and the anionic species ICI, or ICI;. The 
formation of ICI; species can be explained on 
the basis of the oxidation of iodine by excess 
iodate9 present in the acidic chloride containing 
medium in accordance with: 

lOTl+ + 410; + 24H+ 

+ 10T13+ + 21, + 12H,O (1) 

212 + IO, + 6H+ + lOCl- 

+ 5ICl; + 3Hz0 (2) 

The net reaction being 

lOTl+ + 510, + 30H+ + lOCl- 

+ 10T13+ + 5IC1, + 15H20 (3) 

The species ICI;, on the other hand, can result 
from the reduction of iodate by Tl(1) in accord- 
ance with the net reaction: 

5Tl+ + 510, + 30H+ + 2OCl- 

+ 5T13+ + 5ICl; + 15Hz0 (4) 

It is evident from the above equations that twice 
the amount of Tl(1) would be required to pro- 
duce ICI; species equivalent to ICI; resulting 
from the reduction of iodate. 

To confirm the nature of the species causing 
enhancement in the determination of Tl(I), ex- 
periments with varying amounts of iodine in 
benzene were carried out under conditions opti- 
mal for Tl(1). Though this experiment would 
not give direct evidence for the formation of 
ICl;, it would provide indirect evidence 
whether or not the formation of ICI; was 
responsible for the observed enhancement. Ex- 
periments with iodine solution showed a linear 
relationship with increasing amount of iodine 
and the absorbance produced (0.18) by 2.5 pg 
of I2 was identical to the enhancement observed 
for 10 pg of Tl(1) over Tl(II1). Since in accord- 
ance with equation (l), 2.48 pg of I2 would 
result from 10 pg of Tl(I), it was felt reasonable 
to conclude that the ICI; species [equation (2)] 
was responsible for the observed enhancement 
in the case of Tl(1). If ICI; had been the species, 
as evident from equation (4), 5 pg of thallium(I) 
would have been adequate to cause the observed 
enhancement. 

Interference studies 

The interferences of milligram amounts of 
several ions on the determination of Tl(1) 
were individually studied and the results are 
summarised in Table 3. 

Iodide, as expected, enhanced the apparent 
recovery of Tl(1) due to formation of ICI; 
species, but the interference could be overcome 
by treating the sample with 2 ml of 0.5% sodium 
nitrite solution and extracting the liberated iod- 
ine into benzene. The determination in this 
instance was completed after adding sulphamic 

Table 3. Interference studies 

Interferents (1 mg) 

w-. ClO<, F-, SO:-, C&, HCO,, CO:-, tartrate, M$+, Be*+, Pb*+, 
Ag+, Al’+, Li+, Th’+, Ce3+, UO$+, Zn2+, Cu*+, Co2+ Mnz+, Niz+, Fe’+, 
Cd’+, AS’+, Sr2+, In’+, Sb’+ and Sn’+ 

Remarks 

No interference 

Fe’+, Sb’+, As’+, SnZ+, Bi’+, I-, Hg2+ and NO, (>3mg) 

WOa- , MOO:- and Pd*+ 

Ce’+, NO, 

Enhanced the absorbance 

Precipitated as an adduct with the dye 

Interfered by bleaching the dye 
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Table 4. Application studies 

Tl, 
Weight, Tl added, Tl found, (recovery) Reported value, 

Sample g /@g/g pgcglg % lxlg 
High Purity Cadmium7 - - 30* 100 - 
Cadmium sponget 

1 - 97* - 90 
1 100 198 101 - 
1 200 296 99.5 - 

Rock samples 
Andesite (AGV. 1) 

2 - 1.9* - 1.6 
2 2.5 4.3 96 - 
2 5.0 6.6 94 - 

Granodiorite (GSP- 1) 
2 - 1.5* - 1.3 
2 2.5 4.05 102 - 
2 5.0 6.4 98 - 

Granite (G-2) 
2 - 1.5* - 1.2 
2 2.5 3.9 96 - 
2 5.0 6.4 98 - 

*Average value of three determinations with a relative standard deviation of 1.5%. 
TSynthetic high purity Cdsolution. Cd: 99.90%, Zn: 0.025%, Cu: 0.025%, Pb: 0.025%. Sb: O.Ol%, Tl: 

0.003%, Ag: O.OlO%, As: 0.003%, Sn: 0.01%. 
JCaainium sponge. Cu: 0.289%, Cd: 37.5%, Ni: 0.388%, Co: 0.414%. 

acid to destroy the unreacted nitrite. The inter- 
ference of Ce(IV) was overcome by reduction 
with iodide and determination after removing 
the excess iodide as described above. 

Citrate effectively overcame the interference 
of WO:- , MOO:-, Pd2+ and Bi3+. The influence 
of Hg(I1) and Sb(II1) on the reaction was 
overcome by displacing them from solution with 
copper foil.” 

Since nitric acid was found to be totally 
ineffective in oxidizing Tl(1) to Tl(III), it was 
used to overcome the interferences due to 
AsO:-, Sn2+, Sb3+ and Fe2+ in Tl(1) determi- 
nation. In this instance, the excess nitric acid 
was fumed off with sulphuric acid before 
subjecting to determination. 

Application 

The method developed was applied to the 
analysis of thallium in cadmium sponge, rock 
samples and a synthetic solution of high purity 
cadmium. The rock samples were opened out by 
repeatedly heating 2 g of the finely ground 
material with concentrated nitric acid and hy- 
drogen fluoride.” The mixture was treated with 
2 ml of 10N sulphuric acid and evaporated to 
fumes of sulphur trioxide. Cadmium sponge was 
brought into solution by heating 1 g of the 
sample with 20 ml of dilute sulphuric acid (1: 9) 
in the presence of 5 ml of concentrated nitric 
acid and evaporating the solution almost to 
dryness.” As no authentic sample of high purity 

cadmium was available, a synthetic mixture 
containing the various metal ions in appropriate 
proportions12 corresponding to 1 g of the sample 
was made. The mixture was treated with 5 ml of 
concentrated nitric acid and 2 ml of 10N sul- 
phuric acid and evaporated to fumes of sulphur 
trioxide. The residue in each instance was dis- 
solved in a minimum volume of water, filtered 
(rock samples and cadmium sponge) and made 
up to 100 ml (cadmium sponge and high purity 
cadmium). The entire filtrate (rock samples) or 
suitable aliquots of the made-up solution were 
treated with a copper foil on a hot plate for 
10 min. The solutions were allowed to cool, 
treated with 2 ml of 5% citrate solution and the 
determination was carried out as described. The 
results of this along with those obtained from 
samples spiked with thallium(I) are shown in 
Table 4. The data show that the method works 
satisfactorily. 

1. 
2. 

3. 

4. 

5. 

6. 
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Snmrnary-Extractton methods were developed for the determmatton of butyltm, methyltm and te- 
traalkyltm m marme food products Alkyltms were complexed with ather dtphenylthmcarbaxone 
(dtthtxone) or tropolone from enxymahcally hydrolyzed samples Tetraalkyltms were extracted wtth 
hexane Butyl or methyl denvahves of the alkyltms were made by Grtgnard reachon for analysts by gas 
chromatography-atomtc absorption spectrometry Many of the exammed manne food products contamed 
ppb levels of alkyltms Tetramethyltm and tetraethyltin levels were less than the method detectton hmtts 
of 0 8 and 0 7 rig/g (as Sn), respectively 

Organotin compounds are used in a number of 
commercial applications including biocide for- 
mulations, poly(viny1) chloride stabilizers and 
homogenous catalysts.’ 

Organotins enter the marine environment 
through various routes. Tributyltin has been 
extensively used in antifouling ship paint formu- 
lations. Tnbutyltm released from the paint has 
been found to adversely affect many non-target 
organisms, particularly molluscs.” As a result, 
some countries, beginning with France in 1982, 
have banned or restricted the use of tin-based 
antifouling paints. 

Methyltin can be produced from the 
biomethylation of inorganic tm in the presence 
of estuarine microorganisms’*6 and naturally 
occurring iodomethane.’ Methyltin compounds 
have been isolated from water,*v9 sediments**” 
and fish.9 

Prevtous methods for the analysts of organ- 
otins in biological samples include: (a) the 
extraction of butyltins by solvent*‘-” or tro- 
polone-solvent ‘4,‘s followed by gas chromatog- 
raphy of the pentyl,14.‘5 ethyl,“*13 methylI or 
hydride’* derivatives and (6) the formation of 
methyltin hydrides9*” from tissue homogenates. 

The purpose of this study was to evaluate 
both the efficacy of alkyllead extraction 
methods developed by our group’* for butyl- 
and methyltins and tetraalkyltms in marine food 
products and to examine current alkyltin levels 
in these products. Dual element extraction 

methods offer the advantages of less sample 
preparation time per element and greater 
sample throughput. The methods reported in 
this paper use a hpase/protease hydrolysis (to 
prevent acid induced breakdown of organolead 
analytes and enhance extraction) and require no 
sample cleanup prior to analysis by gas chroma- 
tography coupled to atomic-absorption spec- 
trometry. 

EXPERIMENTAL 

Reagents 

Me3 SnCl, Me, SnCl, , Me, Sn and Et4 Sn were 
used as received from Alfa Products, Johnson 
Matthey, Ward Hill, MA, USA. The Bu,SnBr 
contained approx. 20% Bu2SnBr2 which was 
removed by crystallization from a methanol 
solution. The isolated Bu,SnBr, contained no 
other tin compounds. The remaining Bu,SnBr 
was 97% pure. 

Butylmethyltins (BuMe, Sn, Bu2 Me, Sn and 
Bu,MeSn) were synthesized and isolated as 
previously described” with the exception that 
Bu3 MeSn was prepared from the corresponding 
butyltin by reaction with methylmagnesium 
chloride (3.OM in THF, Aldrich Chem. Co , 
Milwaukee, USA). Distilled-in-glass grade sol- 
vents (Caledon Laboratories Ltd., Georgetown, 
Ontano) and American Chemical Society re- 
agent chemicals were used. Diphenylthmcarba- 
zone (dithizone) was purchased from BDH Inc. 
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(Toronto, Ontario). Tropolone was obtained 
from Aldrich Chemical Co., Inc. (Milwaukee, 
Wisconsin, USA). Lipase (Type VII) and 
protease (Type XIV) were purchased from 
Sigma Chemical Co. (St. Louis, USA). 

Instrumentation 

The gas chromatograph (GC)-atomic ab- 
sorption spectrometer (AAS) system used was 
described previously.” The GC was fitted with 
a glass column (2.1 m x 6 mm o.d., 2 mm i.d.) 
packed with 3% OV-73 on Chromosorb WHP 
lOO/ 120 mesh (Chromatographic Specialties 
Ltd.) Operating conditions were: carrier gas, 
helium, 30 ml/mm; transfer line temperature, 
225”; inJector temperature, 175” (tetraalkyltins), 
200” (butylmethyltm); temperature program 
(tetraalkyltms) 35” initially (I-min hold) with a 
linear increase (1 .O”/min) to 37” (no hold) fol- 
lowed by a linear increase (20”/min) to 175” 
(1 min hold); temperature program (butyl- 
methyltms), 40” initially (1-min hold) with a 
linear increase (15”/mm) to 275” (Zmin hold). 

Operating conditions for the AAS were. 
bandpass, 0.5 nm; Photron Super Sn hollow 
cathode lamp (Photron Pty., Victoria, Australia) 
current, 15 mA; boost current 25 mA, wave- 
length 224.6 nm. Deuterium background 
correction was used during tetraalkyltin deter- 
mination. 

A VG Analytical 7070EQ interfaced with a 
Varian VISTA 6000 was used for GC-MS 
confirmation. The system (conventional mag- 
netic sector only) was operated in the electron 
impact mode at 30 eV (to conserve high molecu- 
lar weight ions) and with a mass resolution of 
1000. Gas chromatography operating con- 
ditions were. column, J&W DB-5 capillary 
column (30 m x 0.25 mm i.d., 0.25-pm film); 
carrier gas, helium (15 psi); injector temperature 

program (on column), 80” initially (0.5-min 
hold) with a linear increase @O”/min) to 250”; 
column temperature program, 70” initially (1.5- 
min hold) with a linear increase (5”/min) to 85” 
(no hold) followed by a linear increase (15”/min) 
to 200” (no hold) and a final linear increase 
(20”/min) to 260”. 

Selected ion monitoring (m/z 203, 205 and 
207 for Me,BuSn, 245, 247 and 249 for 
MezBu,Sn and 287,289 and 291 for MeBu, Sn) 
was conducted on both samples and standards 
run under the same GC-MS conditions. All MS 
analyses were qualitative for confirmation of 
GC-AAS results. 

Sample preparation 

Consumer marine food items were purchased 
from local supermarkets and specialty shops. 
Fish fillet homogenates were prepared with a 
meat grinder (Moulinex, Model 244) whereas 
the shellfish and mollusc samples were prepared 
with a Polytron tissue homogenizer (Brinkmann 
Instruments). All samples were stored at -20” 
until analysis. 

Extraction procedure 

Methyltin. The methyltins were isolated with 
the same procedure as reported for alkylleads.” 
The samples were enzymatically hydrolyzed for 
24 hr, extracted with 0.05% (w/v) dithizone in 
20% dichloromethane/hexane and back ex- 
tracted mto dilute mtric acid (removing most 
coextractives). The nitric acid extract was re- 
basified and then extracted three times with the 
dithizone solution. The pooled dithizone extract 
was reduced to 1 ml and butylated by adding 
butylmagnesium chloride. 

The method detection limits (Table l), based 
on a 5-g sample size, were 0.2 and 0 5 ng Sri/// 
for Me3BuSn and Me,Bu,Sn respectively 

Table I Method DetectIon Llmlt (MDL) 

Mean Response 
Analyte N,_,, mvt Ns,, mv$ facto4 LODII MDL# 

BuMe, Sn 0 0107 0 0036 221 3 48 02 
Bu, Me, Sn 0 0079 0 0025 732 1 113 05 
Bu, MeSn 0011 0 0052 488 2 129 05 
Me.,Sn 0.020 0.01 I 2605 13 8 08 
Et,Sn 0 0139 0 0058 3649 114 07 

*Of 20 measurements 
tMean peak to peak basehne noise 
IStandard devlatlon of N,_, 
BInverse of slope from hnear regresslon (pg Sn/mV) 
[[Llmlt of Detection, (mean N,_, + 3Nso) x response factor (pg Sn) 
#Method DetectIon Lmut, [((LOD/~J vol) x extract vol)/sample 

wgt ] x lo-) (ng Sri/g) 
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Butyltin. Method 1. The samples (5 g) were 
enzymatically hydrolyzed for 24 hr.lE The pH 
was adjusted to 9 and the samples were ex- 
tracted (rotary tumbled) once (65 rpm, 5 min) 
with 10 ml of hexane. The hexane was collected 
after centrifugation (3000 rpm, 5 min) which 
hastened phase separation. The samples were 
then extracted once with 0.05% (w/v) dithizone 
(10 ml) in 20% dichloromethane/hexane. The 
pooled organic extracts were derivatized as 
described in Method 4. 

Method 2. Samples (5 g) were extracted 
with the method described by Ohhira and 
Matsui” with the only difference being that 
the 0.05% tropolone solution was made up 
in hexane rather than benzene. The samples 
were processed with a Polytron homogenizer, 
1.5 g of sodium chloride and hydrochloric 
acid were added (to pH 0.5) followed by 
two extractions (65 rpm, 20 min) wrth 0.05% 
(w/v) tropolone (10 ml) m hexane. The pooled 
organic extracts were reduced in volume to 
1 ml at 40” in precalibrated tubes under a 
nitrogen stream. Derivatization was as per 
method 4. 

Method 3. The samples (5 g) were enzymati- 
tally hydrolyzed for 24 hr.‘* The resulting hy- 
drolysates were then extracted as described in 
Method 2 (minus the homogenization step) and 
derivatized as described in method 4. 

Method 4. The samples (5 g) were enzymati- 
tally hydrolyzed for 24 hr18 and 500 mg of 
sodium sulphite were added after the enzymes 
just prior to incubation. The hydrolysates were 
extracted as described in method 2 (minus the 
homogenization step). Derivatization was car- 
ried out as follows: tetrahydrofuran (1 .O ml) and 
methylmagnesium chloride (0.8 ml, 3.OM m 
THF) were added to the dithizone extract. The 
sample tube was capped under nitrogen, vor- 
texed for approx. 10 set and rotary tumbled (25 
rpm) for 10 min. The samples were cooled m an 
ice bath and the volume adjusted to 10 ml with 
prechilled 0.5M nitric acid, which should be 
added dropwise initially. Isooctane (0.7 ml) was 
added, and the sample tumbled (25 rpm) for 2 
min. Centrifugation (2000 rpm, 5 min) hastened 
phase separation. The nitric acid layer was 
discarded, and the organic phase extracted (25 
rpm, 2 min) with 8 ml of distilled water. Sample 
volume was adjusted to 2.0 ml, dried over 
sodium sulfate (approx. 50 mg) and stored in an 
autoinjector vial. The method detection limit 
(Table 1) was 0.5 ng Sri/// for Bu,MeSn and 
Bu, Me, Sn. 

Tetraalkyltins. The samples were processed as 
previously reported for tetralkylleads.‘* Hom- 
ogenized samples (5 g) were enzymatically hy- 
drolyzed for 48 hr with 2 ml of hexane present. 
The hydrolysates were cooled, extracted for 
10 min and then centrifuged. The organic layer 
was collected and the sample reextracted once 
with hexane (1 ml). The pooled extracts were 
made up to 3.0 ml, dried over sodium sulfate 
and then stored m an autoinjector vial. 

The method detection limits (Table 1) for 
Me,Sn and Et,Sn were 0.8 and 0.7 ng Sri/// 
respectively. 

Recovery experiments 

Samples of fresh/frozen marine fish fillet, 
shellfish and mollusc (5.0 g) were spiked prior to 
hydrolysis with a mixture containing either two 
butyltins, methyltins or tetraalkyltins. The per- 
centage recovery of each compound was deter- 
mined by comparing the mean peak area of 
the recovered compound with the mean peak 
area of the compound in a blank hydrolysate 
extract spoked just prior to alkylation (alkyltins) 
or by comparing the mean peak area of the 
recovered compound with the mean peak area 
of the compound in a spiked blank hydrolysate 
extract diluted to the expected concentration 
(tetraalkyltms). Marine food samples were 
quantitated by comparison of peak area to 
external standards. Reagent blanks were run 
concurrently with each set of samples. 

RESULTS AND DISCUSSION 

All of the alkyltm recoveries were 75% or 
better, with the majority exceeding 90% 
(Table 2). Methyltms and tetraalkyltins there- 
fore, can be isolated effectively with extraction 
procedures originally developed for alkyllead 
compounds. ” Initial work, however, indicated 
that the butyltins were not extracted into the 
acidic back extractron of the method reported 
for marme fish fillets” so a modified procedure 
(method 1) was developed. 

With method 1, tributyltin was extracted with 
hexane but recovery of dibutyltin required an 
additional extraction with 0.05% dithizone sol- 
ution. Dibutyltin and tributyltin recoveries from 
a mollusc matrix (Table 2) were 41 and 108% 
respectively. As recovenes from buffer solutions 
were high, matrix interference was suspected. 
The addition of potassium cyanide and/or 
sodium chloride improved recoveries slightly, 
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but not enough to make the method practical 
for mollusc matrices. 

Method 2, using tropolone-solvent extrac- 
tion, was based on the work of Ohhira and 
Matsui.” Hexane was substituted for benzene 
which was considered an unnecessary health 
hazard. After preliminary work no difference m 
extraction efficiency between hexane and ben- 
zene was observed. Dibutyltin and tributyltin 
recoveries from oyster were 87 and 62%, re- 
spectively (Table 2). Method 2, therefore, recov- 
ered more dibutyltin but less tributyltin than 
method 1. The differences between the extrac- 
tion efficiencies of methods 1 and 2 were 
reflected in the butyltin levels found in contami- 
nated fresh clams (Table 3) but not in the 
canned oyster and mussel. 

Enzymatic hydrolysis was included in method 
3 as a technique to decrease matrix interfer- 
ences Dibutyltin and tributyltin recoveries were 
47 and 95% respectively (Table 2). Tributyltin 
recoveries therefore, were improved by the enzy- 
matic hydrolysis. The dibutyltin, however, 

appeared to be partially converted to mono- 
butyltin, which was detected in the GC-AAS 
chromatograms of recovery samples but not in 
the blank hydrolysate extracts spiked just prior 
to methylation. Tributyltin levels in both the 
fresh and canned contaminated marine food 
products (Table 3) increased from those re- 
ported for method 2. However, there was no 
conversion of dibutyltin to monobutyltin in the 
contaminated marine foods analyzed by method 
3, resulting in the dibutyltin levels remaining 
similar to or greater than those determined with 
method 2 (Table 3). The higher butyltin levels 
found with method 3 (Table 3) suggest that 
there was a bound unextractable form in the 
sample homogenate prior to enzymatic hydroly- 
sis. Other authors have expressed concern over 
matrix interferences,“*‘3*‘7 some of which were 
irreversible. The enzyme hydrolysis used in 
methods 3 and 4 appears to be effective in 
reducing matnx interferences and releasing 
organotin analytes (Table 3) from a variety of 
marine food matrices. 

Table 2 Mean recovenes of organotm compounds from marme food 
products 

Splkmg Mean 
Level, Recovery, 

Analyte N* Method? Matnx wlgi % f SD 

Me, SnCl 4 
4 
4 

Me,SnBr, 4 
4 
4 

Me,Sn 6 
4 
4 

Et,Sn 6 
4 
4 

Bu, SnCl, 4 
4 
4 
4 
6 
4 
4 

Buj SnBr 4 
4 
4 
4 
6 
4 
4 

- 
- 
- 

- 
- 
- 

- 
- 
- 

- 
- 
- 

1 
2 
3 
3 
4 
4 
4 

1 
2 
3 
3 
4 
4 
4 

clam 12 87 + 9 
clam 64 87*5 
cod 12 78 + 3 

clam 14 99 + 6 
clam 70 97 f 8 
cod 14 loo* 12 

clam 5 
clam 75 
turbot 5 

clam 4 
clam 60 
turbot 5 

100*4 
92 f 3 
98 + 3 

72 + 4 
84&4 

100*2 

oyster 60 
oyster 60 
oyster 60 
cod 60 
cod 60 
clam 60 
lobster 60 

oyster 35 
oyster 35 
oyster 35 
cod 35 
cod 35 
clam 35 
lobster 35 

41+6 
87 f 5 
47 f 3 
93 f 2 

lOOk 
86&4 

100*1 

108 + 12 
62 + 3 
95 It: 6 
69+3 
75f4 
87f 1 
99 f 3 

*N = number of samples 
TMethod 1 dlthlzone/solvent extractlon Method 2 Ohlwa and Matsm IJ 

Method 3 modified after Ohhwa and Matsm Is Method 4 modified 
after Ohhlra and MatsuP + Na,SO, 

fAs Sn 
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Table 3 Effect of extractlon techmque on butyltm levels* m contammated marme food 
products 

Analyte concentration, 
@g/g wet wt) 

Samples 

Clams, fresh 

Oyster, canned 

Mussels, canned 

Boston blue fish 

Ocean perch 

Nt Method3 BuSn’+§ Bu,Sn2+ Bu,Sn+ 

4 1 - 27*02 307*10 
4 2 - 43*07 184+32 
4 3 - 44*04 401&19 
1 4 - 31 42 9 
4 1 - 44+11 563*33 
4 2 - 140*09 1006&52 
4 3 - 176fO9 1355*91 
3 4 14kO2 136fl7 1558& 124 

1 1 - 83 48 4 
1 3 - 512 86 1 
I 4 59 46 7 1523 

1 1 - <lO 14 
1 4 - cl0 24 

1 1 - 18 25 
1 4 - <lO 22 

*Uncorrected for recovery 
TN = number of samples 
IMethod 1 dlthlzone/solvent extraction Method 2 Ohhlra and Matsm I5 Method 3 

modified after Ohhlra and Matsw I5 
Matsul15 + Na,SO 

§No recovery data odtamed 

The addition of sodium sulphite to the hom- 
ogenate prior to hydrolysis (method 4) was 
found to prevent partial dealkylation of 
dibutyltin to monobutyltin m cod, clam and 
lobster during recovery trials. Dibutyl- and trib- 
utyltm recoveries averaged 95 and 87% respect- 
ively (Table 2) In the contaminated marine 
foods (Table 3), tributyltm levels in the fresh 
clam remained similar to those obtained with 
method 3 (Table 3) but increased considerably 
m the canned oyster and mussels. Dibutyltin 
levels dropped slightly with low levels of 
monobutyltm present m the contaminated 
canned marine foods (Table 3). 

Method 4 was adopted for the analysis of 
marme food products reported m Table 4 
since the butyltm recoveries were conststently 
high and the dealkylation of dibutyltm was 
suppressed. Method development should be 
mvestigated further as: (a) butyltin levels in the 
contaminated canned marine food products 
behaved somewhat differently than predicted 
from recovery experiments with fresh/frozen 
products and (b) although the appearance 
of low monobutyltin levels m the canned 
marme foods with method 4 probably resulted 
from increased analyte extractability (as found 
with tributyltin), artifact formation remains a 
possibility. 

Many of the marine food products contained 
alkyltins (Table 4). Several of the marine fish 

Method 4 moddied after Ohhlra and 

fillets contained low levels (< 1.2-2.4 rig/g)) of 
tributyltin. Trimethyltm was found in a turbot 
sample. Dibutyltin was not detected in any of 
the fish samples. 

Both fresh and canned molluscs contained 
higher levels of butyltm compounds (ranging 
from < 1.0 to 155.8 rig/g)) than the marine fish 
fillets (Table 4). Tributyltin was the predomr- 
nant species (Table 4) with much lower levels of 
dibutyltm and possibly monobutyltin present. 
Trimethyltin was also found, at a low level 
(0.7 rig/g)) in one of the mollusc samples 
(Table 4). Tetraalkyltm levels in all samples 
were less than the reported method detection 
limits (Table 1). 

The presence of alkyltm was confirmed in 
three samples by comparison with standards, 
using GC-MS. The canned mussel sample 
(Fig. 1) contained BuMe,Sn (m/z 207 [M- 
CH,]+), BuZ Me, Sn (m/z 249 [M-CH,]+) and 
Bu,MeSn (m/z 291 [M-CH,]+). 

The predominance of tributyltin in the marine 
food products clearly indicates contammation 
from commercial usage of butyltin based prod- 
ucts, Similar levels (69-170 rig/g)) of tributyltin 
have been found previously in aquacultured 
salmonids” exposed to tributyltin treated sea 
pens. Ishizaka et al.” found Bu,Sn*+ and 
Bu,Sn+ at levels of 0.02-0.05 and 0.02-1.49 
ug/g respectively m purchased marine food 
products. 
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Table 4 Alkyltm levels* m consumer marme food products 

Analyte concentration, 
(nnln wet wt) -.- 

Samples BuSn’+ Bu,Sn2+ Bu,Sn+ 

Cod 
Boston blue fish 
Haddock 
Ocean perch 
Trout 
Turbot 
Clams, fresh 
Baby clams, canned suppher A 
Baby clams, canned suppher B 
Baby clams, canned supplier C 
Clams, fresh 
Mussels, fresh 
Mussels, fresh 
Mussels, canned suppher D 
Mussels, canned suppher E 
Cockles, welded can, supplier E 
Cockles, soldered can, supplier E 
Crab meat, canned, supplier F 
Crab meat, canned, suppher G 
Crab meat, canned, supplier H 
Lobster, fresh, claw + tall 
Lobster, p&b, suppher I 
Oyster, fresh 
Oyster, canned, suppher G 
Scallops, frozen, suppher H 
Scallops, fesh 
Cod liver, canned, supplier E 

- 
- 

- 
- 

- 
- 
- 
- 
12 
- 
- 

<IO 
<IO 
<IO 
<lO 
cl0 
<I.0 

31 
<lO 
cl0 
<lO 

48 
<IO 
cl0 

39 
46 7 

53 
31 

cl0 
cl0 
<lO 
cl0 
Cl0 
<lO 
136 

<lO 
cl0 
<lo 

<12 
2.4 

<12 
22 

<12 
cl2 
42 9 

cl2 
cl2 
<12 
94 5 

cl2 
cl2 
11 6 

1523 
124 
19 I 

<12 
cl2 

29 
<12 
<12 

81 
155 8 
<12 
cl2 
<12 

Me,%+ Cockles, welded can 0 7 rig/g,, turbot, 2 8 rig/g 
*Uncorrected for recovery 

The methyltin may ongmate from environ- 
mental methylation of inorganic tin or the use 
of dimethyl- and monomethyltm compounds as 
heat and light stabilizers in PVC plastics. Tugrul 
et aL9 also found low (0.8-27 rig/g,, dry weight 
basis) levels of methyltin compounds in several 
marine fish species. Current trends of alkyltin 
levels in marine food can be assessed only after 
further analyses are completed. 

CONCLUSIONS 

Extraction methods onginally developed for 
alkyllead determination can be used to 
efficiently extract methyltin and tetraalkyltin 
compounds from marine food products with no 
or few modifications. A tropolone-solvent ex- 
traction procedure proved more effective for 
butyltin determination than the organolead 
methods. Recovered butyltin levels in contami- 
nated marine foods increased after enzyme 
hydrolysis. Many of the consumer marme 
food items examined contain parts per 
billion levels of butyltm compounds. Several 
samples contained low levels of methyltin. The 
predominance of tributyltm indicates contami- 
nation of the marine food supply by commercial 

loo-(a) 

50 * 

I, 

M/Z = 207 

0* 
230 236 242 246 254 300 306 312 3T6 324 330 

01 
706 712 716 724 730 736 742 746 754600 

100610121016 1024103010361042104610544100 

Retention time (mm) 

Rg 1 Selected ion GC-MS of mussel containing (a) 
BuMe,Sn, (b) Bu,Me,Sn and (c) Bu,MeSn 
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usage of the compound in antifouling paint 8 
formulations. No tetraalkyltin compounds were 
detected. 

9 

10 
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Summary-The decomposttton of standard leaf samples of vaned ongm and nature by fusion wrth 
sodmm hydroxide m an open system has been studied The use of sodmm nitrate as an auxthary agent 
facrhtated the mmerahxatton of most of the samples. The soluhons obtained were analysed for calcmm, 
magnesmm and potassmm by flame atomrc-absorption spectrometry The method 1s fast and qmte prectse, 
wrth absolute standard devtattons of 0 04-O 13,O 002-O 03 and 0.04-O 12% for calcmm, magnesium and 
potassmm contents of O.&S 0, 0.13-O 48 and 0 36-2 2% respectrvely The hmrts of detectron bg/ml) m 
the determmatton step were 0 10 for calcmm, 0 011 for magnesium, and 0 09 for potassmm 

Calcium, magnesium and potassium are three not only of concentrated acids, but also of 
major mineral components of plants, their hydrogen peroxide in Teflon pressure vessels to 
contents m which depend on the particular reduce the risk of contamination and acid cor- 
vegetable species and the soil in which these are rosion.” Rapid destruction of plant material 
grown. Deficiencies of these essential elements with nitric acid vapour has also been employed 
can cause serious defects m plants. in determination of trace elements.*’ 

Although instrumental measurements are 
occasionally made directly on such samples with- 
out prior destructron of the organic matrix,‘,* 
a prior mineralization is generally used, in 
which case the nsk of losses, contamination 
and Interference effects must be considered. 

The AOAC3 recommends dry ashing for 
the mineralization; this approach has several 
variants, wrth different ashing temperatures 
and subsequent treatment and analysis of the 
ash.@ The ashmg temperature and the mass of 
analyte present are factors to be taken into 
account to avoid losses of these three elements 
at above 450”.’ Laser ashing* has also been used 
for this type of sample. 

Fusion with sodium hydroxide can be a 
useful alternative to the wet and dry methods, 
but has been relatively little exploited m analysis 
organic matrices; in fact, it has only been 
employed in the determination of F-,‘* As and 
Sb,= P,24 and S,2’with fusion in open systems, and 
of Ge with fusion in a closed system.26 Earlier 
problems such as lack of purity of the reagents 
have now been overcome with the introduction 
of commercial reagents with very low metal con- 
tents. The hygroscopic nature of alkali-metal 
hydroxides can sometimes be advantageous, in 
favouring homogenization between the sample 
and the flux (we have even found rt of use to start 
the attack by adding a few drops of water).25 

Wet ashing procedures can be divided 
according to whether they are implemented 
in an open or a closed system. Open systems 
have been used for decomposition with various 
acids or their mixtures.9-‘5 Mixtures of nitric 
acid and hydrogen peroxide have been used for 
decomposition with heating in a microwave 
oven.” Closed systems seem to be less prone to 
result in analyte losses through volatilization 
during the heating,‘8*‘9 and use has been made 

Once the organic matrix has been decom- 
posed, calcium, magnesium and potassium 
are usually determined m plant material by 
AAS2.3.5.13 and 1cp_l2.'4-16.2' 

Here we report the decomposition of leaf 
samples by fusion with sodium hydroxide in 
a silver crucible at comparatively low tempera- 
ture (350”). The results for calcium, magnesium 
and potassium in standard samples are m 
agreement with the certified values.28 

959 
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EXPERIMENTAL 

Apparatus 

A Perkin-Elmer model 5000 atomic- 
absorption spectrophotometer was used with 
the instrumental parameters recommended in 
the instrument manual. A flow spoiler was 
employed as impactor. 

A Barnstad II water purifier was used. 

Reagents 

A 0.2M solution of La(II1) was prepared 
from Probus Analytical grade LaCl, - 7Hz0. 
Merck p.a. grade sodium hydroxide, sodium 
chloride and hydrochloric acid were used. 

Standard samples 

The standard leaf samples were those pre- 
pared and certified by the Comite Inter-Institute 
d’Etude des Techniques Analytiques de Diag- 
nostic Fohaire (C.I.I.) ” Their homogeneity 
was tested by the laboratory which prepared 
the standards (Centre de Recherches Rhone- 
Progil), by the CETAMA method.29 

The mmeralization procedure used m the 
mtercalibratior? involved calcination of 2 g of 
sample at 450” for 2 hr, and subsequent acid 
treatment of the ashes. The residue was col- 
lected on filter paper, ashed at 550” and treated 
with hydrofluoric acid. The residue from this 
was dissolved with concentrated hydrochloric 
acid. Calcium (in the presence of 30 mg/ml 
lanthanum chloride) and magnesium were then 
determined m the combined solution by flame 
atomic-absorption spectrometry (FAAS) and 
potassmm by flame-emission spectrometry.30 

The results were subjected to a full statistical 
analysis 3’ 

Alkaline fusion 

In a 50-ml silver crucible fuse 4 g of sodium 
hydroxide and swirl the crucible during cooling 
until the alkali has solidified on the bottom and 
walls. Weigh 0.1 g of sample, previously dried 
at 70-80” for 16 hr, into the crucible and add 
0.5-l ml of water to wet the sample and the 
alkali Warm gently in the burner flame and 
swirl the crucible vigorously to obtain a homo- 
geneous mixture of the alkali and organic 
matter at a relatively low temperature. Keep 
warming and swirling the crucible until all the 
moisture has evaporated. Gradually increase 
the temperature, with continued swirling, until 
the mixture has fused. Then heat strongly until 
all organic matter has been destroyed. If a 

charred residue is left (as is usually the case), 
keep heating and add a small amount of sodium 
nitrate, not more than 0.1-0.2 g, as auxiliary 
oxidant and continue heating until oxidation 
is complete and a transparent melt has been 
formed. 

Once cold, the fusion product can be readily 
dissolved with successive small volumes of hot 
water (not more than 5 ml at a time). Combine 
these extracts in a 250-ml beaker, and acidify 
by dropwise addition of 3M hydrochloric acid 
with vigorous stirring to help remove the COZ 
released. Boil the clear solution for a few 
minutes and then transfer it to a 50-ml standard 
flask, dilute to the mark and mix 

Prepare blank solutions similarly, mcludmg 
the fusion. 

Determination 

Pipette 1, 2 or 3 ml of the sample solution 
(depending on the analyte to be assayed and 
its content m the sample) into a 25-ml standard 
flask, add 2 ml of the lanthanum solution, 
dilute to the mark, mix, and measure by 
FAAS. Run a corresponding volume of blank 
solution in the same way, and apply the 
resulting correction. 

RESULTS AND DISCUSSION 

First we studied the decomposition of various 
leaf samples with molten sodium hydroxide. 
Maize was easily mineralized, leaving no carbon 
residue, and not needing use of the auxiliary 
oxidant. Golden apple leaves gave the strongest 
carbonization, necessitating use of the largest 
amount of auxiliary agent (about 0.2 g). All the 
other samples behaved similarly to each other 
and required less than 0.1 g of sodmm nitrate. 
These small differences can be related to the 
different texture of the samples, and hence 
their varying composition. The mmerahzation 
was accomplished satisfactorily within 5 min in 
every case. The highest absorbances yielded by 
the blanks were 0.011, 0.005 and 0.016 for Ca, 
Mg and K respectively. 

Calibration 

We ran three calibrations for standards 
contaming lanthanum chloride and the same 
amounts of sodium chloride as the unknown 
samples (0.08, 0.16 or 0.24M, corresponding 
to 1, 2 or 3 ml subsamples from an overall 
volume of 25 ml) and covering six analyte 
concentrations in the ranges O-4 pg/ml Ca, 
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O-O.5 pg/ml Mg and O-2 pg/ml K. The exper- 
imental results were fitted by linear regression; 
Table 1 gives the equations and correlation 
coefficients. As can be seen, the sensitivity 
decreased with increasing sodium chloride con- 
centration (i.e., the slope decreased). At the 

Table 1 Cahbratlon data (mean f standard dewahon, 
5 data points) 

Medium, 
Element [NaCl], M 

Ca 008 
0 16 
0 24 

A=X+YC* 

X(x10’) 

10+3 
9+2 

r 

9+2 

Y (x 10”) 

512kll 
466klO 
426&09 

0 9993 
0 9993 
0 9993 

Mg 008 4&3 475 + 9 0 9992 
0 16 39*1 436&4 0 9998 
0 24 65&l 418f4 0 9998 

K 0 08 5JL-04 933fO3 0 99998 
0.16 9+1 918_+09 0 9998 
0 24 lSk2 876kl5 0 9994 

+C = concentration in pg/ml 

sodium chloride and lanthanum concentrations 
used in the calibrations, the sample uptake 
(flow-rate at the nebulizer) was decreased by a 
factor similar to that for the decrease in sensi- 
tivity in the case of potassium and a slightly 
larger factor for calcium and magnesium, which 
may be accounted for by the interaction with 
Cl-, Na+ and La3+ ions in the flame.32 The high 
sodium content (1840-5520 pg/ml) acted as an 
ionization buffer for potassium. The detection 
limits33 achieved were 0.10, 0.011 and 0.09 
pg/ml for Ca, Mg and K respectively. 

Analysis of ieaf samples 

Tables 2-4 list the results obtained, which 
were analysed statistically (significance level, 
95%),” together with the certified values. 

As a rule, the precision of the results obtained 
by the proposed method was comparable with 
that of the certified values. The most precise 
determination was that of Mg, followed by 

Table 2 Determination of calcmm 

Ca, % 

Certificate value2* Found? 

R s XII R s 

Maize 1 122 0 057 1 12 
Palm 0800 0 034 0 80 
Eucalyptus 1 571 0 113 1 56 
Cotton 3 079 0 195 3 10 
Peach 2 162 0 109 2 15 
Codla discolor 0831 0 037 0 83 
Hevea 10675 0081 108 
Vme 2.583 0 142 2 55 
Orange 4 886 0 173 491 
Olive 2605 0 135 2 59 
Golden apple 1 279 0 079 I 27 
Cox’s Orange apple 2 137 0 078 2 14 

1 13 
0 78 
1 59 0 10 
2 98 005 
2 20 0 11 
084 004 
1 05 0 08 
2 58 0 13 
4 98 0 13 
2 58 0 13 
1 29 008 
2 14 0 08 

‘$9 recommended value 
tFwe separate decomposltlons 

Table 3 Determination of magnesium 

Mg, % 

Sample 

Maize 0 363 0 012 0 36 0 357 0012 
Palm 0 296 00132 0 295 0 280 0 028 
Eucalyptus 0 207 0 017 021 0 208 0011 
Cotton 0.413 0017 041 0399 0014 
Peach 0 4725 0 024 0 475 0 476 0 019 
Codla discolor 0 285 0 0125 0 28 0 284 0011 
Hevea 0331 0 024 0 33 0 335 0014 
Vine 0 280 0017 0 28 0 276 0016 
Orange 0318 0 0225 0 32 0.314 0012 
Olive 0.131 0.007 0 13 0 133 0002 
Golden apple 0 286 0017 029 0 282 0007 
Cox’s Orange apple 0.295 0 016 0 29 0 293 0005 

Certdicate valuez8 Found? 

3 s Xlt .f s 

*~a, recommended value 
tFwe separate decomposltrons 
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Table 4 Determmatlon of potassmm 

K, % 

Certificate valuem Found? 

Sample R s XR 2 s 

Mam 1 898 0 110 1 94 1 87 006 
Palm 0 877 0062 0 885 0 85 005 
Eucalyptus 0 694 0 065 0 68 0 67 006 
Cotton 1 824 0068 1 84 1 88 0 12 
Peach 2 182 0 1255 2 185 2 20 0 12 
Codla discolor 0 3665 0 033 0 37 036 004 
Hevea 0.937 0051 0 93 093 0 05 
Vine 1 2265 0.073 123 123 0 07 
Orange 1 539 0 1323 1 51 1 54 0 12 
Olive 0511 0 067 0 506 0 52 0 06 
Golden apple I 441 0 0745 145 146 006 
Cox’s Orange apple 1037 0088 104 107 009 

*XR. recommended value 
tFlve separate decomposltlons 

that of K; the lower precision for Ca could 
be attributed to the well-known tendency of 
calcium to form refractory compounds. The 
average values yielded by the proposed 
method are statistically comparable with the 
recommended values. 

The accuracy of the proposed method was 
statistically satisfactory and the confidence 
ranges were encompassed by the standard selec- 
tion ranges established by the C.I.1, except for 
the determination of Ca in cotton, where neither 
the average certified value nor the recommended 
value was within the confidence range obtained 
by the proposed method at the 95% probabthty 
level, though they would at the 99.9% level 
This exception is due to the small standard 
deviation (s = 0.045) of the results and the high 
Ca content (2.98%) found, which combine to 
give a very narrow confidence interval. How- 
ever, the value found lies within the selected 
range established for the certified sample 
(2.884-3.274%).28 Therefore, the proposed 
method has no systematic error at the stated 
confidence level. 

Conclusions 

The proposed method is quite accurate and 
precise for the analysis of leaf samples. This 
testifies to the efficiency of alkaline fusion with 
sodium hydroxide for decomposing organic 
matter, which has so far been little exploited, 
probably because of formerly serious drawbacks 
such as reagent impurities and crucible contami- 
nation, which have by now been overcome. 

Acknowledgements-The authors are grateful to Dr M 
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MAGNETO-OPTICAL ROTATION 
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Summary-Detectmg changes in magneto-optical rotation IS useful as a umversal on-hne detector for 
h@-performance bqmd chromatography Such apparatus IS similar to a polanmeter except for the 
external magnetic field on a flow cell. Two modulation modes smtable for the magneto-optical rotation 
detector are dwussed Use of a senuconductor laser provides better sensltkty than a He-Ne laser The 
detection hnut IS 0.006% (w/w) for polyethylene glycol 20000 m a 204 inJection 

Many laser-based analytical systems have been 
developed. Some of them have been applied to 
a flow detector for high-performance liquid 
chromatography (HPLC) and flow-injection 
analysis.’ They are classified by their principle of 
operation, sensitivity, universality, convenience, 
detector dimensions and cell volume. A refrac- 
tive index (RI) detector is popular because of its 
universality. The detectability of the conven- 
tional RI detector is in the order of lo-’ RI 
units which corresponds to pg-sub-pg hydro- 
carbon levels. A refractive index gradient detec- 
tor based on interferometry could improve the 
detectability to 4 x lo-’ RI units and sub-ng 
levels.’ Recently, the indirect photometric 
method has been developed and provides the 
universal sensitivity with absorption,3 fluor- 
escence4 and thermal lens’ detection. The detec- 
tion limit of 10-2-10-3% (w/w) depends on the 
displacement scheme. This method can improve 
the mass detectability in the order of 10 ng with 
small-volume detection, using lasers. In a pre- 
vious paper,6 we demonstrated another univer- 
sal flow detector based on magneto-optical 
rotation (MOR). 

Magneto-optical rotation, the so-called Fara- 
day effect, is a general optical property of 
substances in a magnetic field. When the linearly 
polarized light propagates through a medium in 
a magnetic field parallel to the direction of the 
light beam, the polarized plane of the light 
rotates.’ The rotation angle is proportional to 
the strength of the magnetic field and the optical 
path length. The proportionality factor is 
known as the Verdet constant. A change in 
composition of a solution modifies its rotatory 

power. A small change of MOR can be 
measured with a technique similar to sensitive 
polarimetry.“12 In a previous paper,6 we used 
external magnetic field modulation and a He-Ne 
laser for sensitive detection. 

In this paper, we evaluate the modulation 
modes suitable for the MOR detection and 
describe the utility of a semiconductor laser. It 
provides very stable light intensity and allows 
simple replacement with a He-Ne laser for better 
sensitivity. The semiconductor laser is the most 
compact and convenient source of laser light. 
This feature allows versatility in instrumenta- 
tion designs. 

EXPERIMENTAL 

Instrumentation 

The experimental set-up is shown in Fig. 1. It 
is basically similar to the laser-based polarime- 
ter reported by Yeung et aZ.* The light source 
was a He-Ne laser (Uniphase 1101P; 1 mW of 
light at 633 nm) or a semiconductor laser (Sharp 
LT023MC; 3 mW of light at 784 run). The 
semiconductor laser was operated in the power 
control mode with an integrated circuit (Sharp 
IR3C02N) as specified by the manufacturer. 
The beam of the He-Ne or semiconductor laser 
was focused with a 20-cm focal length lens or a 
3-lens collimator (Sakai Glass), respectively. 
Careful optical adjustment is important because 
the light scattering on the cell wall induces 
depolarization. A pair of Glan-Thompson 
prisms served as the polarizer and the analyzer, 
respectively, and provided an extinction ratio of 
10-6. 

965 
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Rg 1 Expertmental set-up for the MOR detector A, 
aperture, DR, current amplifier dnver, F, opttcal filter; FG, 
fimctton generator, L, lens, LA, lock-m amplifier, MC, 
mtcrocomputer; P, Glan-Thompson pnsms, PM, photo- 

multipher 

The flow cell was made of aluminum with 
8~1 volume bores (IO-mm long and l-mm in 
diameter) and had a central inlet and two side 
outlets.13 This design provided more linear ana- 
lytical curves than the conventional one with a 
Z-type inlet and outlet because the laser beam 
deflection from RI change was small. A coil of 
500 turns of O.&mm diameter wire was wound 
round the cell as the modulator of the magnetic 
field. A 2-A dc current produced a magnetic 
field strength of 300 G at the flow region. 
Experiments were carried out at room tempera- 
ture with no temperature control. 

A photomultiplier (Hamamatsu R1333) de- 
tected the light traversing the polarizers and an 
optical filter. The photomultiplier was con- 
nected to a lock-in amplifier (NF Circuit 56 1 OB) 
through a current amplifier (NF Circuit LI-76). 
The strength of the magnetic field in the flow cell 
was modulated to a square wave by a bipolar 
power supply (Metronix BPA182A). A function 
generator (Kenwood FG273) provided a refer- 
ence oscillation to the lock-in amplifier and the 
bipolar power supply. The recovering MOR 
signal was displayed on a chart recorder. For 
frequency distribution measurements we calcu- 
lated fast Fourier transformation (FFT) of the 
output of the current amplifier with a 1Zbit 
A/D converter (Canopus ANALOG-PRO) and 
a microcomputer (NEC PC9801). 

Chromatography 

The chromatography system consisted of an 
injector with a 20-~1 loop (Rheodyne 7413) and 
a pump (JASCO 880-PU) operated at a flow- 
rate of 0.5 ml/min. Gel chromatography of 
polyethylene glycol (PEG) was performed on a 
IO-cm x 0.76-cm column (Asahipak GS-310M) 
with distilled water as the eluent. For part of the 
measurements the sample was injected directly 

into the flow system without a column to elim- 
inate the dilution. All chemicals were of analyti- 
cal reagent grade. 

RE!HJLTS AND DR3CUSSION 

Modem polarimetry uses an AC modulation 
technique to improve the signal to noise ratio 
(S/N).**i2 Three typical polarization modulation 
modes are shown in Fig. 2. The plane of the 
linearly polarized light is modulated by an 
angle, a, which is produced through MOR of 
the solvent itself for the simple and sensitive 
instrumentation. The amount and direction of 
the modulation angle, a, can be controlled by 
the current fed to the coil around the cell. The 
angle /.I is MOR due to the solute. Transmitted 
light intensity is the square of the projection 
amplitude of an electric vector and is pro- 
portional to the square of a rotating angle at 
sin(angle)<< 1. Mode A in Fig. 2 illustrates the 
simplest operation; the polarization modulates 
by equal negative and positive angles (-a and 
+a) from the polarizer-analyzer cross align- 
ment. This mode is generally used in optical 
activity measurements. lo However, in MOR de- 
tection this operation compensates for a MOR 
change of the solution in the output of the 
lock-in amplifier. Therefore modes B and C in 

Y Mode A 

Fig. 2 Three typtcal polanzatton modulatton dragrams for 
the MOR detector Sohd and dashed vector represents an 
electnc field of polanxed hght when a sample IS present and 
absent, respecttvely a, modulatton angle produced through 
MOR of the solvent ttaelf; /3, MOR due to the solute, 6, 
offset angle. The X and Y axes correspond to polarmatron 

planes of the analyzer and polaruer, respectively 
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Fig. 2 would be more suitable for the MOR 
detection. In mode B, the polarization modu- 
lates in the same manner as in mode A. In 
addition, an offset angle, 8, is applied; 0 is the 
angle of the analyzer away from the polarizer- 
analyzer cross alignment. In mode C, the polar- 
ization modulates by the postivie angle, +a, 
with the offset angle, 8. 

The intensity of light transmitted through the 
optical system, I,, is given byI 

~,(e, o) = I~[E c0sye + 0) 

+ (1 + e2/4) sin2(8 + o)] (1) 

where L is the extinction ratio of the polarizer 
and analyzer and o is the amount of rotation 
caused by a sample. At a low concentration, o 
is a simple sum of MOR’s due to the solvent and 
solute.” Fluctuations of IT determine noise in the 
MOR measurement. The S/N ratio of the 
modulation modes B and C may be described by 

s/N~ade B 

and +f,[z,(fl, a) - W, - a11 

mnode c 
w, tl + m-w, a) 

2m4 0) +fme, Co - w, 011 (3) 

respecuvely, wheref, andf,, are the fluctuation 
of the dc and ac components, respectively, at the 
detection frequency of the lock-in amplifier. We 
can calculate S/N for various combinations of L, 

6 fds and f, . 
Figure 3 shows dependencies of S/N on the 

offset angle and the extinction ratio (10e6 and 
lo-‘) for a 0.1% (w/w) phenol solution in 
modes B and C. Lines are calculated with 
equations (l)-(3). The dependencies of S/N are 
determined by the balance between the increases 
in the signal component, sin@ + 0) and the leak 
of light with 8. The fluctuations, fa, and f,, are 
parameters for fitting the observed values. Ob- 
served values were obtained in direct injection 
operation with the He-Ne laser and the modu- 
lation of the magnetic field at 100 Hz and 
300 G. The 0.1% (w/w) phenol aqueous sol- 
ution provides a = 0.065" and /? = 1.5 x 10m4’ 
at the optrcal length of 10 mm and with a 
magnetic field intensity of 300 G. The Verdet 
constant of water and phenol is 2.2 x 10m4 and 
5.3 x 10e4 deg/G cm,15 respectively. The opti- 

‘3 / degree 

Rg 3 Dependence of S/N on the offset angle and the 
extmctlon ratio for a 0.1% (w/w) phenol solution 0, 
observed m mode B and C, respectwely, sohd lme calculated 

with L = 10e6, dashed hne calculated wth 6 = 10e9 

mum fd, and f, is 2.8 x 10e4 and 1.1 x 10e4, 
respectively. Both observed and calculated de- 
pendencies of S/N on 8 agree with each other. 
The mode B with a modulation by -a and + a 
requires a certain offset angle to avoid the 
disappearance of the MOR signal. In mode C, 
S/N is the largest around the polarizer-analyzer 
cross alignment (0 = 0). The S/N ratio with the 
extmction ratio of lo-’ is a few times larger than 
that with 10p6, as shown with dashed lines in 
Fig. 3. A pair of Glan-Thompson prisms, that 
serve as the polarizer and analyzer, respectively, 
with a better extinction ratio should improve the 
sensitivity. At any conditions, strengthening of 
the magnetic field increases S/N in a straightfor- 
ward manner. Since mode C provides a larger 
S/N at any offset angle than mode B, the 
following chromatographic measurements were 
carried out in mode C with an offset angle of 
O-0.03”. 

The output stability of the light source is 
important since the fluctuations, fdc and f,, 
affect S/N linearly. The frequency distribution 
of the light intensity fluctuation has been 
measured to evaluate the optimum modulation 
frequency, as shown in Fig. 4. Figure 4(a) shows 
the noise without the laser light and the strength 
of the magnetic field calibrated by the MOR 
signal of water in the cell. Peaks at 60 Hz 
correspond to line noise in the electronics. In 
Fig. 4(b) and (c), a peak around 300 Hz indi- 
cates a MOR signal of water of 0.04”. The 
longitudinal axis at 0 dB corresponds to the DC 
component of the light transmitted through the 
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Fig 4 Frequency dtstrrbutton of mtensrty fluctuatton of 
hght transmuted through the optrcal system, (a) no laser, (b) 
He-Ne laser, (c) semrconductor laser No offset angle 1s 

applied 

polarizer and analyzer. The strength of the 
magnetic field decreases with increasing modu- 
lation frequency due to the induction effect of 
the cot1 The noise level of the He-Ne laser is 
higher than that of the semiconductor laser, 
especially at less than 200 Hz. Gas discharge 
lasers such as He-Ne or Ar ion ones have larger 
noise, a typical drift and flicker component is 
about l-5% and 0.1-l%, respectively. On the 
other hand, the output of the semiconductor 
laser is very stable, because direct conversion of 
the electronic energy to light can easily control 
the output with a simple electronic feedback 
circuit Both drift and flicker noise of the semi- 
conductor laser can be reduced by the order of 
lo-’ ‘**I6 We have chosen a modulation fre- 
quency of 300 Hz at which the conflict between 
the increase m noise and the decrease in the 
strength of the magnetic field is small. 

Figure 5 presents the MOR signal of 0.03% 
(w/w) and 0.015% (w/w) PEG 20000 (average 
molecular weight: 18000-25000) aqueous sol- 
ution with the He-Ne laser and the semiconduc- 
tor laser, respectively. The 209~1 sample was 
injected directly into the flow system. The 
strength of the magnetic field, the modulation 
frequency and the time constant of the lock-in 
amplifier are 200 G, 300 Hz and 300 msec, 
respectively. The background low frequency 
noise, the so-called drift, improves dramatically 
by about one order of magnitude when employ- 
ing the semiconductor laser, even without tem- 
perature stabilization. This corresponds to a 

(a) h 1 mm 

09 

Fig 5 MOR signal from polyethylene glycol20000 aqueous 
soluhon m the flow system; (a) 0 03% (w/w) cone with 
He-Ne laser, (b) 0015% (w/w) cone wrth semmonductor 

laser Offset angle is 0 03”. 

good S/N of the semiconductor laser at low 
frequency in the fluctuation distribution 
measurements; the noise intensity of the semi- 
conductor laser is 15 dB (about 5 times) smaller 
than that of the He-Ne laser in Fig. 4. The high 
frequency noise also improves by about two 
orders of magnitude. The detection limit at 
S/N = 3 is 4 pg (0.02%) and 1.2 pg (0.006%) for 
the use of the He-Ne laser and the semiconduc- 
tor laser, respectively, for the direct injection 
operation. The analytical curves are linear up to 
3% and increase monotonically up to 10%. 
Apparent peaks due to the RI change disturb 
the signal peak in the high concentration region. 
The pg-order detectability for the MOR-based 
detector is comparable to the conventional RI 
detector. 

The gel chromatography for optically trans- 
parent samples is an appropriate demonstration 
of the usefulness of the MOR flow detector. 
Figure 6 shows a chromatogram of a 20-~1 
injection of 1% (w/w) PEG 6000 and 2000 
(average molecular weight: 740~9000 and 
i800-2100, respectively)- mixture, 

PEG6000 PEG2000 

using the 

I I I I I 

0 2 4 6 8 
Time ! mm 

Rg 6 Gel chromatogram of polyethylene glycol (PEG) 
6000 and 2000 aqueous solutton Column, Asahrpack GS- 
310M, mohle phase, water, flow-rate, 0 5 ml/mm; sample, 

10% (w/w) each (20-4 mJectton) 
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semiconductor laser. The strength of the mag- 
netic field, the modulation frequency and the 
time constant of the lock-in amplifier are 200 G, 
300 Hz and 3 set, respectively. The detection 
limit of PEG 6000 is 8 pg (0.04%) in our 
chromatography system. 

In conclusion, we have demonstrated a 
HPLC detector with a new principle based on 
MOR that provides universal response. It will 
be an alternative to the RI detector. This appar- 
atus is capable of natural optical activity 
measurement, which is very important in bio- 
logical studies. In addition, several essential 
molecules, such as steroids and fatty acids ex- 
hibit limited absorptions in the UV and visible 
spectrum and hence the application of this 
detector to clinical and environmental research 
will be useful. 
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Followmg submrsslon of Uus paper, a report by XI 
and Yeung appeared that described the same prmciple 
reported here, wth differences in mstrumentatlon and per- 
formance ” 
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SEPARATION OF NIOBIUM AND TANTALUM BY 
EXTRACTION CHROMATOGRAPHY WITH 

BIS(2-ETHYLHEXYL)PHOSPHORIC ACID 

YI Yu VIN and S. M. KHOPKAR* 

Department of Chemtstry, Indtan Institute of Technology, Bombay 400 076, Indta 

(Recezoed 22 January 1990 Revised 24 February 1991. Accepted 5 March 1991) 

Summary-A novel method IS developed for the reversed-phase extracttve chromatographtc separation of 
mobmm and tantalum wtth bts(2-ethylhexyl)phosphonc acid. Ntobmm is extracted from I-IOM hydro- 
chlonc acrd and can be stnpped with 3M sulphuric acid contammg 2% hydrogen peroxide. Tantalum IS 
extracted from 0 I-2M hydrochlonc actd and can be stripped wtth 0 1M hydrochlonc acid contaming 2M 
tartartc actd It 1s posstble to separate niobium and tantalum, m drfferent rattos, from multtcomponent 
mixtures 

Tributyl phosphate ‘-I has been used as the The stock solution of niobium was prepared 
stationary phase for the extractive chromato- by fusing 100 mg of niobium pentoxide with 
graphic separation of niobium and tantalum, 5 g of potassium bisulphate in a platinum 
with hydrochloric acid and hydrogen peroxide crucible. The cooled mass was dissolved in 
as stnpping agents. Aliquat 3365*6 and trioctyl- 5 ml of 200 mg/ml tartaric acid solution, 
amine7-9 have also been used to separate nio- made up to 100 ml with distilled water and 
bium and tantalum, with ammonium fluoride standardized gravimetrically with N-benzoyl- 
and ammonium chloride as stripping agents. N-phenylhydroxylamine;r8 it was found to con- 
Thenoyltrifluoroacetone’” and methyl isobutyl tain 0.68 mg/ml niobium. A solution containing 
ketone” were found not to be effective as 40 pg/ml niobium was prepared by appropriate 
extractants for niobium and tantalum. dilution. 

Bts(2-ethylhexyl)phosphoric acid (HDEHP) 
gives quantitative extraction of niobium and 
tantalum from a tartaric/oxalic acid mixture,‘2-‘6 
but this system has not been applied in 
extraction chromatography. 

The present work investigated the extractive 
chromatographic separation of niobium and 
tantalum from each other and from other 
elements. The method was extended to the 
determination of these metals in real samples. 

The stock solution of tantalum was prepared 
by fusing 100 mg of tantalum pentoxide 
(Aldrich) with 5 g of potassium pyrosulphate. 
The cooled melt was dissolved with 2 ml of 
50-mg/ml ammonium oxalate solution, diluted 
to 100 ml with distilled water and standardized 
gravimetrtcally with selemous acid;r9 tt was 
found to contain 0.81 mg/ml tantalum. A sol- 
ution containing 20 pg/ml was prepared by 
appropriate dilution. 

EXPERIMENTAL 
Procedure 

Apparatus 

A borosilicate glass chromatography column 
packed with silica gel was made as described 
earlier.” 

Reagents 

Bis(2ethylhexyl)phosphoric acid (Schuchardt, 
Munich) was used without further purification. 

Concentrated hydrochloric acid was added 
to a known volume of solution containing 
40 pg of niobium or 20 pg of tantalum. The 
solution was passed through the column at a 
flow-rate of 1 ml/min. The extracted niobium or 
tantalum was stripped with a suitable stripping 
agent. Twenty 2-ml fractions were collected and 
analysed spectrophotometrically, for niobium 
with 4-(2-thiazolylazo)resorcinolM and tantalum 
with Brilliant Green.z’*u *Author for correspondence 

TN. 38P-S 971 
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RESULTS AND DISCUSSION 

Extraction conditions 

Niobium and tantalum were found to be 
quantitatively extracted from l-10 and O.l-2M 
hydrochloric acid respectively (Fig. 1). 

Stripping agents 

None of the mineral acids m any concen- 
tration range was effective for stripping niobium 
and tantalum. However, niobium can be com- 
pletely stripped with 3-4M sulphuric acid con- 
taining 2-3% hydrogen peroxide, and tantalum 
completely stripped with O.lM hydrochloric 
acid contaimng 1.5-3M tartaric acid, and par- 
tially stripped with 3-4M sulphuric acid con- 
taming 2-3% hydrogen peroxide. 

Separation from binary mixtures 

The different conditions required for strip- 
ping mobmm or tantalum were exploited to 
devise several separation methods. When nio- 
bium was extracted from 2M hydrochloric acid 
or tantalum was extracted from O.lM hydro- 
chloric acid in the presence of one of the other 
ions listed in Table 1, most accompanying ions 
were not extracted and so passed through the 
column. When the accompanying ion, e.g., iron, 
was co-extracted, it was stripped with mineral 
acid before niobium was stripped with 3M 
sulphurtc acid containing 2% hydrogen per- 
oxide or tantalum with O.lM hydrochloric acid 
containing 2M tartaric acid (Table 1). 

Separation of niobium from tantalum 

As shown in Fig. 1, niobium and tantalum 
can both be extracted from l-2M hydrochloric 

80 - 

-Q- Nloblum 

-A- Tantalum 

Fig 1 Effect of hydrochlortc actd concentratton on 
extractton of mobmm and tantalum 

Table 1 8eparatron of mobmm and tantalum from binary 
nuxtures (Nb 40 pg, stnpped wtth 3M Hr SO, + 2% HsOs; 
Ta 20 pg, stnpped wtth 0 1M HCl + 2M tartaric actd; most 

other ions pass unextracted through the column) 

Amount found, 
Foreign w 

ion amount, 
Foreign ton mg Nb Ta 

Lt(I) 50 401 19.9 
Na(I) 49 39 8 19.2 
R(I) 50 41.0 20.1 
Rb(I) 50 38 5 198 
Mg(II) 4.8 401 19 6 
Ca(I1) 50 40.2 20.2 
Sr(I1) 50 40.4 19.4 
WII) :s 39 6 19.9 
Pb(I1) 40.2 19 8 
As(V) 52 401 20.1 
Bt(II1) 45 39.9 194 
Sb(II1) 38.9 19.3 
WIV) 

:.; 
39.9 19.2 

Te(IV) 46 39 8 200 
Cr(II1) 24 41.0 20.1 
Mn(I1) 50 39.9 196 
Fe(III)* 49 39 8 20.0 
Co(I1) 48 38 9 198 
Nt(I1) 48 39 9 19.7 
Cu(I1) 52 40.0 19.8 
cd(II) :: 39 I 19.9 
VO 39.4 194 

*Co-extracted, stnpped wtth 3M hydrochlortc acrd before 
Nb or Ta 

acid, but Table 2 shows that they can be separ- 
ated if the tantalum is stripped first, with O.lM 
hydrochloric acid/2M tartaric acid mixture, and 
then the niobium with 3M sulphuric acid con- 
taining 2% hydrogen peroxide (Table 2). 

Separation of niobium or tantalum from multi- 
component mixtures 

The optimum conditions for the extraction 
and stripping of various metals are summarized 
in Table 3. Gallium, indium, iron, tin, anti- 
mony, bismuth, vanadium, titanium, beryllium, 
molybdenum, tantalum and (partially) niobium 
are extractable from 0.1 M hydrochloric acid, 
whereas only germanium, thorium and niobium 
are extracted from 10M hydrochloric acid. 

Table 2 Extraction and stripping condittons for niobmm 
and tantalum (Nb 40 fig; Ta 20 pg) 

Condittons Nb Ta 

Extracted, % 
Extraction 0 1M HCl 540 99.6 

from 1M HCl 996 100.2 
2M HCl 998 99.9 

Recovery, % 
st$$ng 3M H2S0, + 2% H,O, 99 9 40.9 

OlMHCl+2M 
tartanc actd 0 106.4 
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These differences in behaviour can be exploited 
for multicomponent analyses, provided proper 
stripping sequences are used. Table 4 gives some 
examples. 

When a mixture of manganese, iron, thorium, 
niobium and uranium in 2M hydrochloric acid 
was passed through the column, all except 
manganese were extracted. They were then 
stnpped in succession, non with 3M hydro- 
chloric acid, thorium with 3M phosphoric acid, 
niobium wrth 3M sulphuric acid containing 
2% hydrogen peroxide and uramum with 6M 
hydrochloric acid containing 0. 1M ascorbic 
acid. 

The separation of a mixture of chrommm, 
iron, tantalum and niobium in 2M hydrochloric 
acid was similarly achieved; chromium was not 
extracted, iron was stripped wrth 3M hydro- 
chloric acid, tantalum with O.lM hydrochlonc 
acid containing 2M tartaric acid and niobium 
wtth 3M sulphunc acid containing 2% hydro- 
gen peroxide. 

A five-component mixture (in 0 1M hydro- 
chlonc acid) containing nickel, bismuth, antr- 
mony, tin and tantalum was separated by 
passing it through the column. All the com- 
ponents except nickel were extracted. Bismuth 
was then stnpped with OSM hydrochloric acid, 

antimony with 3M nitric acid, tin with SM 
hydrochloric acid and tantalum with O.lM 
hydrochloric acid containing 2M tartaric acid. 

A mixture of vanadium (or lead or bismuth or 
chromium), tantalum (or molybdenum) and 
niobium in 2M hydrochloric acid was separated, 
only the tantalum, molybdenum and niobium 
bemg extracted. Molybdenum was stripped first 
with O.lM hydrochloric acid containing 0.2M 
tartaric acid, or tantalum with O.lM hydro- 
chlonc acid contarmng 2M tartaric acid, and 
finally niobium with 3M sulphuric acid contain- 
mg 2% hydrogen peroxide. 

The mixture of copper or bismuth or alu- 
minium with vanadium (or iron), tantalum and 
titanium was resolved by making it 0.1 M in 
hydrochlonc acid before passage through the 
column. The copper or bismuth or aluminium 
was not extracted. Vanadium or iron was 
stnpped wnh 3M hydrochlonc acid, tantalum 
with O.lM hydrochloric acid containing 2M 
tartaric acid and finally titanium with 2.5M 
sulphuric acid containing 3% hydrogen per- 
oxide. 

Determination of niobium m stamless steel 

About 0.5 g of steel was dissolved in a mixture 
of hydrochloric and hydrofluoric acids (2 : 1 v/v). 

Table 3 Extraction and stnppmg condltlons for vanous metals 

Strlppmg agents 
Extractlon 

from HCl, HNO, , &SO,, 
Element HCI, M M M M Others 

Be(U) 0 01-O 25 l-3 2-3 l-2 - 
Ge(IV) 610 0 25-3 0 25-3 l-4 O.OlM cltnc acid 

(PH 3 5) 
0 1M oxahc acid 

(PH 10) 
Sn(IV) 0 01-O 75 5-7 - - - 
SbqII) 0005-05 2-8 l-8 l-8 - 
Bl(III) 0.01-O 1 05-3 2-3 4-5 - 
Pb(II) 000405 01-4 14 - 0 1-4M HClO, 
TW) 001-4 - - 2 5 + 3% H,O, - 
Th(Iv) I-10 

2-6 
- - 3M H,PO, 

V(V) 01-05 - - - 
Nb(V) l-10 - - 3-5 + 2% H,O, - 
TaO 0.05-2 0 1+2-3M 

tartanc acid - - - 
Ga(II1) 001-O 1 0.25 - - - 
In(III) 001-O 1 025 - - - 
Cl@) 001 01 - - - 
Zn(I1) 001 0.1 - - - 
Fe(III) 0 01-2 2-6 - - - 
Co(H) 001 0.1 - - - 
N](H) 0.01 01 - - - 
Mn(I1) 001 0.1 - - - 
MoOrI) 0 01-2 01+02lu 

tartanc acid - - - 
WI) 0 05-2 - - - 6M HCl + 0.144 

ascorbic acid 
WV) 001 01 - - - 
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No 

Table 4 Separation of niobium and tantalum from mulbtomponent rmxtures 

Volume of 
Amount stripping Determmed 
taken, Recovery, Strippmg agent, spectrophotometrtcally 

Mixtures /& % agent ml wtth 

2 Cr 
Fe 
Ta 

Nb 

3 

1 Mn 

; 
Nb 

U 

Ni 

:: 
Sn 
Ta 

4 V/Pb/Bt/Cr 

Ta or MO 

Nb 

5 Cu/Bt/Al 

V/Fe 

Ta 

Tt 

100 
50 

: 

25 

50 
50 
20 

40 

100 
100 

: 
20 

150 

20 

40 

loo 

150 

20 

150 

98.9 
1004 
98 8 
994 

98 2 

Not extracted 
3M HCl 
3M H,PG, 
3M H,SO, + 
2% H,O, 
6MHCl+OlM 
ascorbic actd 

16 
20 
20 
20 

20 

99 8 
1006 
98 9 

100 

Not extracted 
3M HCl 
OlMHCl+2M 
tartanc actd 
3M H, SO, + 
2% H202 

18 
20 
20 

20 

99 2 
100.2 
990 
98 3 
99 0 

Not extracted 
0.5M HCl 
3M HNO, 
5M HCl 
O.lM HCl+2M 
tartanc aad 

16 
18 

:: 
20 

98 5 Not extracted 18 

99 5 

99 4 

OlMHCl+2M 
tartanc acid 
3M HrSO, + 
2% H,O, 

20 

20 

994 

1003 

99.0 

98 6 

Not extracted 

2M HCl 

OlMHCl+2M 
tartanc actd 
2 5M H2S0, + 
3% H,O, 

16 

20 

20 

20 

Formaldoxime 
1.1 O-Phenanthrohne 
Arsenazo III 
TAR 

Arsenazo III 

Dtphenylcarbaztde 
1, IO-Phenanthrolme 
Bnlhant Green 

TAR 

PAR 
Iodide 
Phenylfluorone 
Pyrocatechol Violet 
Bnlhant Green 

Hydrogen peroxIde/ 
dtthlzone/todtde/ 
dtphenylcarbazrde 
Bnlhant Green/Ttron 

TAR 

Alilann Red S 
Hydrogen peroxide/ 
l,lO-phenanthrohne 
Brilliant Green 

Hydrogen peroxtde 

The solutton was evaporated almost to dryness, 
the salts were taken up by addition of 2 ml of 
200 mg/ml tartartc acid solution and the sol- 
ution was made up to volume in a loo-ml 
standard flask with distilled water. An aliquot 
was made 2M in hydrochloric acid, and passed 
through the column. Niobium and iron were 
extracted, and chromium, nickel and manganese 
passed through the column. The iron was 
stripped with 3M hydrochloric acid and nio- 
bium with 3M sulphuric acid containing 2% 
hydrogen peroxide. The niobium content was 
found to be 1.05, 1.03 and 1.04% (certified value 
1.02%). 

The proposed method is simple, rapid and 
selective. The separation of niobium and 
tantalum from each other and from chromium, 
molybdenum, iron, vanadium and tin is import- 
ant, as these are associated in various types 
of steel. The total time required for separation 

and determinatton of niobium and tantalum is 
45 min. 

4 

5 

6. 
I, 

8. 

9. 
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POLAROGRAPHIC DETERMINATION OF FLUORIDE 
USING THE ADSORPTION WAVE OF THE 

Ce(III)-ALIZARIN COMPLEXONE-FLUORIDE COMPLEX 
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S-y-A very sensltlve electrochenucal method for trace measurement of fluonde m water IS 
discussed. The complex of cenum(II1) with ahzann complexone (ALC) and fluonde ion 1s adsorbed at 
the dropping mercury electrode. In cathodic sweeps, the peak height 1s directly proportional to the 
concentration of fluonde over the range 8 x IO-*-5 x 10e6M (1 5 x 10e9-9.5 x lo-* g/ml), and the 
dettion lmut is 5 x 10e8M (9.5 x lo-lo g/ml). The proposed method was applied to the determmatlon 
of fluonde m water 

Fluorine is a very important element in nature. 
A large number of methods for the determi- 
nation of fluoride have heen reported, princi- 
pally calorimetric ones.‘-’ A fluoride-selective 
electrode was used for the determination of 
trace fluoride.8~p However, the sensitivity of 
these methods is not very high and the range of 
detection is only about 5 x 10m6-2 x lo-‘M. 
Recently, a polarographic method for determi- 
nation of fluoride in the presence of La(II1) and 
alizarin complexone (ALC) has been studied.‘O 
However, reaction equilibration is required for 
about 2 hr before the potential scan is carried 
out. The linear range of the method is 
1 x lo-‘-6 x 10m6M. In this report, we have 
investigated the electrochemical behaviour of 
the Ce(III)-ALC-F- complex in aqueous sol- 
ution by single-sweep polarography and cyclic 
voltammetry. The reaction is equilibrated for 
about 30 min before the potential scan is carried 
out. The linear range is 8 x 1O-8-5 x 10b6M 
(1.5 x lo-‘-9.5 x lo-* g/ml), with a detection 
limit of 5 x lo-*M (9.5 x lo-” g/ml). 

EXPERIMENTAL 

Apparatus 

A Model JP-2A oscillopolarograph (Chengdu 
Instrumental Factory, China) was used. A 
three-electrode system was used with a dropping 
mercury working electrode (DME). The refer- 
ence and counter electrodes were saturated 
calomel and platinum wire electrodes respect- 
ively. A Model 82-1 neopolarograph (Lisui 

Electronic Factory, China) was used for cyclic 
voltammetry, with a three-electrode system con- 
sisting of a hanging mercury drop electrode as 
workmg electrode, a saturated calomel reference 
electrode and a platinum counter-electrode. A 
Model pHs-3 meter (Shanghai, China) was used 
for pH determinations. The electrolytic cell was 
a lo-ml beaker 

Reagents 

All solutions were prepared from analytical- 
reagent grade chemicals and doubly-distilled 
water. 

Stock solutions of F- were prepared by dis- 
solving sodium fluoride in water. Standard sol- 
utions were obtained by diluting the stock 
solutions with water. 

A 5 x 10m4M Ce(II1) stock solution was pre- 
pared by weighing and dissolving 0.1085 g of 
cerium nitrate [Ce(NO,),.6H,O] in 450 ml of 
water. The pH was adjusted to ca. 4.8 with 
1M nitric acid and the solution was diluted to 
500 ml with water. 

A 1 x 10e3M stock solution of alizarin com- 
plexone (ALC) was prepared by dtssolving 
0.0964 g of ALC m 2M sodium hydroxide and 
neutralizing the solution to a yellow colour with 
2M nitric acid,” and then diluting to 250 ml 
with water. 

A 1 M hexamethylene tetramine [(CH, ),N.,] 
solution was prepared by weighing and dissolv- 
ing 70 g of (CH,),N, and 50 g of potassium 
nitrate in 450 ml of hot water. The pH was 
adjusted to ca. 4.8 with 2M nitric acid. 

977 
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Procedure 

To the standard or sample solution 
(8 x lo-*-5 x 10v6M fluoride), add 1 .O ml of 
1M(CH,)6N4,0.1 mlof 1 x 10e3MALC, l.Oml 
of 5 x 10v4M Ce(II1) and 1.0 ml of acetone. 
Allow to stand for about 30 min and then dilute 
the solution to 10 ml with water. The derivative 
single-sweep polarogram is then recorded from 
-0.3 V to -0.8 V (us. SCE) and the height of 
the peak measured at -0.64 V (Fig. 1). 

RESULTS AND DISCUSSION 

Selection of experimental conditions 

The effects of pH and the concentrations 
of Ce(II1) and ALC on peak height are 
shown in Fig. 2. The optimum conditions for 
the determination are 5 x 10m5M Ce(II1) and 
1 x lo-‘M ALC. The optimum pH is about 4.8. 
It was also found that acetone can reduce the 
formation time of the Ce(III)-ALC-F- com- 
plex. The optimum concentration of acetone is 
10%. 

Eflect of standing time 

In order to obtain a stable peak height, the 
solution to be analysed was required to stand 
for some time; a 30-mm period was found to be 
optimum. 

Under the optimum conditions, the relation- 
ship between peak height and concentration of 
F- was linear from 8 x 10m8M to 5 x 10m6M 
(correlation coefficient = 0.9976). A detection 
limit of 5 x lo-*M was obtained (concentration 

I I I , I I 

03 -04 -05 -06 -07 -08 

E, V vs SCE 

Fig 1 Denvatlve single sweep polarogram of the 
Ce(III)--ALC-F- complex. Curve 1, O.lM (CH,),N,, 10% 
acetone, 1 x 10esM ALC, 5 x 10m5M Ce(III), pH = 4 8 
Curve 2, Condltlons as for curve 1 plus 3 x 10e6M F- P, , 
ALC, P2, ALC-Ce(III) complex peak; P,, Ce(III)-ALC-F- 

complex peak. 

p. 
II 

v! 
9 
8 
Y 

. . / l 1. 
. :r I . 

1 0 ALC 

A ce3+ 

l PH 

I I I I I I 

1 2 3 4XlO”M ALC 

4 5 0 7x106h4 ce3+ 
45 47 43 51 pH 

Fig 2 Effect of supportmg electrolyte concentration on 
peak height of Ce(III)-ALC-F- complex, F- = 3 x 10e6M 

giving a signal equal to three times the standard 
deviation of the blank). 

Eflect of foreign tons 

The experimental results show that 2000-fold 
K+, Na+, Cl-, NO; and NO; ; lOOO-fold Ca(I1) 
and Mg(I1); 600-fold Ni(I1); lOO-fold Pb(I1); 
70-fold Zn(II), Cu(I1) and Co(I1); 50-fold 
Cr(II1) and MO(W); 40-fold Fe(II1) and PO:- 
and lo-fold Cd(H) have no effect on the deter- 
mination of F- (0.05 ppm). 

Properties of the polarographic wave 

Electrocapillary curves. These curves can give 
some information about the adsorption of a 
particular species. A solution containing F- has 
an electrocapillary curve lower than that of the 
supporting electrolyte (Fig. 3) because the ad- 
sorption of the Ce(III)-ALC-F- complex on 
the surface of the DME changes the surface 

I I I I I I 

02 -04 -06 08 -1 0 

E, V vs. SCE 

Fig 3 Electrocapdlary curves Curve 1, 0 1M (CH,),N,, 
10% acetone, 1 x 10e5M ALC, pH = 4 8 Curve 2, Con- 
ditions as for curve 1 plus 5 x 10e5M Ce(II1). Curve 3, 

Condlhons as for curve 2 plus 3 x 10e6M F-. 



Polarographic determmatlon of fluonde 919 

Table 1. Analytical results for fluonde m some natural samples 

Recovery Pluonde-selectne 
of added fluonde, electrode value, 

Sample ll’ Mean value, ppm sdt, ppm % ppm 

Tap water 4 0.42 003 105 043 
Lake water 4 0.40 0.05 95 041 
Well water 4 0 18 002 95 0 19 

*n = number of detennations. 
tsd = standard deviation 

tension of the mercury drop. This clearly illus- 
trates the adsorption of Ce(III)-ALC-F- at the 
DME. 

Efect of accumulation time. The effect of 
accumulation time at a hanging mercury drop 
electrode was studied with normal adsorptive 
voltammetry m O.lM (CH,),N,-5 x lo-‘M 
Ce(III)-1 x 10eSM ALC-1 x lo-‘M F-. It was 
found that the peak height increases with ac- 
cumulation time and maximum increase oc- 
curred wth a 2-min accumulation time. If the 
process 1s diffusion controlled, with no adsorp- 
tive accumulation, the peak height will be inde- 
pendent of the accumulation time before 
scanning. This proves that the polarographic 
wave 1s an adsorption wave. 

Efict of startzng potential. It was found that 
the more positive the startmg potential, the 
higher the peak was. The peak height for 
Ce(III)-ALC-F- increased with sweeps started 
from more posltlve potentials, which allowed 
more complex to be adsorbed at the electrode. 
This result shows that the Ce(III)-ALC-F- 
complex is negatively charged. 

Cycbc voltammetry. The cyclic voltammetry 
of the system was investigated with a Model 
82- 1 voltammetric analyser with a hanging mer- 
cury drop electrode. The Ce(III)-ALC-F- com- 
plex gives a cathodic peak at about - 0.64 V (vs. 
SCE). No peak was observed on the anodic 
branch, indicating irreversibility of the re- 
duction. The cathodic peak in the first scan with 
an accumulation time of 1 min was much higher 
than that in the second scan. 

In addition, the polarographic wave shows a 
decrease m peak height down to zero with 
addition of surface-active agent, such as tetrade- 
cylpyridinium bromide. All these phenomena 
give evidence of the adsorption character of the 
wave. 

Sample analysis 

The procedure for the determination of fluor- 
ide in water samples was as follows. Ahquots 
(0.5 ml) of each water sample were transferred 
into the lo-ml electrolytic cell. A 1 .O-ml portion 
of lM(CH&N4, 0.1 ml of 1 x lo-‘MALC, 1.0 
ml of 5 x 10m4A4 Ce(II1) and l.O-ml of acetone 
were added to each solution in sequence. After 
shaking and allowing to stand for 30 min, the 
solutions are diluted to 10 ml with water. The 
determination is made by the procedure de- 
scribed above. The results obtained are given in 
Table 1, and are compared with those obtained 
with a potentiometnc fluoride selective 
method I2 Recovery of spiked fluoride is listed 
also. The method is sensitive, reqmrmg only 1% 
of the volume of water sample required for the 
selective electrode method (50 ml of sample 
mixed with 20 ml of total ionic strength adjust- 
ment buffer solutions and diluted to 100 ml). 
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LABILE SPECIES OF Pb, Zn AND Cd DETERMINED BY 
ANODIC STRIPPING STAIRCASE VOLTAMMETRY 

AND THEIR TOXICITY TO TETRAHYMENA 
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Summary-The amouats of free ions and labile complexes of Pb, Zn and Cd have been determmed m 
a complex organic growth medmm by use of anodlc stnppmg stturcase voltammetry, ASSV. It was possible 
to determme the labile fractions of metals and to obtain good correlation v&h data on the toxlclty of 
the metals to Tefrahymena when usmg a specdic reduction potential (E,) for each element, -600, -800 
and - 1200 mV us SCE for Pb, Zn and Cd, respectively The labile fractions m the organic growth medmm 
were less than 1% for Pb (Pb precxpltated), 15% for Zn (as labile complexes) and 3040% for Cd (as 
free ions) for total heavy metal concentrations of 0 5mM-2mM The toxlclty to Terrahymena decreased 
m the order Cd>>Zn>>Pb The effect of Pb was greater than predicted by ASSV, probably because 
Tefruhymena additionally ingests the lead-contammg preclpltate and therefore IS exposed to concen- 
trations of Pb exceeding those of the soluble species found m the medium The results stress the importance 
of usmg different specdic reduction potentials when different elements are compared, instead of one 
potential common to all elements The use of a fixed potential may lead to erroneous conclusions regardmg 
the concentrations of labile species m solution 

The speciation of heavy metals in water has 
been the subject of many studies, as indicated in 
the review by Florence.’ Since speciation is 
known to affect the toxicity to living organ- 
isms2-5 and to control metal btoavailability, the 
total metal concentration, as measured by AAS, 
for example, has little or no meaning for the 
assessment of toxicity in nature. The free metal 
ion concentration may be a more useful par- 
ameter in determining metal toxicity, although 
some chelates may be more available and toxic 
than their corresponding free ions. The com- 
plete resolution of all chemical species would be 
the ideal, but unrealistic goal. The heavy metals 
of interest in environmental studies are nor- 
mally present m low concentrations, and since 
the aquatic environment is complex with un- 
known constituents, a direct identification of the 
species is difficult. A more realistic approach is 
to determine the amounts of metal with the 
same degree of chemical availability, i.e., com- 
plex-bound with similar strength, regardless of 
the exact nature of the complexes. 

*Present address Department of Enwomnental Technology, 
Danish Technological Institute, GregersensveJ P 0 Box 
414, DK-2630 Taastrup, Denmark 

In this study anodic stripping staircase 
voltammetry, ASV,‘j is the primary method to 
distinguish labile and bound species of the 
heavy metals Pb, Zn and Cd. The reduction 
potential at a mercury electrode is used to 
differentiate between “free” or “labile” and 
“bound” forms of the metals. There are several 
reasons for not using a direct electrochemical 
method such as cyclic voltammetry. The sensi- 
tivity of cyclic voltammetry is too low for many 
of the measurements, thus the safie method 
could not be used in all cases, making direct 
comparisons less accurate. Also the organic 
growth medium may cause deterioration of the 
electrode surface and affect the cyclic voltam- 
metric response more than the ASSV-response 
because the oxidation current is significantly 
lower in cyclic voltammetry. Finally, we are 
interested in developing a method which can 
be employed in environmental studies, i.e., at 
ultra-trace levels of heavy metals. 

Another type of fractionation of metals 
utilizes the particle size distribution of heavy 
metals in the solution. The particles may be pure 
metal precipitates, but metals could also be 
precipitated with particulate matter of the 
medium. 

981 
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Such measurements of speaation were per- 
formed in an organic growth medium (PP), 
where the toxic effects on Tetrahymena have 
been studied. Tetrahymena is a common fresh- 
water ciliate, often used in assay with heavy 
metals, see Nilsson for a review.’ 

Zinc has already been investigated in a simple 
inorganic medium.8 It was found that the calcu- 
lation of spectation may lead to quite erroneous 
results, even in solution which are much simpler 
than the natural aquatic environment. There- 
fore, the present study was undertaken to ident- 
ify the toxic fractions of heavy metals in an 
organic growth medium containing a variety of 
protein fragments, vitamins, salts, i.e., a quite 
complex medium. 

EXPERIMENTAL 

Electrochemical measurements 

The electrochemical method and the com- 
puter controlled mstrumentation have been de- 
scribed previously.6 Part of the work was done 
with a new set-up including a Biodata Microlinc 
4000 waveform capture system connected to an 
Admiral 20286 Personal Computer, using an 
IEEE 488 interface and ASYST 2.1 software. 
The new instrumentation was programmed to 
emulate the old set-up, thus all experiments 
were performed in exactly the same way. The 
working electrode was a 3-mm Metrohm 628-10 
rotating glassy-carbon electrode rotated at 2000 
rpm, the reference electrode was an Ingold 
mercury sulphate electrode, and a platinum wire 
served as the counter electrode. The mercury 
sulphate reference electrode had a potential of 
+400 mV relative to the SCE electrode and all 
potentials are given vs. SCE. The glassy carbon 
was coveed with a mercury film formed by 
reduction of 100 ppm Hg’+ in 0.2M potassium 
nitrate at - 1100 mV vs. SCE for 65 sec. 

Samples (10.0 ml of the medium under inves- 
tigation) were prepared in 0.2M potassium 
nitrate, the metal ion was added and the pH was 
readjusted with sodium hydroxide. The oxi- 
dation peak current (I,) was measured after 
reduction of the metal ions at a plating potential 
(E,,) for a plating time (pt) selected according to 
the actual concentration. Plating times from 0.1 
and 10 set were used in this study. 

The plating potential EP was varied in steps of 
100 mV from a value with zero peak current 
(Z, = 0) to a value where the current was mde- 
pendent of potential (Z, = Id). Because of the 
very low plating time (0.1 set) in some measure- 

ments the reduction current during the stripping 
scan cannot be neglected. Therefore, plating 
time was extended such that plating time 
including scan time was constant at all plating 
potentials. 

The same film was used for measurement 
both in the medium and in a reference solution 
of the same metal in 0.2M potassium nitrate in 
doubly demineralized water deoxygenated with 
argon. In the proteose peptone (PP) medium 
very small effects of dissolved oxygen were 
observed, and as the PP solutions did form a lot 
of foam when bubbled with argon, the exper- 
iments were run in PP saturated with air. In the 
organic growth medium the electrode deterio- 
rates with time. Therefore, the electrode was 
only kept in this medium for the minimum time 
necessary for one measurement. 

Size fractionation 

The fractionation procedure was initiated by 
a separation of particulate species by filtration 
through a 0.45-pm membrane filter. The filtrate 
was then introduced into an Amicon ultrafiltra- 
tion system with YM-5 ultrafilters with a cut-off 
5000. The ultrafiltration cell and membrane was 
flushed with doubly distilled water before a 
sample was introduced and the system pressur- 
ized with nitrogen. After filtration the concen- 
tration of the three metals was determined by 
flame atomic-absorption spectrometry on a 
Perkin-Elmer 2280 instrument. 

Toxicity test with Tetrahymena 

Tetrahymena pyriformis GLg was grown ax- 
enically at 28” in 2% PP enriched with 0.1% 
yeast extract and inorganic salts.‘O The IOO-ml 
cultures were shaken and aerated and the cells 
used were in the exponenttally multiplying 
growth phase (about 5 x lo4 cells/ml). 

Lead, zinc or cadmium was added to the 
medium m acetate form. Stock soluttons used 
were 100 and 200mM, kept in polyethylene 
bottles and at least O.lM in nitric acid. When 
addition of the metal salts to the medium caused 
a decrease of pH, sodium hydroxide was used to 
readjust the pH to 6.8. 

The cell density of the cultures was normally 
determined in triplicate, using an electronic 
particle counter, Coulter Counter Model ZB, 
after fixation m a 1: 1 (by volume) mixture of 
1% glutaraldehyde m an inorganic salt sol- 
ution.” Addition of some metals to the medium 
gave precipitates. In this case the electromc 
particle counter could not be used directly be- 
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cause the presence of precipitate resulted in an 
excess value of the cell density.12 However, by 
adding hydrochloric acid to the fixed cell sample 
the precipitate was dissolved and a homo- 
geneous sample could be obtained for counting. 
When a high rate of cell mortality was observed 
the cell density was determined manually in 
triplicate with a Fuch-Rosenthals cell chamber, 
because the electronic particle counter could 
not differentiate between living and dead cells. 
No difference in the number of cells of untreated 
control cultures was found with the two 
methods. 

For growth experiments the original loo-ml 
culture was divided into two portions, the metal 
was added to one portion, whereas the other 
served as control. From both cultures cell 
samples were withdrawn simultaneously for the 
determination of cell density. 

THEORY 

On plotting the electrochemical response with 
the oxidation peak current (I,) as a function of 
the reduction potential (E,,), a pseudo-polaro- 
gram is obtained. I3314 For a free aqua-ion of the 
investigated metals the curve (Fig. 1, curve a) is 
an S-shaped wave given by* 

Zp = Z,/U + e[(nJ7RD+o,, - 4,2N (0 
The half-wave potential, E,,2, is the potential at 
which the current is one half the limiting current 

(Z& E,,2 IS characteristic of the free metal ions 

1, 

PA 

El/Z -E,t mV 

Rg 1 SchematIc pseudo-polarograms for (a) free ions, 
(6) all Ions in complex form; (c) both free and complexed 
Ions and (d) medium and very strong complexed ions. 
I?; plating potential gwing peak currents corresponding to 
labile forms. Ey* plating potential resultmg m peak currents 

m&ding complex bound 1011s. 

and is close to EkZ+,McHgJ. In the case of com- 
plexation of M2+ by ligands L 

M2+ + mL = ML2+ m 3 

Kf = [MLi+ J/[M2+] [L]” 

the curve will be shifted cathodically: 

(2) 

E,,2 (complexed) - E,,2 (free ion) 

= -(RT In lO/nF)log(l + KJL]“) (3) 

i.e., the curve is observed at a more negative 
potential (Fig. 1, curve b). 

The term RT In lO/nF is equal to 59.16/n mV 
at 25”. For n = 2 a shift of 29.6 mV is predicted 
for each decadic increase in Kr or [L]“, when 
excess L is present. As an example, for 
[L] = 3mM and K,= 10’3M-’ the shift is 310 
mV (Fig. 1, curve b). 

When L is deficient, the polarogram consists 
of two waves, the first for the free ions (height 
proportional to [M] - [L]) and the second for 
the complexed metal (height proportional to 
[L]), this case is shown in Fig. 1, curve c. 

If the reduction potential is shifted beyond 
the reduction potential of the solvent, the metal 
complex cannot be determined by ASSV. Figure 
1 curve d shows the case of partial reduction at 
- 310 mV relative to Eli2 but the main part 
remammg bound in a strong complex, which 
cannot be reduced within the available potential 
range. 

Plating at the potential E, will give a response 
proportional to the amount of free ion and loose 
complexes with shifts less than about 60 mV 
(corresponding to &[L]” = lOO), whereas the re- 
sponse at E,, will represent both free ions and rela- 
tively strong complexes (K,[L]” equal to 10i3). 

It must be stressed that the labile fraction 
includes the ions, and becomes free when the 
equilibrium in equation (2) is shifted to the right 
as a result of the depletion of M2+ at the 
electrode. This amount is limited by the kinetics 
of the dissociation of the complex, i.e., in gen- 
eral, loose complexes dissociate fast and strong 
complexes slow, but the mechanism is similar to 
what might occur when M*+ is depleted because 
of transport through a biological membrane. In 
this respect, the ASSV-labile fraction is similar 
to the bioavailable fraction.’ Thus, at the lowest 
potential, where Zp 1s close to Id, free ions and 
labile complexes of each element will be re- 
duced. Since this potential depends on the half- 
wave potential for each element (see Figs. 2 and 
3 as an example) we shall denote this potential 
the specific potential, Es. 
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I 
\ 

I I I I I I I I I I 
- 1200 -800 -400 0 400 

E,( mv vs SE 

Fig 2 Stancase voltamperograms for 10~uM PB, Zn and Cd m 0 2M KNO, saturated Hnth air Plating 
potentials from - 1400 (lefthand, lower curve) to -600 mV us SCE (nghthand upper curve); platmg time 

1 set, step-length 10 mV, step-time 256 /csec (I e , scan-rate 156 mV/sec) 

The amount of metal, which can be reduced 
at a given potential is called ASSV-labile, and 
the concentration is calculated from the pro- 
portion of the response in the medium to the 
limiting response Id in water, measured at the 
same film electrode. 

RESULTS 

Electrochemical response in 0.2M potassium 
nitrate 

The oxidation current as a function of poten- 
tial for the free aqua-ions of the three metals in 
0.2M potassium nitrate in water is shown m 
Fig. 2 for plating potentials ranging from 
- 1400 to -600 mV. For each metal a peak is 
observed at a potential characteristic of the 
metal. It can be seen that the peak currents 
depend on the plating potential. The exper- 
iments were run in 0.2M potassium nitrate 
saturated with air. Due to the effect of oxygen 
the limiting current decreased by 8% for Pb, by 
25% for Cd and by 52% for Zn, as compared 
to deoxygenated solution. A plot of the oxi- 
dation peak currents, Ip, as a function of the 
plating potential, ED,, gives pseudo-polarograms 

Electrochemical response in growth medium 

In the proteose peptone medium, the elec- 
trode response of lead was very low, Table 1. 
Electrode deterioration resulted in a rapid 
decrease of the response during repetitive 
measurements. The addition of lead gave a 
white precipitate, easily visible at concentrations 
above 0.5mM lead, and the amount of labile 
lead increased only slightly from a total con- 
centration of OSmM-2mM. In all cases, the 

f I I I I I I 

Pb 

30- 

20 - 

IO - 

0 

for the three free ions, see Fig. 3. From these 
pseudo-polarograms the specific potentials 

E,L mV vs SE 

for the free ions of Pb, Cd and Zn are taken 
Fig 3 Pseudo-polarograms for lOpA Pb, Zn and Cd 

to be - 600, - 800 and - 1200 mV us. SCE 
m 0.2M KNO, saturated ~th air. Platmg hme 1 set, 
step-length 10 mV; step-time 256 psec (I e , scan-rate 156 

respectively. mV/sec) 
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Table 1 ASSV labrle lead m PP-medium 

Pb concentration. 500 @!f 1000 FM 2000&f 

E’, E ASSV-lahle ASSV-labile ASSV-labile 
mV mV ~J?‘SCE Pb, PM Pb, PM Pb, FM 

0 -600 0 0 0 
-100 -700 05 04 3 
-200 -800 2 5 
-300 -900 

: 
2 6 

-400 -1000 3 5 7 
-500 -1200 3 6 9 
-600 -1400 4 7 9 

*Potential relative to E,(Pb) 

Table 2. ASSV labde wnc m PP-medmm 

Zn concentration 

E*, Epl, 
mV mVvs SCE 

+200 -1000 
+100 -1100 

0 -1200 
-100 -1300 
-200 -1400 

*Potential relative to E,(Zn) 

500 /lM 

ASSV-labde 
Zn, pM 

0 
22 

3: 
395 

1000 pM 2000 /IM 

ASSV-labile ASSV-labile 
Zn, PM Zn, PM 

0 0 
17 83 

149 220 
341 830 
805 1220 

Table 3 ASSV labile cadmium m PP-medium 

Cd concentration 500 PM 1000 _uM 2000 /llu 

Et, 4, 
mV mVvs SCE 

f200 -600 
+100 -700 

0 -800 
-100 -900 
-200 -1000 
-300 -1200 
-400 -1400 

ASSV-labile ASSV-labile ASSV-labile 
Cd, FM Cd, @f Cd, PM 

0 0 0 
98 147 552 

197 307 872 
224 371 935 
238 409 920 
251 563 1009 
248 509 975 

*Potential relative to E,(CD) 

concentration of labile lead IS less than 1OpM. 
The potential where Zp reaches a constant value 
is shifted cathodically about 400mV relative 
to the potential in 0.2M potassium nitrate 
indicating that Pb IS strongly complex bound. 

One wave was also observed for Zn and the 
amount of labile Zn is given in Table 2. The 
measurements of Zn were also affected by elec- 
trode deactivation in PP. Since the response 
does not reach a constant value corresponding 
to Id it is not possible to assess a single potential 
shift for Zn. The effect of several overlapping 
shifted waves with different shifts and heights is 
seen. Thus, the results indicate the presence of 
many complexes of varying strengths, but also 
that a significant part of the Zn is labile in PP. 

Cadmium gives a strong and very stable 
response to PP. The current only decreased 
slightly because of electrode deterioration, and 
the levels, Table 3, were quite stable. The poten- 
tials do not indicate any shift in the curve 

relative to that m water. Thus, in PP nearly half 
of the Cd IS present in a very labile form. 

F&ration of growth medium 

Atomic-absorption spectrometric determin- 
ations, after addition of 24pM Pb, 76 PM Zn 
and 44pM Cd (5 ppm of each of the elements) 
m samples of PP prior to, and after, filtration 
through a 0.45~,u filter and finally after 
additional ultrafiltration, are given in Table 4. 
For Pb, 90% was found in the particulate 
fraction and did not pass the 0.45-p filter. Zinc 
and cadmrum did not bind to particles larger 

Table 4 AAS of Zn, Cd and Pb m PP-medmm* 

Zh Cd, Pb, 
Treatment % % % 

Raw PP 100 100 100 
0 45-p filter 99 100 12 
ultrafiltratlon 82 80 10 

*In % of the concentration in raw PP (5 ppm) 
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I 2 3 4 5 6 7 0 

Time. hr 

I ,I,( I I I I_ 
I 2 3 4 5 6 7 6 

Tlme, hr 

1 II I1 

20 - 

2 3 4 5 6 7 8 

Ttme,hr 

Fig 4 The effect of lead (A), zmc (B) and cadmmm (C) on 
the rate of cell prohferatlon. Concentrations. 0.5mM (m), 
1mM (A) and 2mM (V), as compared with the growth rate 
of untreated cells (a) Mean values of 5 expenments; S D 

of the mean less than 5% 

than 0.45pm and only 20% were removed by 
ultrafiltration. 

Toxicity m PP-medium 

The effect of different concentrations of Pb, 
Zn and Cd on the rate of cell proliferation was 
tested in the PP medium during 24-hr exposures. 

Addition of 0.5 and 1mM Pb had no signifi- 
cant effect on cell proliferation which, however, 
started after a variable lag period, Fig. 4(a). A 
normal generation time of less than 3 hr was 
found after 3 and 4 hr exposure to 0.5 and 1mM 
Pb, respectively. Both cultures reached maxi- 

mum cell density (about l,OOO,OOO cells/ml) after 
24 hr, i.e., comparable to control cells. In 2mN 
Pb, cells exhibit a lag period of about 4 hr, after 
which the cells start proliferation, but at a de- 
creased rate; the generation time was prolonged 
by a factor of 1.25 above the control value, and 
after 24 hr only about 350,000 cells/ml were seen. 

Zinc affects cell proliferation in a way com- 
parable to that described for lead with cell 
proliferation resumed after a variable lag period 
[Fig. 4(b)]. Addition of 0.5mM Zn had no 
significant effect on cell proliferation. In the 
presence of 1mM a lag period of about 2 hr 
preceded cell proliferation at a decreased rate; 
the generation time was prolonged by a factor 
of 1.2 above the rate of control cells but the 
same final cell density was reached. Although 
some cells died during the first 3 hr of exposure 
to 2mM Zn, the survivors were capable of 
proliferation; the generation time was pro- 
longed by a factor of 3 above the control value 
during the following 5 hr. A cell density of 
about 550,000 cells/ml was seen after 24 hr 
exposure, indicating a further increase in the 
rate of cell proliferation. 

Addition of Cd to cells caused a high rate of 
cell mortality, thus all cells died within 30, 20 
and 15 mm exposure to 0.5, 1 and 2mM Cd 
respectively, see Fig. 4(c). 

In uzvo observations revealed that Tetrufzy- 
menu ingest the precipitate formed on addition 
of Pb (in particular) to the organic growth 
medium. The ingested precipitate was incorpor- 
ated into food vacuoles and later defecated from 
the cells as defecation balls. All exposed cells 
contain small, refractile granules which are not 
seen in the control cells. Typically, the number 
of granules increased with time and metal con- 
centrations. In proliferating cells the number of 
granules reached a stable level, but in the 
stationary growth phase, where control cells 
also form the small refractile granules, the 
metal-treated cells contain an increased number 
of these granules. 

DISCUSSION 

When different elements are to be compared 
it 1s important to realise that electrochemical 
stripping methods may lead to erroneous 
conclusions, when a fixed reduction potential 
is used for all elements, because the electro- 
chemical labile fractions would be different for 
different metals. The reduction potential should 
therefore be selected for each element. 
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The effect of oxygen on ASSV of Pb, Cd and 
Zn can be explained in terms of the reduction 
product, OH-, which may precipitate M(OH)2 
near the electrode surface. This effect is greater 
m 0.2M potassium nitrate than in PP, because 
of the buffer capacity in PP.15 This effect is most 
pronounced for Zn, with the most cathodic 
plating potentials, since the second reduction 
step of oxygen occurs at - 900 mV US. SCE. The 
solubility products for the three hydroxides are 
similar.i6 

The concentration of labile Pb species or free 
Pb2+ ions determined in PP is very low: O-lo@4 
even after addition of 2mM lead. Precipitation 
is directly observed, and this explains the 
low concentrations in labile Pb. The current 
increases significantly with negative plating 
potentials indicating that the residual soluble Pb 
is bound in several complexes. 

The observed response for Zn in PP is smaller 
than in 0.2M potassium nitrate at low poten- 
tials, but at more negative potentials the 
responses increases rapidly. This indicates that 
Zn is bound m a variety of complexes, of which 
a substantial part is very labile. At E,(Zn) we 
find a current corresponding to a concentration 
of free ion or very labile complexes of 84, 149 
and 220,uM at total concentrations of 0.5, 1 and 
2mM, respectively. Because of the cathodic shift 
of the whole response, it is most likely that the 
current at Es corresponds to labile complexes 
rather than to residual free ions. The ASSV- 
measurements thus indicate that Zn is dis- 
tributed among several complexes of which 
about 15% are very labile. 

The current for Cd is about half of that in 
water, and no shift in reduction potential can 
be seen in the experimental values. This means 
that half of the Cd is present as free ions or very 
labile complexes in PP. The remaining part 
of the Cd must be bound in quite strong 
complexes. 

The filtration experiments followed by deter- 
mination of total concentrations by AAS support 
the above findings. Lead is removed to 90% by 
0.45 pm filtration with no effect of subsequent 
ultra-filtration. Cadmium stays in solution as 
does zinc. Thus, the results of filtration support 
that Pb is active in building aggregates that may 
precipitate at higher concentrations. 

The high tolerance of Tetruhymena towards 
Pb in the organic growth medium is in agree- 
ment with the very low ionic concentration of 
the metal found by ASSV. The protective prop- 
erty of the organic growth medium towards 

toxic effects of Pb is also indicated by an 
increased toxicity of the metal in diluted 
medium.‘2 Although the toxicity of lead is 
greater than predicted from the ASSV data the 
growth rate is only slightly affected by 2mM Pb 
under the present experimental conditions. The 
discrepancy between the ASSV data and the 
toxicity could be that Tetruhymena ingests the 
precipitate formed by addition of Pb and there- 
fore becomes exposed to higher amounts of Pb 
than measured by ASSV. Electron microscopy 
has revealed that Pb enters Tetrahymenu 
through the membrane of digestive vacuoles and 
through the cell surface;” however, in the diges- 
tive vacuoles most of the lead-containing pre- 
cipitate is converted to refractive debris which is 
defecated.” That Tetrahymena is able to pro- 
liferate in the presence of 2mM lead agrees well 
with earlier studies in which the cells were 
maintained under comparable growth con- 
ditions.” Liu et al.,” however, found that 48pM 
Pb was lethal to Tetruhymena. The apparent 
discrepancy between these results and those 
obtained in the present study may be explained 
by the use of different organic growth media 
with different complexing capacity for Pb, 

Zmc is an essential metal required in trace 
amounts by living cells, but toxic in excess 
amounts. Addition of Zn to the growth medium 
causes an inhibition of cell proliferation which 
resembles that described for Pb but the effect is 
more pronounced. The toxicity of Zn to Tetra- 
hymena seems strongly correlated with the 
amount of organic materials m the medium, a 
factor which may partly explain some of the 
disagreement on the concentration of Zn toler- 
ated by this organism. i9-*’ The toxicity of metals 
may also change with time of exposure as a 
result of an adaptation. Tetruhymena exhibits a 
certain lag period before cell proliferation takes 
place in the presence of Pb and Zn. This lag 
period may be caused by a change in the 
medium or an adaptation phase during which 
a *metal-regulating system is activated. In 
Tetrahymena this detoxification system may 
include both a retention of metal within the 
digestive vacuole and a reduced entry through 
the plasma membrane. The small refractile 
granules found in Tetrahymena under unfavor- 
able growth conditions have been shown to 
accumulate Pb, Zn and Cd, when added exter- 
nally,17*19*20 in agreement with their proposed 
function as ion-regulators.“-24 

The toxic effects of Cd, an industrial pollutant, 
on Tetruhymenu have been studied extensively. 
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In the PP medium all cells die within 30 min in 
OSmM Cd which indicates a very high toxicity. 
About 0.05mM Cd inhibits cell proliferation 
and produces a high rate of mortality.2”7 
However, the effect of a given concentration 
of Cd depends on the initial cell density of the 
culture.25 Even though most of the cells die in 
concentrations of about 0.05mM Cd, the surviv- 
ing cells resume cell proliferation, as if they 
became adapted.2526*28 A metallothionein-like 
protein has been found in Tetrahymena after 
exposure to Cd,29-32 it may also play an import- 
ant role in metal detoxtfication in this organism. 
The toxicity of Cd seems also to depend on the 
amount of organic material m the medium; 
thus, growth is inhibited at 4pM in 0.2% PP,2’ 
whereas it is uninhibited at 18@4 Cd in 2% PP 
medium.25 Even though two different strains of 
Tetrahymena was used, the main difference be- 
tween these studies may well be explained by the 
different concentrations of orgamc material. 
That Cd inhibits cell proliferation in the PP 
medium at very low concentrations is in agree- 
ment with the ASSV data, which indicate that 
about two-fifths of the added Cd is ASSV-labile. 

CONCLUSION 

The electrochemical results suggests that Cd 
is rather (3040%) free in the organic growth 
medium, Zn is complexed, but with a substan- 
tial amount of quite labile complexes (15%), 
and Pb are complexed as well as precipitated 
(less than 1% free). The toxicity of metals 
towards Tetrahymena decreases in the order 
Cd B Zn > Pb, in agreement with a decreased 
amount of labile metal. However, the toxicity of 
Pb is greater than predicted, presumably 
because the organisms ingest the precipitate 
formed by addition of lead, and therefore 
become exposed to a higher concentration of Pb 
than measured by ASSV. 

In conclusion, ASSV can be used to assess the 
labile fraction of heavy metals by proper selec- 
tion of specific reduction potentials (E,) for each 
element, and good agreement is obtained with 
the toxicity data. However, an evaluation of the 
toxicity of heavy metals to aquatic organisms 
should not be based on the chemical measure- 
ments alone, since some complexes may be more 
toxic than the corresponding free ions. Further- 
more, the effect of metals on living organisms 
are quite complex e.g., different metal ions may 
show variable toxicity according to different 
sites of action. 
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Summary-The preparatton and apphcatton of a K +, Na+ and Cl- m&grated mtcrccondmt potenhomet- 
nc analyttcal system wtth tubular ton-selecttve electrodes @Es), mtcrovalve, chemfold, electrostatrc and 
pulse mhtbttors IS described Electrochemrcal charactenstrcs of the tubular ISEs and integrated mrcrocon- 
dun FIA-ISEs were studied The contents of K+, Na+ and Cl- m soil, water and serum were determined 
wtth the device The analyncal results agreed well wtth those obtained by flame photometnc and silver 
nitrate volumetrtc methods 

The contents of potassium, sodium and chloride 
in soil, water and serum are among the determi- 
nations which are routinely most often per- 
formed in sod chemistry and clinical analytical 
chemistry. Although flame photometry and 
silver nitrate volumetry are used as the standard 
analytical methods for potassium, sodium and 
chloride, segregated flow and flow-injection 
analysis-ion selective electrode (FIA-ISE) ana- 
lytical systems with automatic devices have been 
used to replace the flame photometer and its fuel 
gases and gas exhaust, to simplify experimental 
procedures, to decrease reagent and sample 
requirements and to increase sampling rate and 
analytical precision.‘” 

We have constructed a new potassium, 
sodium and chloride integrated microconduit 
device with micro tubular ISEs, microvalve, 
coil, chemifold, electrostatic and pulse inhibi- 
tors based on RbiiEka’s work.4 The size of the 
device is about one-third smaller than a ciga- 
rette pack and about one-third as thick (nor- 
mally 10 x 30 x 50 mm). In comparison with 
the RftfiEka pH integrated microconduits, its 
specification is as follows: 

(1) The device has all solid structure in order 
to eliminate separation of the adhesive mem- 
brane from the perspex piece and solution leak- 
age, at the same time raising the insulating 
ability of the device and increasing the service 
life. 

(2) The tubular ISEs are well connected to the 
integrated mam piece with a standard channel 

to allow replacement of tubular ISEs very 
simply and to determine more analytes. 

The characteristics of the tubular ISEs and 
the experimental conditions of the integrated 
microconduit FIA-ISEs were studied. The con- 
ditions of K+, Na+ and Cl- in soil, water and 
serum samples were determined. The analytical 
results agreed well with those obtained by flame 
photometric and silver nitrate volumetric 
methods. 

EXPERIMENTAL 

Apparatus 

A schematic diagram of the FIA-ISEs mani- 
fold used in this study is shown in Figs. 1 and 
2. An Orion 901 ionanalyzer connected to a 
Dahua recorder is used. A Carlo Erba Instru- 
mentazione model 1512 peristaltic pump with 
Tygon pump tubes was used to propel the 
carrier and to aspirate the sample solution. The 
home-made micro-tubular electrodes, mi- 
crovalve, coil, electrostatic and pulse inhibitors 
were integrated into the microconduits which 
allowed the volume between the valve and the 
electrodes to be reduced to less than 10 ~1 in 
order to minimize sample dispersion. The con- 
nection between the microvalve and the elec- 
trode was made with a 0.5cm long stainless 
steel tube which was earthed to prevent interfer- 
ence from static electricity created by the pump 
roller. The connection between the indicator 
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Rg l(A) Integrated rmcrocondurt FIA mamfold for potenhometnc measurement C, carrter stream, B, 
soluhon for the reference electrode, P, pump, V, injectron valve, I, Indicator electrode, R, reference 
electrode; L, pulse mhtbttor, G, ground, W, waste. (B) Expanded vtew of tubular flow-through cell 1, 
Ag/AgCl inner reference electrode; M, sensmve membrane; S, internal reference solutton, E, epoxy resm 

electrode and the reference electrode was made 
with a micro three-way tube. 

Tubular flow-through electrodes 

The tubular flow-through potassrum, chloride 
and sodium electrodes were respectively pre- 
pared by replacing part of the wall of a small 
piece of PVC tubing (1.5 cm long, 0.5 mm i.d., 
1.5 mm o.d.) with the valinomycin sensing 
membrane (0.25 mm*), by coating a fine layer 
of silver chloride onto the inner wall of the 
silver cylinder (1.0 cm long, 0.5 mm i.d., 
0.6 mm o.d.) and by using sensing sodnun 
capillary glass (1.5 cm long, 0.5 mm i.d., 0.7 mm 
o.d.).E-6 They were placed into the perspex 
housing respectively as shown in Fig. l(B). The 
housings were respectively filled with a suit- 
able inner solution containing the sensing ion 
and saturated silver chloride into which a 
Ag/AgCl wire was inserted to serve as the inner 
reference system. Those pieces of tubing act 
as potentiometric flow-through detectors with 
zero dead volume. The dimensions of all the 
tubular electrodes were 1.5 cm long, 1 .O cm wide 
and 1.2 cm high. 

t 
W 

,L 

Fig 2. Detnls of the integrated mtcroconduit shown within 
the dotted lines in Fig. l(A). 

The prepared tubular electrodes were then 
integrated into the microconduit with the 
standard channel (Fig. 2). 

Reagents 

Doubly distilled water and analytical reagent 
grade acids and salts were used throughout 
unless otherwise stated. 

The standard solutrons and carrier com- 
ponents used for testing the electrode charac- 
teristics and calibrating the electrodes prior 
to K+, Na+ and Cl- measurements in soil 
and water are as follows: K+: O.lN hydro- 
chloric acid-triethylamine (1: 50) standard sol- 
utions, C, + =O.l ppm (in carrier). Cl-: 
0.2M-C1- standard solutions, C,- = lo-‘M 
(in carrier). Na+: 0.25M magnesium acet- 
ate-Na+ standard solutions, CN, + = lo-‘M 
(in carrier). 

The calibration solutions used for calibrating 
the electrodes prior to serum K+, Na+ and Cl- 
determinations are as follows: (A) 40mM 
Na+-4mM K+-136 mM Cl- standard solution. 
(B) 80mM Na+-8mM K+-80mM Cl- standard 
solution. 

These solutions are both of pH 7.40 and ionic 
strength 0.16M. 

Sample preparation 

Water. K+: Pipette 5 ml of water into a 
25-ml beaker and add 5 ml of pH 8.5 0.2N 
HCl-triethanolamine (1: 25). 

Na+: Pipette 5 ml of water into a 25- 
ml beaker and add 5 ml of 0.4M potassium 
nitrate. 

Cl-: Pipette 5 ml of water into a 25-ml beaker 
and add 5 ml of 0.4M potassium nitrate. 

Soil. Weigh 5 g of an air-dried soil sample 
into a 50-ml flask. Add 25 ml of water and 
shake for 3 min. Pipette the filtrate and 



Potassmm sodmm chlonde mtegrated mxrocondults 991 

cbaractmsuc 
TYF= Condltwn 

K+ 
stauc lo-‘-IO-’ IO-30 503 10-g 59 1 Kr+ N.+ 

I4 x 10-4 
KK+ u+ 

2 5 x lo-’ 
Kr+ -+ + 
34x 10-s 

KI+ -+ + 
I I x lo-’ 

KK+ NH: 
39x IO-’ 

Flow lo-‘-IO-’ S-8 *0t 2 x 10-a 58 8 18x10-’ 24x10-* 32 x IO-’ 26x IO-’ 3 5 x lo-’ 
KN.+ H+ NIX,,,+ ,c+ 

N&I+ 
stauc IO-‘-IO-’ IO-30 *03 2 x 10-h 58 8 IO’ 10-s 
Flow lo-‘-IO-’ s-8 fO1 5 x 10-e 58 2 lo] IO-’ 

Cl- 
static lo-‘-lo-’ IO-20 *03 5x 10-S 548 Kye-, K;;g_; Ko-cur- Kcrwr 

4 x 10-l 3 x 10-I 
Kc&- 

FIOW lo-‘-IO-’ S-8 *0t 5x 10-S 542 4 x lo-’ 5 x 10-I 4 x lo-’ 3 x lo-’ 36 

prepare the sample as above for the water 
sample. 

Serum. The serum tested originated from the 
Shenyang hospital and was not diluted. 

Electrode characteristics 

In order to study the response characteristics 
of the electrodes m different experimental 
conditions, a rod electrode and a tubular flow- 
through electrode in the integrated microcon- 
duit with the same sensing membrane were 
made and tested separately in the static state 
and m the flow state at 25” (Table 1). 

According to the data presented m Table 1, 
the characteristics for the tubular electrode inte- 
grated microconduit under flow conditions had 
rapid response (5-10 set), high reproducibility 
(fO.1 mV) and good stability (overall EMF 
drift of 0.2 mV/hr over at least 8 hr). This is due 
to the stable experimental conditions with re- 
spect to precise sampling volume, reproducible 
transport, constant flow and washing in the 
system. 

Flow-injection analysis selectivity coefficient 
values are slightly different than those obtained 
in the static state. A plausible explanation is 
that the contact time between the interference 
solution and the membrane is much shorter 
under dynamic conditions than in static 
measurements. Moreover, the flow of the carrier 
solution between injections of interference 
samples provides continuous wash and recondi- 

tioning of the membrane. Also, adsorption, 
desorption and response speed of the sensing 
membrane may be different. By adjusting exper- 
imental conditions, changing carrier com- 
ponents or using FIA treatment on line, the 
effect of Interfering ions on the analytical results 
may be decreased. 

The K+, Na+ and Cl- flow-through micro- 
electrode integrated microconduits produce less 
dispersion, increased sampling rate and analyti- 
cal precision. Addition of a small amount of the 
sensing ion to carrier appears to improve the 
dynamic properties of the electrode, enabling 
narrower peaks and good lineanty to be ob- 
tained. 

Standard and sample measurement 

The integrated microconduit manifold was 
connected as in Fig. 1. The conditions selected 
were sampling volume S, = 100 ~1, the pumping 
rate for the indicator electrode Q = 2.0 ml/min, 
and for the reference electrode Q = 0.24 ml/min. 
The system was calibrated with a series of 
standard solutions and the samples were 
analysed. The results summarized in Table 2 
show excellent agreement between the inte- 
grated microconduit method, flame photo- 
metry and silver nitrate volumetry. Typical 
outputs for calibration series are shown in 
Figs. 3-5. 

For the lower sampling volume with the FIA 
system, the maximum potentials (peak heights) 

Table 2 Companaas of wnow methoda for the dctemunatmn of K*. Ns+ and Cl- 

Water, mgll 

Sample Under 
method Sod. mg/lOOg Rtver Tap ground Well waste waste waste Serum, mM 

propo=J method 54 19 62 71 79 203 204 194 223 462 570 542 50 47 42 40 41 49 51 
K+ flame photometry 59 77 62 70 76 202 205 I 98 221 472 5 87 538 49 46 42 40 40 50 49 

proporcd method 34 39 72 189 123 61 2 50 1 25 8 302 495 507 483 134 I31 130 129 132 I40 139 

Na+ ilame photometry 38 41 72 182 123 609 502 251 318 488 520 492 133 132 132 130 132 138 141 

prow Cl- method 24 32 54 164 78 26 I 49 3 184 142 178 114 164 88 100 97 98 104 101 96 

volumetry 21 28 54 161 74 259 496 176 150 18 I 12 I I71 88 98 98 98 101 99 95 
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are lower than those obtained by the steady 
state mode, revealing the inlluence of the sample 
dispersion and response time on the readout. 
The slope of the calibration curve will be the 
same as that based in steady-state measurements 
(Fig. 3). The sampling volume S, required to 
reach steady state readouts with the integrated 
microconduit device is only l/3 of the volume 
previously required by conventional FIA-ISE 
methods. 

The determination of KC, Na+ and Cl- m 
soil, water and serum was carried out separated 
with the integrated microconduit device shown 
in Fig. 1. The analytical results agreed well with 
those obtained by flame photometric and silver 
nitrate volumetric methods. The followmg re- 
gression equations were obtamed for the results. 

K+:CFPM= 0.991 Cr, + 0.129 

Na+ : C,, = 0.987 CriA + 0.118 

Cl- : c,, = 1 .m c,,, + 0.088 

where 

FPM = flame photometric method 
VM = silver nitrate volumetric method 
FIA = integrated microconduit FIA-ISE 

method 

I 40 set 

I c- SCAN 

Fig. 3 Response curves obtamed by mjectmg 100 ~1 (nght, 
rmddle) and steady state (left) of standard solutions of 
different K+ concentrations into a carrier stream of 

, 8 mn , 

- SCAN 

1 

Fig 4 Response curves obtamed by iqectmg 100 ~1 stan- 
dard solutions of different Na+ concentrations mto a earner 

stream of C,,, = 10m6M 

In general, the detection limit of the inte- 
grated microconduit FIA-ISE method appears 
higher than for the static state method due 

Cl- , 5 mln , 

n , 60s~ 

Fig 5 Response curves obtamed by 100 ~1 standard 
solutions of different Cl- concentrations mto a earner 

c K+ =O.l mm stream of C,_ = IO-‘A4 
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to sampling dispersion and slower response 
of the electrode at very low concentrations. 
The sampling rate was related to the sample 
concentration.’ The larger the differential value 

: 
’ 

in the concentrations between the carrier and 3. 
the sample, the more time required to return to 
the base line. The sampling rate was about 4 
120-200 per hr at almost equilibrium state with 5 
carry over of less than 0.7%. The standard 6 
deviation over the linear range with tubular 7 
electrodes was about 0.1 mV (N = 11). 
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Summary-A method has been developed for the measurement of lead m au parttculates collected on glass 
fiber filter paper wrth wavelength-dtsperstve x-ray fluorescence spectroscopy (WDXRF) Analyses 
conducted by both WDXRF and an EPA-approved procedure that employs actd somcahon followed by 
analysts of the extract by atonuc-absorptton spectroscopy (AAS) shows excellent agreement between the 
two methods WDXRF cabbratron was accomplished wtth standards prepared from known addlttons of 
Pb to unexposed glass fiber filter dues Method eqmvalency has also been demonstrated by the analysts 
of several reference materials and the stahsttcal analysts of quality control data The WDXRF procedure 
has also been used to evaluate the dtstnbutron of Pb m the parttculates across the surface of the filter 

The Clean Air Act of 1970 provided the United 
States Environmental Protection Agency (EPA) 
with the authority to establish maximum air 
concentrations for the most significant pollu- 
tants; these are termed National Ambient Air 
Quality Standards. The pollutants for which 
standards have been set are particulate matter, 
carbon monoxide, ozone, nitrogen dioxide, 
sulfur dioxide and lead. These standards are 
designed to protect the quality of the environ- 
ment and provide an adequate margin of safety 
from adverse impacts on human health. 

The New Jersey Air Sampling Network col- 
lects samples of either total suspended particu- 
lates or only that fraction which is respirable 
(less than 10 microns in diameter). The total 
suspended particulate (also known as high vol- 
ume) filter program collects 24 hour samples 
of particulates from the air on glass fiber 
filter paper at least once every six days. There 
are 28 total suspended particulate samplers 
in operation at various locations through- 
out the State. All samples are analyzed for 
the amount of particulates; selected samples 
are analyzed for the amounts of benzo-(a)- 
pyrene, extractable organics, sulfates, nitrates, 
lead and other metals. Levels of many trace 
metals are typically in the pm3 concentration 
range. 

Approved EPA methodology for the analy- 
sts of lead on high volume filters involves 

somcation of a portion of the filter in dilute aqua 
regza, followed by measurement of Pb in the 
extract by flame atomic-absorptton spec- 
troscopy (AAS). While being sensitive and accu- 
rate, the AA method is labour intensive, time 
consuming and requires the use of large 
amounts of reagents and glassware. The AA 
method 1s also constrained since AA cannot be 
operated unattended. To overcome these imped- 
iments and improve productivity, other 
methods for the analysis of lead on high volume 
filters were explored. Analyses of high-volume 
air filters by wavelength-dlsperstve x-ray fluor- 
escence (WDXRF) spectroscopy IS an attractive 
alternative, requiring a minimal amount of 
sample preparation and manpower. There are 
no reagents or glassware needed and the instru- 
ment can be operated unattended to maximize 
sample throughput. 

Application of WDXRF to this media has 
its own set of analytical problems. This paper 
describes a procedure for the WDXRF determi- 
nation of Pb in total particulates collected on 
glass fiber filters with a direct deposition method 
for the preparation of calibration standards and 
the analysis of multiple sections of each sample 
filter strip. Problems with the application of 
WDXRF and the remedies that were developed 
will be presented and comparisons with the 
EPA-approved sonication-AAS method will be 
made. 
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EXPERIMENTAL 

Apparatus 

Air particulate matter was collected with a 
General Metal Works Model 2000 high volume 
sampler. Whatman EPM 2000 glass fiber filter 
paper (20.24 x 25.40 cm) was used for collec- 
tion. Filters were weighed with a Torbal Model 
EA-IAP analytical balance. The acid sonica- 
tions were made in a L and R Model T28B 
Sonication bath. AAS analyses were made with 
a Perkin-Elmer Model 5000 spectrometer 
equipped with a Model 7500 computer, a Model 
AS-50 sample changer and a 10.5-cm single-slot 
burner head for analyses with an air acetylene 
flame. 

WDXRF measurements were made with a 
Philips Model 1404 wavelength dispersive spec- 
trometer equipped with a Digital Equipment 
Corporation Model 350 computer and a Herzog 
Model PW 1500 sample changer. The operating 
conditions are shown in Table 1. 

Reagents 

The aqua regia for the somcation of the 
filters was prepared with trace-metal grade nitric 
and hydrochloric acid (JT Baker Chemical 
Company). Doubly-demineralized water with 
a resistivity greater than 18 ohms was used 
throughout. 

A concentration of 10,000 pg/ml lead, 
obtained from the National Institute for 
Standards and Technology [Standard Reference 
Material (SRM) 31281, was used to prepare 
all calibration standards. 

Procedure 

Ambient air is drawn into a covered housing 
and through a glass fiber filter at a flow-rate of 
(1.13-l .70 m3/min). Particles within the range of 
loo-O.1 ,um diameter are retained on the filter. 
An average flow-rate of 1.70 m3/min for a 24hr 
period ensures that a measurable amount of 

Table 1 WDXRF mstrumental operating condltlons 

Spectral Lme Pb L-beta 
Peak Posltton 28.235 2-theta, 0 982 nm 
Fixed Time Count 50 set 
Tube Target Cr 
Tube Voltage 60 KV 
Tube Current 50 MA 
Analyzmg Crystal LlF 200 
Detector Scmtillabon Counter 
Collimator Coarse 
Vacuum Path 1 Pascal 
Sample Rotation Yes 
Channel Mask Small 

particulates will be collected. The filters are 
tared under controlled temperature and humid- 
ity before being placed in the field. After ex- 
posure, the filter is returned to the laboratory 
and allowed to stand for 24 hr in the same 
conditions before being re-weighed and the total 
mass determined. 

Analysis 

According to the EPA protocol’ a 2.54-cm 
wide by 20.24~cm long strip is cut from each 
high volume filter with a template and a pizza 
cutter. The filter strip is folded to fit the mside 
diameter of a 30-ml glass beaker. Twenty milh- 
htres of dilute aqua regia (2.6M nitric acid and 
0.9M hydrochloric acid) are added and the 
beaker is covered with wax paper. The samples 
are sonicated for 30 min and then filtered 
through Whatman 41 filter paper into a lOO-ml 
standard flask. Demineralized water is added to 
cover the filter m the beaker, which 1s allowed 
to soak for an additional 30 mm before filtration 
mto the standard flask. This soaking procedure 
is repeated The flask is brought to volume with 
demineralized water. 

The measurement of Pb in the filter extract 
by flame atomic-absorption spectroscopy at 
217.0 nm has been described elsewhere.’ 

For our analysis by WDXRF, diameter discs 
(32 mm) were cut from glass fiber paper with a 
stainless steel die The filter discs were placed 
mto aluminum sample cups held in place with a 
Viton O-ring. A calibration curve was prepared 
by making known additions of the National 
Institute for Standards and Technology (NIST) 
Pb solution at varying concentrations to glass 
fiber paper discs cut from an unexposed filter. 
For each filter sample, 5 discs were cut from 
each filter strip. The concentration of Pb on 
each filter disc was calculated by comparison of 
the response to the standard curve. The concen- 
tration of Pb on the five discs is summed and a 
mean calculated. This value is then divided by 
the area of disc exposed to the x-ray, then 
multiplied by the area of the qrigmal filter and 
divided by the volume of air sampled to give the 
concentration of Pb as pm’ of air sampled. This 
enables compensation for the inherent inhomo- 
geneous distribution of Pb across the surface of 
the filter strip. 

The calibration curve was generated with 
spiked filter glass fiber discs prepared by the 
addition of 50 ~1 of various concentrations of 
Pb prepared from serial dilutions of the NIST 
SRM to blank filter discs. The calibration discs 
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were dried for 10 min at 75” and then measured 
under the conditions shown in Table 1. A disc 
without added Pb was included in the cali- 
bration curve. The calibration data were fitted 
with a linear regression algorithm that also 
corrects for self-absorption and matrix effects.3 
The response of the x-ray to lead on glass fiber 
filters was linear from 0.22 to 22.0 pg of lead per 
cm2. 

RESULTS AND DISCUSSION 

Cahbration standards preparation 

The preparation of calibration standards by 
depositing known amounts of Pb directly onto 
discs prepared from unexposed glass fiber filter 
paper was quite successful. Preparation of 6 
individual sets of standards by this method 
showed a mean difference of 3.27% m the 
response of standards prepared to contain 10 c(g 
of Pb. 

The efficacy of this approach to calibration is 
further demonstrated by the results of the analy- 
sis of a filter disc containing 5 pg of Pb, 
prepared by this direct deposition method from 
the NIST source, and analyzed with each group 
of sample filter discs as an unknown. For 12 
separate 5 pg additions analyzed over a 6 month 
period, the mean value of Pb measured is 
101.6 + 2 8%. 

Sample homogeneity 

Previous analysis of glass fiber filters by the 
acid sonication/AA procedure have shown that 
there can be an uneven distribution of material 
across the entire filter or even within the 2.54-cm 
wide strip. The AA method extracts and ana- 
lyzes the entire filter strip. Other XRF appli- 
cations to the analysis of metals in an 
particulates collected on filter media involve 
analysis of various sections of the filter. In all 
other cases, only a very small fraction of the 
entire filter is actually subjected to the XRF 
analysis, taking only one3 or several4 filter discs 
per filter. For our application, analysis of a 
single filter disc would mean that only 10% of 
the filter strip would be analyzed. 

Table 2. AA/WDXRF comparison 

Thxd Quarter 1989 

Mean It SD 
Samphng Site No of Samples AA/WDXRF 

Newark 16 108&010 
Newark Boys Club I5 101*013 
Deepwater 13 118~029 
New Brunswck 16 112&026 

Fourth Quarter 1989 

Mean + SD 
Samphng We. No of Samples AA/WDXRF 

Newark 15 094*0 12 
Newark Boys Club 9 076*0 15 
Deepwater 7 100&018 
New Brunswck 21 084*0 14 

To compensate for the uneven distribution of 
Pb across the surface of the filter strip, 5 discs 
were cut from each filter strip taken from 
samples which were collected at different lo- 
cations in New Jersey. The discs from each filter 
strip were obtained by taking one cut near each 
end, two between the center and each end and 
one from the center. Analysis showed significant 
mhomogeneity in the distnbutton of Pb; the 
average deviation of the mean ranged from 1.82 
to 16.25% 

Results 

Five high volume sampling locations were 
selected to compare the results of analysis of 
lead by the standard sonication/AA and 
WDXRF methods. The sampling locations 
ranged from urban areas where there are high 
air particulate concentrations to rural areas 
where the particulate air concentrations are 
much lower. 

Filter strips from each site from a six month 
period in 1989 were first analyzed by WDXRF, 
and then the entire strip analyzed by the soni- 
cation/AA method. The values in Table 2 are 
the mean AA/WDXRF ratios and standard 
deviations obtained for each sample at each 
site. The data shows generally good agreement 
between results generated by the two methods. 
The lower ambient amounts of Pb collected at 
the Newark Boys Club and New Brunswick 
sites may contribute to the lower AA/WDXRF 
ratios. 

Table 3. Analysis of NIST filters 

Fdter NIST Value AAS Value WDXRF Value AA/NIST WDXRF/NIST 

1c 7 41 7 22 7.29 097 097 
2c 14.92 16 30 14 27 109 096 
3c 29.81 29 92 24 05 100 081 

All values in fig filter 
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Table 4 Analysts of polymer film standards 

Date Pb Added to Falter Measured Pb, 
of Analysts pg Irg 

4-10-90 200 208 
S-10-90 200 
6-10-90 200 :: 
7-10-90 200 204 

4-10-90 10.00 9 45 
5-10-90 1000 9 28 
6-10-90 1000 9 33 
7-10-90 10 00 9 13 

indicator of the long-term stability of the instru- 
ment calibration (Table 4). These results can 
also be used to decide when recalibration is 
necessary. 

This quality of the agreement between the 
results generated by the AA and WDXRF 
techniques is reinforced by the analyses of 
filter media containing known amounts by both 
techniques as discussed below. 

As mentioned earlier m the paper, samples of 
glass fiber filters that are impregnated with lead 
were obtained from EPA’s Research and Moni- 
toring Evaluation branch to evaluate the equiv- 
alency between the XRF and AA methods of 
analysis. The filter strips were cut into sections 
and analyzed by XRF. The total filter strip was 
then extracted by sonicating in dilute aqua regla 
and analyzed for lead by AA. The results ob- 
tained are shown in Table 5, and again indicate 
the accuracy of both the WDXRF and the 
sonication/AA methods. 

Quality assurance CONCLUSIONS 

In our WDXRF method of analysis, glass 
fiber filter discs containing 5 pg of added Pb 
(prepared as above from the NIST SRM) are 
analyzed after every 10 measurements. The cri- 
teria for data acceptance has been established 
as + 10% of the added value. Recoveries 
ranged from 97.8 to 105.0% over the six-month 
duration of this study. 

Several other types of filter media containing 
known amounts of Pb were analyzed during the 
course of this study. Samples of cellulose acetate 
filter paper impregnated with Pb (as well as with 
known amounts of Cd, Cr and Ni) were ana- 
lyzed by both the WDXRF and AA/sonication 
procedures. As shown in Table 3 the data 
obtained by both methods agreed well with the 
NIST-certified values for samples 1C and 2C. 
For sample 3C the solution containing Pb was 
applied off the center of the disc; the placement 
of the disc may have resulted in an incomplete 
exposure to the x-ray beam, accounting for the 
lower value. 

We have shown that WDXRF is a viable 
analytical method for the analysis of Pb m air 
particulates that are collected on glass fiber filter 
paper with this method for calibration and 
analysts. Our QA studies suggest that this pro- 
cedure can be extrapolated to the measurement 
of Pb on other filter media. We are currently 
examining the efficacy of this approach to the 
analysis of other metals on glass fiber and 
quartz filter media. 
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Smmnary-Complexatton of Eu and Tb with fulvrc acrds (FA) has been studred by ttme-resolved 
laser-induced fluorescence. The lanthanide spectes are excited by a pulsed Xc/Cl exctmer laser and the 
short-lived lummescence of the fulvic acids is elimmated by ttme gating The condttional binding constants 
(K’) and the total metal-bmding capacrties of the fulvrc actds have been determmed from the eqmlibrmm 
htratron curves No stgmficant vanations of the log K’ values (about 6) have been found in the pH range 
mvesttgated (2 7, 5 5, 6 5) at tome strengths of 0.1 and IM (NaClO,). An Inverse relatronship of K’ to 
total metal concentration IS observed Substttutron of Eu for Al has been found to depress the fluorescence 
signal of the Eu-FA complex The binding constants of Al’+ and Eu’+, denved from the competition 
expenments, are of the same order of magmtude The effect of competmon on metal bmdmg and 
trace-metal transport IS discussed 

The importance of humic/fulvic acids for the 
transport and bioavailability of trace metals in 
surface-water systems has been recognized for a 
long time.‘q2 Extensive experimental studies have 
been made on the composition of humic/fulvic 
acid materials, ‘*3 their acid-base properties,“3 
and their metal-binding characteristics.74*‘3-16 
Humic/fulvic acids are heterogeneous materials 
with a large range of molecular weights. It is 
generally recognized that they are polyelec- 
trolytes containing a set of different functional 
groups, c$ Marinsky and co-workerslo*” for a 
recent literature survey. Their metal and hydro- 
gen-ton bindmg have been described by means 
of site-specific binding constants,5*‘2.‘3 and of a 
continuous distribution of binding constants.’ 
The stoichiometry of the metal-binding reactions, 
and their equilibna, are in general described by 
the equation: 

M+HFA+MFA+H (1) 

where M denotes a metal ion and HFA the 
humic/fulvic acid in a state of protonation that 
is dependent on the pH of the solution. M is in 

*On leave from the Royal Instrtute of Technology, Depart- 
ment of Inorgamc Chenustry, Stockholm, Sweden. 

ton leave from the Institute of Mechamcs, Chinese 
Academy of Scrences, Berlmg, People’s Repubhc of 
China 

SAuthor to whom all correspondence should be sent 

general not the free metal-ion, M”+, but symbol- 
izes all metal species not bound to the fulvic/ 
humic acid. The equilibrium constant for reac- 
tion (1) is thus a conditional constant. Some 
authors have used more elaborate models, in- 
volving the stepwise binding of several FA to 
each metal ton (e.g., Bertha and Choppin and 
Torres and Choppin”), and the formation of 
ternary complexes such as CuOCuFA (Ephraim 
and Marinskyr3). 

Traditional solution chemical methods, such 
as potenttometry (e.g., Buthe et aZ.14) ion- 
exchange (e.g., Ephraim et u/.‘~), solvent 
extraction (e.g., Torres and Choppin”) and 
spectrophotometry (e.g., Moulin et ~1.‘~) have 
been used to study the chemical equilibria 
between humic/fulvic acids and metal ions. The 
potentiometric studies typically involve direct 
measurement of the free metal-ion concen- 
tration with an ion-selective electrode,14 rather 
than an indirect measurement through the hy- 
drogen-ion concentration (cf: Ephraim et ul.,” 
Figs. 14-19). The potentiometric methods re- 
quire a total metal-ion concentration larger 
than, say, O.lmM. The ion-exchange and sol- 
vent extraction techniques can be used at trace 
level concentrations, say from 1O-‘o to 10-‘&f. 
The spectrophotometric method is complicated 
by the strong light-absorption of the humic 
/fulvic acids and it seems possible to use light- 
absorption measurements only for systems 

999 
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where the metal ton has 
wavelengths longer than 
et al. I6 

absorption bands at 
600 nm, cJ Moulin 

Methods based on the quenching of ligand 
fluorescence were introduced ten years ago” 
and have recently been discussed by Cabaniss 
and Shuman.zo Laser-induced fluorescence (LIF) 
1s a well established technique that has been 
extensively used to study metal binding to 
biomolecules,2’ as well as for the study of metal 
binding m humic/fulvic acid systems.‘* 

During the last two years we have used this 
method m an exploratory study of metal bind- 
ing to fulvic acids. We have studied the bonding 
of europium, terbium and aluminium to a fulvic 
acid from Bersbo, Sweden. This material has 
been characterized’* by Allard and his group. 
Europmm and terbium were chosen because of 
their fluorescence properties, but also because 
they are good model ions for tervalent actimdes. 
Humtc/fulvic acids are efficient transport vec- 
tors for trace metals in ground- and surface- 
water systems. Information on their role in the 
transport of actimdes is relevant for the under- 
standing of the radioecology of these elements, 
and also for the possible environmental impact 
caused, for example, by leakage from nuclear 
installations of various kinds. 

The binding of trace metals, (TM), to the 
humic/fulvic materials present in ground- and 
surface-water systems is a competitive pro- 
cess which takes place in the presence of 
relatively large concentrations of Mg(II), Ca(II), 
Fe(II,III), Al(III), etc., according to the equi- 
hbnum: 

MFA + (TM)+TM)FA + M (2) 

The ratio [(TM)FA]/[MFA] depends on the 
equilibrium constant of equation (2) and the 
ratio [M]/[(TM)]. No experimental measure- 
ments of equilibria of type (2) have been pub- 
lished, a fact which makes it difficult to quantify 
trace-metal binding. We have therefore studied 
the competition between aluminium and 
europium in a fulvic acid system. Aluminium is 
one of the most important humic/fulvic acid 
binding elements in nature. However, it is 
difficult to study its bmdmg directly. Such infor- 
mation may be obtained by combining exper- 
imental informanon from the binary Eu-FA 
and the ternary Al-Eu-FA systems. 

We were also interested in developing fluor- 
escence spectroscopy as a diagnostic tool 
m order to determine whether Eu(III)/Tb(III) 

and, hence, tervalent actimdes can bind to the 
organic materials in ground- and surface-water 
samples. Information of this type is obviously of 
interest in radioactive-waste management. 

The points of main interest in the present 
study were to use the sensitivity of the LIF 
method as a tool for 

(0 

(id 

(iii) 

determining whether Eu(III)/Tb(III) can 
bind to organic material in its form 
present in ground-water samples; 
comparing fluorescence methods with 
other techniques for the determination of 
metal-fulvic acid binding constants; 
exploring the use of competition 
methods, with Eu/Tb as probes, for the 
study of metal-fulvic acid interactions. 

EXPERIMENTAL 

Reagents 

Sodium perchlorate, sodium acetate, acetic 
acid, sodium hydroxide, perchloric acid, and 
europmm and terbium chlorides were all of 
analytical grade. The stock solutions of the 
reagents were prepared with doubly distilled 
water. They were analysed by standard analyti- 
cal procedures and their concentrations were 
known with an accuracy better than 0.5%. 
Solutions used in the measurements were pre- 
pared from the stock solutions by use of stan- 
dard flasks and calibrated Eppendorf pipettes. 
Their concentrations were calculated from the 
known volumes and concentrations of the stock 
solutions used. The fulvic acid was obtained 
from the University of Linkoping, Sweden. Its 
properties have been described extensively:‘* the 
material has a titratable acid capacity in water 
of 4.65 & 0.15 meq/g and contains several differ- 
ent acid sites (20% with pK = 1.7; 25% with 
pK = 3.3; 30% with pK = 5; 20% with pK = 6.5 
and 5% with pK = 7). A stock solution of FA 
was prepared by weighing a suitable amount of 
the solid fulvic material and dissolving it in 
distilled water. The solution was analysed by 
spectrophotometry (extinction coefficient 27 f 1 
l.pg-‘.cm-‘, at 250 nm). 

Instrumentation 

A tunable dye laser pumped by an excimer 
laser, and the excimer laser alone were used 
throughout the experiments. The excimer laser 
(Lambda Physik, Model EMG-102, Gottingen, 
Germany) was operated with an Xc/Cl mixture, 
delivering a 20 nsec pulse of about 100 mJ 
(at 308 nm) at a variable repetition frequency 
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(l-100 Hz). The rectangular beam, which was 
conveniently filtered and shaped with a circular 
aperture (5 mm diameter), was folded by a 
quartz prism and mildly focused by a spherical 
quartz lens (25 cm focal length) into the fluor- 
escence cuvette. At the cuvette, the energy of the 
laser was reduced to 3-5 mJ. When the tunable 
dye laser (Jobin Yvon, Longjumeau, France) 
was installed m front of the excimer laser, the 
latter could be used as a pump laser by diverting 
part of its output with a beam splitter. The dye 
laser, consisting of an oscillator section plus an 
amplifier section, provided the necessary tun- 
ability for the various experiments. Its output 
beam was directed and focused in the same 
fluorescence cuvette by means of two prisms and 
a spherical lens, both laser beams (dye and 
excimer) were used alternatively, according to 
the experiments to be performed. The fluor- 
escence light, collected at right angles by 
another lens (15 cm focal length) was dispersed 
by a grating monochromator and measured 
with a photomultiplier (Hamamatsu, Model 
R928S, Hamamatsu Corp., Japan) wired for 
fast response. Two monochromators were used, 
having 1.29 m and 10 cm focal lengths, respect- 
ively. The former mstrument provided good 
resolution and stray-light rejection, and the 
latter was used for its simplicity and conven- 
ience of operation. Both monochromators were 
equipped with scanning facilities to obtain a 
fluorescence spectrum, whenever needed. The 
photomultiplier signal, after suitable amplifica- 
tion obtained with a preamplifier directly at- 
tached to the anode, was sent into one channel 
of a boxcar Integrator (Stanford Research 
Corp., Model SR250, U S.A.) and a digital 
storage oscilloscope (Tektronix, Model 2430, 
U.S A.), which was directly interfaced to a 
computer (Hewlett Packard, Model 9816). The 
measurmg gate of the boxcar could be adjusted 
to reject completely the fast fluorescence com- 
ponent However, since the photomultipher was 
not operated stroboscopically, the fast fluor- 
escence signal of the fulvic acids was so strong 
that it caused saturation of the tube and/or 
preamplifier (with consequent rmgmg). The gate 
was then opened after complete recovery of 
linear operating conditions. This obviously hm- 
ited the resolution of fast-decay components in 
the signal and the possibility of deconvolution 
of multicomponent decay. The energy of both 
lasers was constantly monitored by a pyroelec- 
tnc detector positioned near the cuvette: its 
output was fed into the other channel of the 

boxcar integrator and continuously displayed 
on a strip-chart recorder. 

Choice of conditions for fruorescence excitation 

We use the fluorescence data for the interpret- 
ation of chemical equilibria in metal-fulvic acid 
systems. The technique used is the same as in 
other spectrophotometnc methods, cf Rossotti 
and Rossotti.z3 It is of great advantage for the 
interpretation of such data if the experiment can 
be done in such a way that only one or a few 
species will contribute to the measured absorp- 
tivity (or fluorescence intensity) of the solution. 
For precise measurements it is of course also 
desirable to have a large value of the molar 
absorptivity (or the corresponding emission co- 
efficient) for the absorbing (emitting) species. 
Europium is often excited by using a dye laser 
tuned to 394 nm, which corresponds to a res- 
onant absorption transition m the metal ion. 
The fluorescence observed corresponds to the 
‘DO + ‘F2 “hypersensitive” transition at 616 nm, 
and the ‘Do + ‘F, transition at 592 nm. With 394 
nm excitation the fluorescence spectrum will 
contam slgmficant contributions from both free 
Eu and bound Eu, cjI Dobbs et al.‘* The exci- 
tation of the bound europium occurs much more 
efficiently through the excitation of the fulvic 
acid molecule, followed by an energy transfer to 
the metal. With such an excitation mechanism, 
there should be a very strong increase in fluor- 
escence of the bound europium when exciting 
the ligand at shorter wavelengths, where the 
molar absorptivity is higher. At the same time 
the excitation of the free Eu ion should be 
negligible. This is indeed what happens: a direct 
excitation at 308 nm with the Xc/Cl excimer 
laser increases the fluorescence of bound 
europium (EuFA) and it is only this species 
which contributes to the measured fluorescence 
intensity. We have evaluated the decay times of 
the EuFA complex both with 308 and 394 nm 
excitation and found them to be the same within 
experimental error (N lo%), indicating a similar 
excitation mechanism in both cases. The same 
conclusion seems to hold for the terbium-fulvic 
acid system, on excitation at 308 and 228 run. 
Fulvic acids are known to be sensitizers in 
photoredox reactions. 24 We found no clear evi- 
dence of decomposition or redox reactions in 
the solutions used in our experiments, and both 
the europmm and terbium systems behaved in 
a similar way. In some cases, however, we 
observed a transient signal, the fluorescence 
decreasing noticeably and then stabilizing after 
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20-30 set, indicating that some kind of photo- 
chemical reaction was occurrmg. We have no 
conclusive experimental evidence of such a 
phenomenon, which certainly deserves a more 
systematic investigation. 

Procedure 

Most experiments were titrimetric m nature, 
two solutions of known composition being 
mrxed in a titration vessel. The two solutions 
had the same hydrogen-ion concentration, in 
general obtained by use of an acetate buffer. The 
hydrogen-ion concentrations of the initial sol- 
utions and the solution in the titration vessel 
were measured by using a combined Ross glass- 
electrode (Orion, Model 810200, U.S.A.) and a 
pH-meter (Radiometer, Model PHM84, Den- 
mark). The reference solution of the electrode 
had the same ionic strength as the test solution 
(0.1 or 1 .OM NaClO,). The electrode was cali- 
brated m concentration units with an acetate 
buffer of known [H+]. The precision of the pH 
measurements was better than 0.005, and the 
accuracy about 0.03. The fluorescence was 
measured in 1 cm fused-silica cuvettes with 3 ml 
samples withdrawn from the test solutions. At 
the lowest metal concentrations ( 10e8M or less) 
we measured the blank correction of pure fulvic 
acid. The blank correction for free Eu(II1) was 
negligible in the Eu(III)-FA titrations carried 
out with the excitation set at 308 nm. Sorption 
on the walls, important at concentrations lower 
than IO-‘M, was found to be fairly slow (a few 
hours). The sorbed EuFA could be removed by 
washing with concentrated mineral acid. 

The titrations were m general done at con- 
stant metal-ion concentration by mixing a sol- 
ution S containing 2 x 10s5 or 2 x lo-‘A4 
M(III), 1OmM acetate buffer and sodium per- 
chlorate to give an ionic strength Z, with a 
solution T of the same composition as S but 
containing a known quantity of fulvic acid, 
usually 50 ppm. The titrations were done at 
three different hydrogen-ion concentrations, 
-log[H+] = 2.7, 5.5 or 6.5, and two ionic 
strengths, Z = [Na+] = 0.1 or l.OM. 

A few titrations were done by starting with a 
solution containing fulvic acid (50 ppm) and no 
metal, and then increasing the metal-ion con- 
centration by adding a titrant containing only 
the metal-ion. 

The competition experiments had to be 
done in such a way that the ratio [Al]/[Eu] was 
larger than 10. In order to avoid too high an 
Al(II1) concentration we had to use 

[Eu(III)] = 2 x lo-‘M. The experiments were 
done as titrations at pH 5.5, at constant Eu(III) 
concentration, by increasing the fulvic acid con- 
centration. After each addition of FA a 3 ml 
sample was withdrawn from the test solution 
and its fluorescence intensity measured. Three 
successive additions of a concentrated Al(II1) 
solution were made to the solution in the cu- 
vette. After each addition the fluorescence inten- 
sity was measured. The additions were so small 
that the Eu(II1) and FA concentrations did not 
change appreciably (the largest change was 
3%). To avoid the formation of a precipitate 
(detectable through light-scattering) we had to 
keep [Al(III)] c 2 x 10p5N. 

TREATMENT OF DATA 

Binary system: M-FA 

It is generally assumed that the reactions with 
humic/fulvic acids are of the type exemplified by 
equation (1). As most experimental studies are 
made with buffers at constant pH, it is practical 
to write this equation as: 

M + FA+MFA 

with an equilibrium constant 

(3) 

K’ = [MFA]/[M] [FA] (4) 

where K’ is a conditional constant which de- 
pends on the pH, the ionic strength and the total 
concentration of the metal ion. Titrations of 
M and FA often result in titration curves of 
the type shown m Fig. 1. In all the figures 
shown, the intensity of the fluorescence signal 
(FI) is given m arbitrary units. This curve 
shape, corresponding to 1: 1 stoichiometry, 
shows that only one species is formed. We prefer 
to consider the binding in humic/fulvic acids 
as an ion-exchange process and not a process 
similar to complex formation with small lig- 
ands. 

We will use equation (3) as a purely phe- 
nomenological description of the equilibrium in 
metal-fulvic acid systems. The following nota- 
tions will be used: 

UFA the maximum fluorescence, in arbitrary 
units 

FI the fluorescence of the test solution 
(same units as above) 

I:; 
total metal-ion concentration (M) 
concentration of metal-ion not bound 
to FA (M) 

c total metal-binding capacity of fulvic 
acid (mole/g) 
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(a) 1: 

0 I=OlM 

tFAll, ppm 

Rg. 1 Equdlbnum titration curves of lanthanides wth fulwc acids in NaClO, solutions at different pH 
values and lomc strength (I). The fluorescence signal (FI) IS given in arbitrary umts (& = 308 nm) (a) 

[ELI], = 2 x IO-‘,%& pH 2 7, (b) @I], = 2 x 10-W, pH 6.5; (c) Z = O.lM, pH 5 5. 

[FA], total fulvic acid concentration (g/l.) 
[FA] free fulvic acid concentration (M) 
MFA] complex concentration (M). 

The following relations can then be written: 

WA1 = WI, WFA (9 

WI, = tM1 + tMFA1 (6) 
c[FA], = [FA] + [MFA] (7) 

By substituting equations (5-7) into (4) we 
obtain 

K’ = (FIIQ/(l - FII+,) 

x WAlt - WI, Wd (8) 
Fi and +A are measured experimentally, and 

c is measured from the extrapolated equivalence 
point, as indicated in Fig. lb. The equilibrium 
constant K’ is then calculated from equation (8). 
We have in general preferred a curve-fitting 
method, where a set of curves of FI VS. [FA], is 

calculated for given values of the experimental 
parameters mlt, [FA],, c, and uFA, with K’ as 
a predictor variable. A set of such curves is 
shown in Fig. 1 b. The results of the experimen- 
tal studies are shown in Fig. 1 and Table 1 (see 
later). 

Ternary system: competition experiments with 
Al(ZZZ) 

Some previous studies of the interaction be- 
tween aluminium and humic acids were done 
by using distribution methods such as ion- 
exchangez and equilibrium dialysis.26 Laser- 
induced fluorescence is a convenient non- 
invasive method to study the competition be- 
tween Al(II1) and Eu(III), i.e., the equilibrium: 

EuFA + AkAlFA + Eu (9) 

The equilibrium constant K’(Al/Eu) for reac- 
tion (9) is also a conditional constant, valid only 
for the ionic medium and pH investigated. 
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Table 1 Bmdmg constants and capacltles of Eu(II1) and Tb(II1) for the Bersbo fulvlc acid, at various 

-log[H+] values, lomc strengths, Z, and total lanthamde concentrations, w] 

Bmdmg capacity, 
mmole M(i’ZZ)/g FA log K’t 

Z lM1 2 70* 5 56* 6 Sl* 2 70* 5 56* 6 51’ 

OlM Eu,2xlO-‘M 0.60~010 0.81*008 135&010 620&0.10 5.95fOlO 600&0.10 
(620f0.10) (63fOl) (65fO.l) 

10M Eu, 2x lO+M 060&010 091kOO9 066hO.06 600~00.05 60&01 6.40&O 10 
(6 00 f 0 05) (6.2 f 0.1) (6.7 f 0.1) 

0 1M Eu, 2 x 10-7M 0 15 f 0.09 790*0 10 
(8.3 &O 1) 

0 1M Tb, 2 x lO_‘M 104*0.10 595*0 10 
(6.3 f 0.1) 

* -log[H+] 
tThe values m parentheses are the binding constants corrected for acetate complex formation 

However, this is sufficient to obtain information 
about the relative bonding strengths of Eu(III) 
and Al(II1) to FA, mformation which is relevant 
for the transport properties of trace quantities 
of tervalent lanthanides and actinides in 
ground- and surface-waters. For the compe- 
tition experiments, the following additional 
mass balance and equilibrium conditions have 
to be considered: 

[Al], = [Al] + [AlFA] (10) 

K’(Al/Eu) = [AlFA] [Eu]/[EuFA] [Al] (11) 

It follows that relation (7) must be adapted to 
give: 

c [FA], = [FA] + [EuFA] + [AlFA] (12) 

K’(Al/Eu) can be calculated by substituting 
equations (4X6), (10) and (12) in (11); it is then 
expressed in terms of measurable quantities, as 
in equation (8). We have calculated theoretical 
curves for FI VS. [FA], in given experimental 
conditions; by comparing the experimental data 
with such theoretical curves (see Fig. 3, below) 
we were able to estimate K’(Al/Eu). 

RESULTS AND DISCUSSION 

Determination of binding constants and binding 
capacities for Eu(III) and Tb(III) with the Bersbo 
FA 

The binding capacities and binding constants 
for Eu(II1) (and Tb(II1)) were determined at 
different ionic strengths, pH values and total 
metal-ion concentrations. Some of the exper- 
imental results are shown in Fig. 1, and the 
binding capacities and binding constants are 
given in Table 1. At high concentrations of 
fulvic acid, the fluorescence signal of Tb showed 
a marked decrease in intensity (See Fig. lc). 
Since absorption of the fluorescence emission by 

the non-complexed FA is stronger at 544 nm 
(Tb) than at 617 nm (Eu), it is conceivable 
that an inner-filter effect is responsible for the 
observed phenomenon. 

The experimental conditional equilibrium 
constants were corrected for acetate complex 
formation by using the equilibrium constant 
for the reaction: Eu3+ + AC- +EuAP, deter- 
mined in 0.5M NaClO,?’ and recalculated 
to 0.1 and l.OM ionic strength by the specific 
ion interaction theory.” The following inter- 
action coefficients were used: IZ (Eu3+, ClOi ) = 
0.49 + 0.03; QAc-, Na+) = 0.08 f 0.01 and 
c(Et&‘+, ClOi) = c(YHCO:+, ClOi) -0.39 f 
0.04. The values corrected in this way are given 
m Table 1. 

In a separate titration we investigated the 
pH-profile of the fluorescence at [FA], = 50 ppm 
and [Eu], = 2 x lo-‘M. The result is shown in 
Fig. 2. This curve indicates a pronounced pH- 
dependence of the fluorescence. However, no 
further studies have been made in order to 

0 
2 3 4 5 6 

PH 

Fig. 2. pH-dependence of the Eu fluorescence srgnal in a 50 
ppm FA solution; [ELI], = 2 x IO-$M, Z = O.lM (NaClO,); 

Aeo, = 308 nm 
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ascribe this effect either to changes in the bind- 
ing sites of the MFA complex, or to variations 
in the excited-state number density, caused by 
collisional quenching. 

Competition between Al(III) and Eu(lII) for FA 

The competition experiments show clearly 
that the fluorescence intensity of EuFA de- 
creases on addition of Al(III), provided the ratio 
Al(III)/Eu(III) is larger than 10, cJ Fig. 3. This 
decrease is not due to quenching of the EuFA 
fluorescence, as the decay-time does not seem to 
be influenced by the presence of Al(III), but to 
a chemical competition. 

From the experimental data we obtain log 
K’(Al/Eu) = - 1.6 f 0.2. It is difficult to obtain 
a precise value of this exchange constant be- 
cause of its small value and the experimental 
difficulties due to the precipitate formation 
encountered at high [Al],. By correcting this 
equilibrium constant for the formation of 
europium-acetate” and aluminium-hydroxldezg 
complexes we obtain log K’(Al/Eu),, = -0.6, 
i.e., the binding constants of A13+ and Eu3+ are 
of the same order of magnitude. 

Several considerations arising from the mat- 
ter above are now felt appropriate. First, we 
consider the technical quality of the binding- 
constant determinations. A comparison with 
previously used spectrophotometric methods 
(cf Moulin et al.16) shows the very obvious 
advantage that no correction is needed for the 
light absorption of the ligand, and that the 
measured fluorescence is dependent only on 
the concentration of MFA. The change in fluor- 
escence emission throughout the titration is also 
much larger than the change in light absorption, 
with a resulting increase in the sensitivity and 
precision of the fluorescence method. The 
method is also fast and a complete titration with 
15 experimental points takes less than an hour 
to perform. In our experiments we have used 
acetate buffers to ensure a good buffer capacity 
of the chemical system. This is necessary when 
using low total concentrations of metal ion and 
hgand. When working at higher total concen- 
trations, it should be quite feasible to use the 
buffering capacity of the fulvic acid and a much 
less sophisticated experimental set-up, e.g., a 
spectrofluorimeter, can then be used. However, 
a pulsed excitation source and gated detection 
are necessary to avoid measuring the strong FA 
fluorescence. The equilibrium constants deter- 
mined by us are nearly identical with the value 
for Am(III)-FA obtained by Moulin et aLI 

z 
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IFAL, Ppm 

Rg 3. Fluorescence atratIon curves of 2 x IO-‘M Eu m 
0 1M NaClO, at pH 5 5 m the presence of &fferent concen- 
trations of At (0) no Al, (0) 3.3 x 10m6M; (A) IO-‘M, 
(IJ) 2.3 x lo-‘M The sobd lmes represent the theoretical 

curves, obtamed as deacr&d m the text 

under similar conditions, with the same FA. 
Europium, terbium and americium are expected 
to have similar chemical properties. Many of 
the other quantitative results also agree well 
with the known chemical properties of the 
Bersbo FA. The metal-binding capaaty at a 
given ionic strength increases with pH, in keep- 
ing with the presence of functional groups of 
different acidities. The highest binding capacity, 
1.30 f O.lOmM Eu/g FA, or 3.90 & 0.30 meq/g 
at pH 6.5, is close to the total aqueous titratable 
exchange capacity, 4.86 & 0.15 meq/g. 

The observation that the binding constant 
and the binding capacity vary with the total 
metal concentration, cf. Table 1, is also in 
qualitative agreement with the observations of 
Ephraim et al. I2 The higher the total concen- 
tration of metal ion, the greater the number of 
the protonated functional groups used for metal 
binding. [MFA] increases more slowly than 
[Ml,, hence the conditional equilibrium con- 
stants decrease with increasing [Ml,, in agree- 
ment with the observations. There is no 
polyelectrolyte effect at pH 2.7, also in agree- 
ment with Ephraim’s observations on protona- 
tion equilibria. ** The ionic-strength dependence 
of the binding constant is small in the pH range 
investigated, and is largest at pH 6.5, where the 
degree of dlssociatlon of the ligand is largest. 

From the data of Ephraim et aLI we have 
estimated that the degree of ionization of the 
FA at the pH values studied is a = 0.3,0.77 and 
0.93, respectively. However, the binding con- 
stants vary fairly little in the same pH range, 
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tEu3 (10-7M, 
Fig 4 Sensltlvlty curve of EuFA fluorescence pH = 5.5, I = 0 1M (NaClO,); 3 ppm FA, & = 308 nm; 

&, = 617 nm 

from log K’ = 6.2 + 0.1 at pH 2.70 to log 
K’ = 6.5 + 0.1 at pH 6.51. The magnitude of 
the binding constants and their pH variation in 
the range 5.5 < pH < 6.5 are in fair agreement 
with observations on the same system studied 
by using an ion-exchange method.18 The pH- 
dependence of the Eu(III)-FA system seems to 
be smaller than that observed for humic acid.” 
The observed binding constant for Eu(III)-FA 
is also in good agreement with the observattons 
of other investigators.‘5*‘6 

Spectrophotometric data can be used to 
obtain thermodynamic information and may, 
m addition, provide information about the 
chromophore. However, we found no, or 
only very small, changes m the shape, inten- 
sity ratios and peak positions in the emission 
spectra. This is perhaps not surprising, bearing 
in mind that the same donor (oxygen) is present 
in all the different functional groups of the 
hgand. 

It should be pointed out that the shape of 
the titration curves gives no indication of the 
stoichiometry of the complex, showing only that 
the ligand at a given pH contains a given 
number of sites which can be occupied by the 
metal ion in an ion-exchange reaction. We do 
not think it proper to use the concept of step- 
wise complex formation, as used for example by 
Choppin et al. 15*17 The polyfunctionahty could 
possibly be studied by the method developed by 
Fronaeu$” for polyfunctional ion-exchangers. 

Identification of lanthanide binding sites in 
humiclfulvic material (under in situ conditions) 

The very high sensitivity of the fluorescence 
methods made it feasible to study europium 

binding to organic material present in ground- 
water samples. In a preliminary experiment 
we tested the sensitivity of the europium 
fluorescence method by using test solutions 
containing 3 ppm FA, a 1OmM acetate buffer 
of pH 5.5, and Z O.lM. The europium con- 
centration varied from 5 x lo-* to 10e6M. 
The resulting experimental curve is shown in 
Fig. 4. The deviation from linearity may 
be due to the fact that, with increasing 
Eu(II1) concentrations, the Eu(III)/FA ratios 
might shift outside the plateau region, with 
a consequent decrease of the fluorescence 
signal. 

The presence of lanthanide/actinide-binding 
organic materials in ground-water systems 
is easily tested for by adding a few ~1 of 
O.OlM EuCl, solution to 100 ml of the 
water sample and recording its emission 
spectrum immediately. An example of such 
a test on a ground-water from Gorleben 
(Germany) is shown in Fig. 5. The source and 
the characteristics of this water are given in 
the legend of the figure. The concentrations 
of metal ions which can compete with Eu(II1) 
for the organic material are very low in this 
water. 

An advantage of the technique is that it 
provides direct information on the lanthanide/ 
actinide bonding under in situ conditions, i.e., 
in the presence of all competing tons, such as 
Ca(II), Mg(II), Fe(II,III), Al(III), etc. The fluor- 
escence method gives only qualitative infor- 
mation, Quantitative data usually require much 
more idealized systems such as the chemically 
separated HA/FA materials used in the present 
work. 
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Fig 5 Typical emlsslon spectra of vanous Eu(III) species 
(a) Eu free Ions m 0 IM NaClO,, pH = 5 5, [Eu], = IO-‘M, 
& = 394 nm, (b) EuFA complex m 0 IM NaClO,, 
pH = 5 5, (Eu], = 10-8M; [FA], = 3 ppm; ,Inc = 308 nm, (c) 
EuFA complex m a Gorleben ground-water (pH = 8, total 
carbonates 2 x lo-“M), 12, = 308 nm; [Eu], * 4 x IO-*M. 
The detection sensltinty has been optmked for each 

spectrum 

Competitive metal binding and its consequences 
for trace metal transport 

It is obvious from equation (9) that the 
binding of trace metals such as Eu(II1) to 
HA/FA is influenced by the presence of other 
cations (and competing ligands, such as OH-). 
The relative load of cations is important for 
the transport capacity of the humic/fulvic 
material. We have made a model of this, using 
a Gorleben type water with 16 ppm Ca(I1) as 
the main HA/FA-binding metal ion. The con- 
ditional binding constants at pH 6.5 are: log 
K’(Eu) = 6.5 andi log K’(Ca) = 2.4. By using 
these constants and the total concentrations 
[CaJ = 4 x 10e4M (16 ppm), [Eu(III)], = lo-‘M 
and [FA], = 1 and 10 ppm, we have calculated 
the concentrations of EuFA and CaFA, assum- 

ing that the HA/FA has a metal-binding 
capacity of around 10e3M Eu(III)/g. We find 
that with 1 ppm HA/FA 64% of the Eu(II1) is 
bonded as EuFA; the corresponding quantity at 
10 ppm is 95%. Deep ground-water often con- 
tains little organic material (from ~0.1 to 1 
ppm is not uncommon3’ and high Ca(I1) con- 
centrations (3.5-9 x 10e4M m several deep 
granitic waters in Sweden31). Under these con- 
ditions Ca(I1) may be an efficient competitor for 
binding the organic material, in comparison 
with trace metals such as Eu(III) and tervalent 
actimdes, despite the larger binding constants of 
these trace metals. 

The Gorleben water contains approximately 3 
ppm of organic materials, but small concen- 
trations of Ca(I1). Under these circumstances, 
Eu(II1) is expected to be strongly bonded, as is 
indeed observed experimentally. 

Bivalent metal ions such as Mg(II), Ca(I1) 
and Fe(I1) form weaker hydroxide complexes 
than Eu(II1) but also weaker complexes with 
other ligands (presumably also with FA/HA). 
At pH 5.35 these bivalent metal ions may not 
compete with Eu3+ aquo ions for FA. The 
situation may be quite different at pH > 7 where 
europium hydrolysis is much more pronounced 
than that of M(I1). Qualitative titrations of 
Eu/Ca at pH 5.5 indeed showed that compe- 
tition between the two metals for FA was much 
weaker that that found for the Al/Eu system. In 
a recent investigation,32 a different behaviour 
was found for natural organic substances of 
higher molecular weight (humic acids). This 
matter therefore seems worth more experimen- 
tal investigation. 

Acid rain changes the trace-metal distribution 
in the soil layer. One reason for this might be 
that the relative binding constant of Al(II1) to 
HA/FA increases in comparison with the bind- 
ing constant of less hydrolysed trace metals at 
lower pH. 

Fluorescence decay-time 

There is no doubt that investigations such as 
those discussed in this work would greatly 
benefit from a simultaneous measurement of 
the fluorescence decay-time. In fact, it is well 
known33 that, in addition to a change in the 
fluorescence intensity, there is also a drastic 
change in the fluorescence lifetime as a result of 
complexation. 

In general, the fluorescence lifetime of lan- 
thanide complexes is greater than that of the 
corresponding aquo-ions. This is due to the very 
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efficient energy transfer from the aquocomplex 
through hydrogen bonding to the solvent. In 
our case, the complexation by the FA system 
should also result in a fluorescence lifetime 
different from that of the aquo-ion. At present, 
however, we cannot claim any conclusive evi- 
dence for such an effect, since, as reported 
earlier, the strong organic fluorescence produces 
undesirable artifacts in our detection system. 
Work is now in progress to eliminate this 
problem. 
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U-In the presence of L-tryptophan, a one-electron oxldatlon of mercury takes place at the 
dropping mercury electrode at 0 265 V 11s SCE m O.lM potassmm nitrate The electrogeneratlon of the 
monomenc Hg+ Ion has been estabhshed by a.c. polarography, cychc voltammetry and ultrawolet 
spectroscopy A paramagnetlc Hg-trp compound has been electrochemlcally synthewed and 
characterized 

The first report of the existence of the 
monomeric mercurous ion, Hg+, appeared in 
1940.’ It was based on an electrochemical inves- 
tigation of the anodic oxidation of the dropping 
mercury electrode in the presence of cysteine, 
and stated that at mercury(I) concentrations 
< 10m20M practically all the mercurous ions are 
present as Hg+ and not Hg$+. Thirty years 
later, other evidence for the existence of Hg+ 
was obtained by y-irradiation of solid inorganic 
compounds doped with mercury(II), or radio- 
lysis and photolysis of solutions of mercury 
compounds. Symons and co-workers” detected 
the Hg+ ion in y-irradiated glasses, samples of 
cadmium carbonate containing H&+ impurity, 
cadmium acetate doped with mercury(H) and in 
pure mercuric acetate, by the EPR technique. 
They indicated that Hg+ is produced in a 
covalent environment. Dalal and co-workers5v6 
showed that Hg+ can be substituted for K+ and 
NH: in KHSO, and NH4H2P04 respectively. 
Faraggi and Amozig’ characterized the ultra- 
violet spectrum of Hg+, with rl,,, at 272 nm. 
They produced Hg+ ions by the reaction of 
hydrogen atoms with Hg2+ or Hg:+. Gupta and 
Kaur,B who investigated the polarography of 
o-mercaptobenzoic acid, showed that the 
anodic wave in 60% v/v methanol medium is 
due to the formation of an Hg+ complex, 
RSHg. In earlier work9*‘0 we obtained polaro- 
graphic data for a one-electron anodic oxidation 
of a mercury electrode in presence of L-trypto- 
phan (tip). In this paper, evidence obtained by 

*Author for correspondence. present address, CECRI Umt, 
CSIR Complex, Taramam, Madras 600113, India 

cyclic voltammetry, constant-potential macro- 
electrolysis, and structure analysis of the reac- 
tion product is presented. 

EXPERIMENTAL 

The experimental details for the reagents 
and d.c. polarography are the same as those 
reported earlier.9 An alternating voltage ampli- 
tude of 5 mV and a frequency of 60 Hz were 
used in the fundamental harmonic a.c. polarog- 
raphy. An alternating voltage amplitude of 10 
mV and a frequency of 120 Hz were used in the 
second harmonic a.c. polarography. A thick- 
walled blunt capillary having the following 
characteristics was used as the dropping mer- 
cury electrode (DME): drop time, t = 6.2 set in 
O.lM potassium nitrate; mercury flow-rate, 
m = 1.3 mg/sec. Cyclic voltamperograms were 
obtained with a PAR model 173 poten- 
tiostat/galvanostat, model 176 current to 
voltage convector, and model RE008 XY 
recorder. The hanging mercury drop electrode 
(HMDE) was fabricated by the procedure of 
Bellamy. I’ Ultraviolet spectra were obtained 
with a Zeiss spectrophotometer and a Hitachi 
320 spectrophotometer with l-cm fused-silica 
cells. Infrared spectra were obtained with a 
Shimadzu IR 408 spectrophotometer with KBr 
cells in the range 5000600 cm-’ and polythene 
cells m the range 600-200 cm-‘. A Polytech 
FIR-30 spectrophotometer was used for 
FT-FIR measurements. The EPR spectrum of 
the sample in the powdered form was recorded 
on an E4 Varian X-band spectrometer. Con- 
stant-potential macroelectrolysis was performed 
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Rg. 1 Fundamental harmonic a.c (a, b) and second har- 
monic a c (c) polarograms for the anodlc dissolution of 
mercury m the presence of 6mM trp (b, c) and absence of 

trp (a), m 0 1M KNO, 

with a large mercury pool electrode 10 cm in 
diameter. The solution was thoroughly de- 
aerated with purified nitrogen before the elec- 
trolysis and purging was continued during the 
electrolysis. The product was isolated from the 
electrolyte solution under a nitrogen atmos- 
phere to avoid contact with air. All experiments 
were performed at 25 f 1”. 

RESULTS AND DISCUSSION 

Alternating current poiarography and cyclic 
voltammetry 

A representative fundamental harmonic a.c. 
polarogram for the anodic dissolution of mer- 
cury in the presence of trp in 0.144 is shown in 
Fig. 1, curve b. Curve a is the corresponding 
polarogram of the supporting electrolyte. 

The peak current for peak A (Z,A) increases 
linearly with [trp] in the range 0.1-0.8mA4, 

I I I I I I I 
07 06 05 04 03 02 01 0 -I 

E. V vs SCE 

Fig 2 Cyclic voltamperograms for the anodic dissolution of 
mercury m the presence of trp m 0 1 A4 KNO, at a sweep rate 
of 50 mV/sec [trp], mM. (1) 0; (2) 2, (3) 4, (4) 8, (5) 20 

above which the increase is only slight. The peak 
potential (&A) does not vary with [trp] (Table 
1). The peak width at half height is 110 f 5 mV. 
The plot of log{(Z,,/Z)‘/* + [(I, - 1)/Z]“*) VS. E is 
linear, with a slope of 128 mV. The deviation of 
these values from the theoretical values for a 
one-electron process (90 mV and 118.2 mV 
respectively’*) indicates that peak A corre- 
sponds to a quasi-reversible process. It should 
be mentioned that even slight departures from 
the theoretical Nemstian conditions will be ex- 
hibited as broadening of the a.c. wave.13 That 
the degree of irreversibility is small is shown by 
the cyclic voltamperogram (Fig. 2) in which 
AEP(=Epp - Epc for peak A) is 57.5 f 2.5 mV. 
Ew is the potential corresponding to the peak 
labelled aA, and Epc that for peak CA. The 
second harmonic a.c. polarogram (Fig. 1, curve 
c) confirms the l-electron nature of process A, 
by its possession of two peaks 70 mV apart, and 

Table 1. Effect of trp on IP and EP of the fundamental harmonic a.c polarograms for the anodlc dissolution of mercury 

&PI* IpA, EPA AE at I,A/2, Slop@, 
mM pA mV mV 

I,B, EpB, AE at I,B/2, Slope*, I,C, 
mV pA V 

EpC, AE at I,C/2, 
mV mV pA V mV 

0.0 
0.1 070 0.265 = 

- 3.50 0.345 - - 14 6 0.430 - 
- 3 50 0 345 - - 114 0.430 - 

05 025 0 265 - - 2 IO 0.350 - - 9 34 0435 - 
10 0 50 0.265 105 - 2.10 0 355 - - 490 0.435 45 
20 1 02 0.265 105 117 1.80 0 365 80 117 1.80 0 435 45 
30 1.41 0265 105 117 1.90 0365 80 117 1.80 0 435 45 
60 292 0265 110 128 1.82 0 365 90 120 080 0460 45 
80 3.64 0265 110 128 1 95 0.365 80 117 0.50 0.460 45 

12.0 4.20 0.265 110 130 1.91 0365 80 117 0 20 0465 - 
16.0 4 49 0.265 110 130 1.91 0365 80 117 - - - 

*Slope of log{[I, - 1)/1]“2 + (Ip/I)“2} vs Ed. 
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Rg 3 Effect of [trp] on electrocapdlary curves m 0 1M 
KNO, . 
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Rg 5 Dtfference UV spectra recorded 

the minimum in current at EPA for the funda- 
mental harmonic a.c. polarogram. 

EpB and I,B do not vary appreciably with 
[trp], but I,B is lower and EPB more positive 
than in the absence of trp. Peak C is not seen at 
high trp concentrations, but begins to appear at 
about 12mM trp and increases in height with 
decrease of [up], together with a shift in its peak 
potential, E,C, to less positive values. Thus it is 
evident that peaks B and C represent only the 
mercury-nitrate interactions of the supporting 
electrolyte,g~‘4 which are suppressed in the pres- 
ence of trp. 

The electrocapillary curves (Fig. 3) in the 
presence of trp show a marked depression in the 
potential region (0.3-0.5 V) of processes X and 
Y of the supporting electrolyte. This could 
result if the Hg-trp product, free trp, or both, 
get adsorbed on the electrode surface, causing 
inhibition of the mercury-nitrate interactions. 

Constant-potential nmroelectrolysis 

Constant-potential macroelectrolysis of 
0.05mM trp in O.lM potassium nitrate was 
performed sequentially at three potentials: 

45 LO 35 30 25 

Wave number x 103, cm-’ 
Rg. 4 Dtfference UV spectra recorded durmg the 
macroelectrolysis of 0.05mM trp in 0.1 hi KNO, at the EPA 
potential of 0.265 V. (0) before electrolysis; (l-5) at every 
30 mm during electrolysrs (. . J is the UV spectrum of the 
brown solid Isolated from macroelectrolysis of trp at EPA. 

durmg the 
macroelectrolysts of 0 05mM trp m 0 IM KNO, at the EpB 
potenhal of 0 365 V 303 nm corresponds to L,_ for n&ate. 

(a) E,A, 0.265 V; (b) EpB, 0.365 V; (c) EpC, 
0.485 V. The ultraviolet spectra of the electro- 
lysed solutions were recorded at regular inter- 
vals during the electrolysts. 

Macroelectrolysis at 0.265 V. The spectra 
recorded at 30-min intervals during the macro- 
electrolysis at 0.265 V are shown in Fig. 4. The 
indole chromophore of trp exhibits three differ- 
ent 1,, values (272, 279 and 283 nm)15 and as 
electrolysis proceeds, the spectrum shifts toward 
shorter wavelengths. A new peak appears at 
258 nm and develops as the electrolysis pro- 
ceeds. This new peak is attributable to mercury. 
The ultraviolet absorption spectrum of mercury 
has been well analysed, and the absorption at 
230-235 nm is attributed’“‘* to H$+/Hg$+, and 
that at 272 nm is attributed’ to Hg+. The A,,,,, 
value of 258 nm observed in the present study 
is closer to 272 nm than 235 nm and may be 
taken as evidence that Hg+ is formed under the 
experimental conditions. It should be men- 
tioned here that the value of 272 nm for Hg+ 
was for aqueous solutions containing no com- 
plexing agent or excess salts.’ In the present 
case, the solution contams O.lM potassium 
nitrate and trp. Thts difference in background 
medium may account for the shift in Iz,,. 

Macroelectrolysis at 0.365 V. The nitrate ion 
has a characteristic ultraviolet absorption 
spectrum with a rl, of 302.8 nm.” When 
the difference spectra were recorded with the 
unelectrolysed solution of 0.05mM trp in O.lM 
potassium nitrate in the sample cell and the 
corresponding electrolysed solution in the refer- 
ence cell, the change in the nitrate absorbance at 
302.8 nm could be followed (Fig. 5). The differ- 
ence in recorded absorbance increases as the 
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I I I I I I I II I III 
4000 3000 2000 1600 1200 800 400 200 

Wave number. cm-’ 

1 
Rg 6 IR spectra of trp and of the brown compound obtamed from the macroelectrolys~s of trp in O.lM 

KNO, at 0 265 V Inset 1s the vlslble-remon spectrum of the compound m methanol. 

electrolysrs proceeds, which indicates a decrease doubly-distilled water to remove unreacted trp. 
in the concentration of nitrate ions. Thus The brown solid left behind was dried under 
process B is seen to correspond to the mercury- reduced pressure. The ultraviolet absorption 
nitrate interactions characteristic of the sup- spectrum of a solution of this compound in 
porting electrolyte.‘4 methanol IS shown by the dotted line in Fig. 4. 

Macroelectrolyszs at 0.485 V. The spectral The spectrum shows shifts in the J_ values for 
results obtained were similar to those obtained trp and mercury, indicating that the two are 
for the electrolysis at 0.365 V m that the differ- bonded to each other. The visible spectrum of 
ence absorbance of nitrate increased during the the compound in methanol is shown as the inset 
electrolysis. Thus process C is also due to the in Fig. 6. There are two strong absorption peaks 
mercury-nitrate interactions. at 333 and 394 nm and a weak absorption at 

498 nm. 
Product analysis A comparative study of the infrared spectra 

A series of constant-potential macroelectroly- of the brown compound and trp (Fig. 6) reveals 
ses of 0.05mM trp in O.lM potassium nitrate the following features. The characteristic 
was conducted in order to collect the product, stretching frequency of the NH group of indole 
as follows. The electrolysed solution was re- at 3500 cm-’ is absent in the spectrum of the 
moved from the mercury and slowly evaporated compound, indicating strong association of 
to dryness at 60”. The solid left was repeatedly the indolyl nitrogen atom with mercury. The 
washed with cold doubly-distilled water to NH stretching frequency of the zwitterionic 
remove potassium nitrate and then with hot NH: group shows a minor shift of 30 cm-’ 

DPPH 
. 

Fig 7 EPR spectrum of compound obtamed from the macroelectrolys~s of trp m O.lM KNO, at the &A 
potential of 0.265 V Inset IS the FT-FIR spectrum of the compound DPPH IS d~phenylprcrylhydrazyl 
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from 3010 cm-’ to 2980 cm-‘. The stretching 
frequency of the carboxylic C=G group at 1730 
cm-’ is unaffected. The NH in-plane bending 
vibrations of the -NH2 or -NH: group 
at 1610 cm-’ are unchanged. Similarly, the 
carboxylic OH stretching at 1320 cm-’ is also 
not affected. These observations indicate that 
the mercury-tip bond is formed at the indolyl 
nitrogen atom and that other functional groups 
are not mvolved in the compound formation. 
The fingerprint region of trp between 1200 and 
600 cm-’ is structureless m the spectrum of the 
compound. Aromatic compounds in general 
show a strong absorption at 800 cm-‘. CH 
rocking mode vibration also occurs at 
800 cm-‘,20*2’ and trp does show a strong 
vibration at 800 cm-’ which is absent in the 
spectrum of the mercury derivative. This obser- 
vation and the minor shift of the zwitterionic 
-NH: stretching frequency indicate that the 
binding of mercury at the indolyl nitrogen atom 
affects the entire molecule. The compound does 
not show any absorption in the FT-FIR spec- 
trum (Fig. 7, Inset). 

The EPR spectrum of the compound is shown 
in Fig. 7. This spectrum is similar to that 
reported by Dalal et aL6 for the Hg+ (6s’) ion 
m irradiated mercuric acetate. However, in the 
present case, the multiphcities of the signals on 
either side of the reference (DPPH) do not 
coincide, indicating the amsotropic nature of 
the mercury-trp compound. 

The foregoing spectral data support the fol- 
lowing mechamsm proposed9 for the anodic 
dissolution of mercury in the presence of trp. 

Hg + 

G== 

coo- 

Q--7qJcop +H++B 

kl 
The brown compound was analysed for mercury 
[determined as mercury(I1) thionalide]22 and for 
nitrogen by the Kjeldahl method,23 and the 
N: Hg atomic ratio found was 2.001, in agree- 
ment with the formula C,, H,, N202Hg. The 
magnetic moment of the compound was 
measured by the Gouy method,” and a freshly 
prepared sample had a magnetic moment bR) 
of 1.87 BM. 

The brown compound decomposed on stand- 
ing, expelling fine droplets of mercury with 
decreased paramagnetism & of the decom- 
posed sample was 0.32 BM). This shows that 
Hg+ is unstable and dimerizes, followed by 
disproportionation, according to the following 
scheme. 

2Hg(trp)=2Hg+ + 2trp 

41 
Hg: +=H$+ +Hg 

CONCLUSION 

There has been a remarkable development in 
the chemistry of unusual oxidation states of 
mercury, leading to the identification of formal 
oxidation states of +0.67,25,26 and +0.35,27 and 
the study of the electrochemical oxidation of the 
complex [Hgcyclam]BF, in acetonitrile medium 
by Deming et a1.28 provided evidence for the 
existence of the Hg3+ ion. Electrochemical 
techiques have been extremely useful in the 
unravelling of unusual oxidation states of mer- 
cury. The present work is yet another example, 
and reports a method of electrochemically 
preparing a paramagnetic compound of mer- 
cury containing the Hg+ ion. Further investi- 
gation is in progress. 
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Summary-The protonatton of N-p-tolylbenxohydroxaarmc actd (p-TBHA) m aqueous hydrochlonc acid 
has been mvesbgated by determmatton of tts distnbution between cyclohexane and hydrochloric actd. The 
pK, value found was -2 30 f 0.02 at 30” The solubdity of p-TBHA as a functron of hydrochloric acid 
concentratton has also been determined At lower actd concentrations the soluhbty decreases owing to 
a saltmg-out effect, whereas at htgher concentrations rt increases because of formatton of the more 
hydrophtlic protonated species and a salting-in effect. Intramolecular hydrogen-bonding observed m 
p-TBHA provtdes evtdence for protonatton of the mtrogen atom. 

Substituted hydroxamic acids (HA), of general 
formula 

RI--N--OH 

-L Rz --o 

have been the SubJect of a large number of 
physicochemtcal studies, because of their wide 
applications in solvent extraction of metals.‘” 
Nevertheless, it is not clear how distribution of 
the hydroxamic acids between the organic 
and aqueous phases is affected by the acidity of 
the aqueous phase. These reagents might be 
expected to differ in solubility in different or- 
ganic solvents, and in their distribution between 
these solvents and aqueous phases, Another 
factor that may affect the solubility and distri- 
bution ratio, and also the metal-extracting prop- 
erties of these reagents in acid solutions is 
the formation of a protonated species 
(HA + H+ +H: A). 

In the present Investigation the distri- 
bution ratios of N-p-tolylbenzohydroxamic 
acid (p -TBHA) 

between various orgaz solvents and aqueous 
phases were determined, along with the effect 
of hydrochloric acid concentration on the solu- 
bility of p-TBHA. The protonation constant 
was also determined. 

ExF+ERIMENTAL 

Absorption spectra were recorded with 
a Zeiss Specord recording spectrophoto- 
meter, and l-cm path-length matched fused- 
silica cells. Fixed wavelength measurements 
were made on an EC model GS 865 spectropho- 
tometer. 

Pure p-TBHA was prepared by a procedure 
reported earlier.6 The chloroform used was 
shaken five or six times with equal volumes of 
water to remove the ethanol (present as preser- 
vative) and then distilled. A saturated solution 
of analytical grade ammonium metavanadate 
was prepared in distilled water. Analytical grade 
hydrochloric acid was used to determine the 
solubilities and distribution ratios, but for the 
extraction work C.P. grade acid was adequate 
because any iron(B) present in it did not 
interfere. Iron(I1) is Fe(II). Normally, HCl con- 
tains traces of Fe(I1) which interfere in the 
determination of Vanadium V, but in the re- 
verse determmation of p-TBHA by vanadium 
V, Fe@) does not interfere because vanadium V 
is taken in large excess. 

All other organic solvents (BDH, ana- 
lytical grade) were used without further purifi- 
cation. 

Measurement of solubility 

Saturated solutions were prepared in different 
solvents at the desired temperature, and suitable 
aliquots were used for determining the reagent 
content. 
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Table 1 Effect of solvents on the absorp- 
non maximum of p-TBHA m the ultra- 

violet 

Solvent 1211119m 

Water 245-260 
Ethanol, 95% 270 
Cyclohexane 278 
Carbon tetrachlorrde 279 
Chloroform 273 
Dtoxan 275 

Measurement of distribution ratio 

A known quantity of p-TBHA was dissolved 
in a known volume (lo-25 ml) of organic 
solvent and shaken vigorously with a known 
volume (25-100 ml) of water for 30-60 min. 
The volumes of the two solvents were chosen 
according to the magnitude of the distribution 
ratio. The phases were separated by centrifu- 
gation and analysed for p-TBHA spectrophoto- 
metrically with vanadium(V).’ 

For determining the distribution ratio of 
p-TBHA between cyclohexane and hydro- 
chloric acid, a rapid technique was adopted to 
avoid errors due to acid hydrolysis of the 
hydroxamic acid. It was observed that with 
suflIciently vigorous shaking equilibration be- 
tween the organic and aqueous phases could be 
achieved within 5 mm. 

Analysis of the phases 

The determmation of p-TBHA by its ab- 
sorbance m the ultraviolet gave unsatisfactory 
results because of the variation of its spectral 
characteristics with change in the solvent 
(Table 1) and with the acidity of its aqueous 

Table 2. Solubihty and dtstnbutton ratto of p-TBHA m 
dtfferent solvents at 25” 

Solvent 
Solubtbty, 

all D 

Water 025 - 
n-Hexane 10 3 85 
Cyclohexane 24 7.55 
Carbon tetrachlonde 183 62 
Methyl tsobutyl ketone 87 6 - 
Benzene 109 169 
Chlorobenxene 116 188 
o-Dtchlorobenzene 124 184 
Ethyl acetate 140 - 
Acetone 260 
Chloroform 375 665 

solutions. The p -TBHA concentrations were 
therefore determined spectrophotometrically 
with vanadium(V)’ which gives reproducible 
and accurate results. 

RESULTS AND DISCUSSION 

Spectrophotometric study 

The ultraviolet spectral characteristics of 
p-TBHA m various organic solvents are pre- 
sented in Table 1. It is evident that the position 
of the absorption band shifts according to the 
solvent used. 

In hydrochloric acid media p -TBHA hydroly- 
ses into the parent benzoic acid and N-p-tolyl- 
hydroxylamme, the latter being further changed 
into a variety of complex compounds. Hence 
the ultraviolet spectrum changes with time 
and direct spectrophotometry cannot be used to 
determine the concentration of p-TBHA m 
hydrochloric acid solutions. Figure 1 shows the 
effect of hydrochloric acid concentration on the 
ultraviolet spectrum of p-TBHA. 

nm 

x 1000 cm-’ 

Rg 1 Effect of hydrochlonc acid concentratton on the uhravtolet spectrum of fresh solutrons ofp-TBHA. 
[HCl], M* A, 0; B. 0.01; C, 3 and 6; D, 10 
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[H+] is not linear, so protonation alone cannot 
account for the increased solubility, so other 
factors such as salting-in may also be involved. 

[H’N, M 

The effect of hydrochloric acid concentration 
on the distribution mto cyclohexane is shown in 
Table 3. Cyclohexane was chosen for the study 
because of its favourable physical properties 
such as adequate difference in density from 
water, low dielectric constant and vapour press- 
ure, zero dipole moment and very low mutual 
solubllity with water. From Fig. 2 and Table 3 
it IS inferred that for the system ofp-TBHA with 
cyclohexane and hydrochloric acid the solubility 
and the distnbution ratio are constant up to 
about 2M hydrochloric acid concentration and 
then protonation increases the solubility in 
aqueous medium and decreases the distribution 
ratio. 

Rg. 2 Soluhhty of p-TBHA as a function of [HCI] 

Solvent extraction studies 

The degree of protonation is only 6.6% in 4M 
hydrochloric acid but 92% m 10M hydrochloric 
acid. 

The data presented in Table 2 show that of 
the solvents tested, chloroform gives the highest 
solubility of p-TBHA and water the lowest. 
n-Hexane and cyclohexane are poor solvents 
for p-TBHA. For purification of the reagent 
by recrystallization a mixture of benzene and 
petroleum ether of n-hexane has proved very 
effective. 

The distribution constant (I&) for the unpro- 
tonated reagent between the aqueous and or- 
ganic phases is defined by the equation 

K _ b-TBW, 
D - [p -TBHA], 

Solubdity and distribution ratio of p-TBHA as a 
function of hydrochloric acid concentration 

The distribution between cyclohexane and 
aqueous hydrochloric acid is affected by the 
protonatton reaction, and the distribution con- 
stant (D) is 

Figure 2 shows that the solubility of p-TBHA 
increases with increasing hydrochlonc acid 
concentration; this is due to protonation of 
p-TBHA in acidic solutions. The hydrophilic 
nature of the protonated species is presumably 
responsible for the enhanced solubility. How- 
ever, a plot of {([HA] + [H,+ A])/[HA]) - 1 vs. 

[P -TBHAl, 
D = [p-TBHA],, + [p-TBH:A], 

The dissociatton constant, p&, of p-TBH:A 
can be calculated from 

PK 

Table 3 Dlstrlbutlon data 

[HCU, M H: 
Fraction 

protonated, % D Dho 

4 -140 66 7.95 200 
5 -1 76 139 700 403 
6 -2.12 27 I 540 712 
7 -250 47.1 340 1075 
8 -2.86 67 1 1 96 1420 
9 -322 82 4 100 1660 

10 -359 91 6 0.45 1750 

K;,=898 Average pK, = -2 30 

-; 8876 
- 0 5484 
-0 1785 

0 2151 
0 5540 
0 9020 
I 2777 

PK, 

-229 
-2 31 
-230 
-229 
-2 31 
-232 
-2 31 

[HCU M 0 I 2 3 
D 7.55 9 20 9 20 9.20 
Fraction 

protonated, % - - 14 31 

*C H Rochester; Actdrry Functtons, pp 39 and 61, Academc Press, New York, 1970 
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where Ho is the Hammett acidity function; determination of the extraction coefficients of its 
the data are presented in Table 3. Kb is the metal chelates. 
distribution constant of p-TBHA between the 
organic layer and aqueous acid in the acidity Acknowledgements-The authors are indebted to UGC, 

region where appreciable protonation is occur- New Delhi for the financial assistance. 
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A knowledge of the protonation constant is 
of importance to explain the rate data of acid- 
catalysed hydrolysis of p-TBHA and also in 
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Summary-The reduchon of 2,6-drchlorophenohndophenol (DCPI) by sulphides and sulphttes has been 
stubed kmetrcally by the stopped-flow techmque. The reaction 1s first-order wtth respect to each of the 
reactants From the dtstnbuhon diagrams for the specres DHZ, DH and D- for DCPI and HsQ, HQ- 
and Q3- for sulphtdes or sulphttes, a mechamsm IS proposed whtch suggests partial reactions of all 
possible combmatrons of the reactmg species at any pH An equation for calculatton of the second-order 
reaction rate constants k at any pH IS denved, which gtves k as a fimctron of [H+], the parttal reactton 
rate constants and the dtssoctatton constants of DCPI and H,S or HrSO, Values of the overall reaction 
rate constants over a wtde pH-range have been determined, together wrth values of k for all possrble 
partral reacttons For particular pH-values the second-order reaction rate constant was determmed by four 
different methods Mean values of k = 251& 1 and 240 f 11 mole-‘. set-’ were obtamed for pH 3 15 and 
4.17, respectrvely, for the DCPI-NqS reaction and k = 137 & 1, 127 f 1 and 136 f 11 mole-‘.sec-’ for 
pH 2 02, 4 25 and 5.10, respechvely, for the DCPI-Na,SO, reaction From the slopes of the linear 
Arrhemus plots acttvatton energtes of 6 6 f 0 2 and 4 0 f 0 1 kcal/mole for the DCPI-Na,S and 
DCPI-Na,SO, reacttons, respecttvely were calculated The effect of tonic strength on the reactions 
supports the proposed mechamsm 

The main chemical method for determination of 
ascorbic actd in biological samples is the 2,6- 
dichlorophenolindophenol (DCPI) method.’ Its 
simplicity and the relatively close correlation 
with the results of biological assays have led to 
its extensive use. Both the equilibrium and 
reaction-rate procedures are widely employed.2 
The method works well for colourless fruit 
juices but has serious drawbacks when other 
reducing substances such as thiols, hydrogen 
sulphide, thiosulphates, dithionates, cysteine, 
homocysteine, reduced glutathione and metal 
ions in lower oxidation states (e.g., Fez+, St?+, 
Cu’) are present.ss 

Of these interferents, hydrogen sulphide and 
thiols are of special interest because any dehy- 
droascorbic acid present is measured as ascorbic 
acid after its reduction by hydrogen sulphide 
and removal of the excess of reductant. Quinols 
and thiols may also be formed by hydrogen 
sulphide reactions with the sample, and interfere 
with the dye reduction. Thiols reduce DCPI at 
a rate that depends on PH.~ 

Attempts to suppress the interference by 
thiols have been made,3*5*7 the first by formation 
of complexes of the interfering substances and 

*Author for correspondence. 

formaldehyde, the second by the use of p- 

chloromercuribenzoic acid, and the third by use 
of mercuric acetate to precipitate some of the 
interfering substances, but all are time-consum- 
ing and add more steps to the method. Further- 
more, complete removal of hydrogen sulphide 
and/or thiols is not ensured. 

Despite the voluminous literature on modifi- 
cations of the 2,6-dichlorophenolindophenol 
method to avoid such interferences, many basic 
questions remain, some of which have already 
been studied” or are under investigation.g 

In this paper a kinetic and mechanistic study 
of the DCPI reduction by hydrogen sulphide 
and sulphurous acid over a wide pH-range is 
presented. The results are a good basis for 
optimization of the reaction pH, and correction 
of the errors due to these interferences, and the 
rate constants reported may be useful in other 
investigations. 

EXPERIMENTAL 

Reagents 

All solutions were prepared in distilled water 
from analytical-reagent grade reagents without 
further purification. 

Bu$er solutions. The buffer solutions used 
were based on 0.2iU potassium chloride and 

TAL 38,9--F 1019 
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hydrochlonc acid for pH 1.0-2.2, O.lM potass- 
mm hydrogen phthalate and hydrochloric 
acid or sodium hydroxide for pH 2.2-6.0, 
O.lM potassium dihydrogen phosphate and 
sodium hydroxide for pH 6.0-8.0 and 0.025M 
borax and O.lM hydrochloric acid or sodium 
hydroxide for pH 8.0-9.5. 

Data treatment 

For the generalized reaction scheme 

Dox+Q,h+Q, (1) 

Sodium sulphide solution. An approximately 
0.05M solution was prepared daily with freshly 
distilled water, standardized by titration with 
iodine solution,” and diluted further with the 
appropriate buffer as required. 

absorbance (A) vs time (t) was recorded, with 
variation of parameters such as pH, reactant 
concentrations, temperature and ionic strength. 
D and Q denote DCPI and sulphide or sulphite, 
respectively, the subscripts ox and r representing 
the oxidized and reduced forms. 

Sodium suiphite solution. An approximately 
0.05M solutton was prepared daily with freshly 
distilled water, standardized by titration with 
potassium iodate,” and diluted further with the 
appropriate buffer as required. 

DCPI solution. A stock solution 
(N 7.5 x 10d4M) was prepared in distilled water 
containing 210 mg/l. sodium bicarbonate, and 
further diluted with 210 mg/l. sodium bicarbon- 
ate solutton as required. The stock solution was 
standardized by titration with freshly prepared 
ascorbic acid solution, and also spectrophoto- 
metrically at 522 nm, the isosbestic point. The 
molar absorptivityn at 522 nm is 8600 
1 .mole-’ .cn-‘. 

The Guggenheim methodi was applied to 
determine the observed reaction rate constants, 
kob. Since the reductant concentration (c,) was 
always much higher that that of DCPI (cd), the 
condittons were pseudo first-order and the kob 
was equal to kc,. The initial slopes RA were 
determined graphically from the reaction 
curves. 

From the values of k, and the initial slopes 
RA given by the equation 

Apparatus 

R A = - (dA /dt),, = dJkCq Cd (2) 

the second-order reaction rate constants k were 
calculated by applying four different techniques 
described in detail elsewhere.* The calculated 
constants given in the tables are symbolized as 
k,, klr, kll, and k,“, corresponding to the four 
evaluation methods I-IV. 

A Durrum Model D-l 10 stopped-flow spec- 
trophotometer was used; the course of the reac- 
tion was displayed on a Textromx 5103N 
storage oscilloscope and photographed with a 
Polaroid camera or recorded on a Houston 
Instrument Omnigraphic 2000 recorder. The 
path-length of the measuring cell was 2.0 cm. 
The experimental arrangement ts described in 
detail elsewhere.2~13 

RESULTS 

E#ect of pH 

Figure 1 illustrates the dependence of k on pH 
for the DCPI-NarS (a) and DCPI-Na$O, (b) 
reactions. 

Eflect of reactant concentrations 
A Radiometer pH M 83 Autocal pH-meter 

was also used. 

Procedure 

The stopped-flow spectrophotometer was 
calibrated for 0 and 100% transmittance 
with the reductant solution in the obser- 
vation cell. All measurements were made at 522 
nm. 

The second-order reaction rate constants at 
various pH-values and 25” were determined by 
four evaluation techniques, with one reactant at 
constant concentration and that of the other 
varied. 

The concentrations given in the figures and 
tables are the initial concentrations in the 
reacting mixture. 

Table 1 gives all the elements for the calcu- 
lation of the second-order reaction rate constant 
for the DCPI-sulphite system at pH 3.15 and 
pH 4.17 by the four different methods men- 
tioned above. Table 2 gives the corresponding 
information for the DCPI-sulphtte system at 
pH 2.02, 4.25 and 5.10. 

In all experiments the analytical concen- The linear dependence of kob and RA on the 
tration of sulphide or sulphite was held much initial concentration of the reductant, when cd 
higher than that of DCPI in order to create remains constant, suggests first-order kinetics 
pseudo first-order conditions. wtth respect to the reductant. Also, the propor- 
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I I I I I I 
2 4 6 8 10 

PH 

Frg 1 Dependence of the second-order reaction rate con- 
stant on pH for the reachon of DCPI with Na,S (a) and 
Na,SOj (b) [DCPI],, = 1 57 x 10-5M, [Na,S], = 6.30 x 

IO-‘it4, [N+SOJO = 5 00 x IO-‘M, temperature 25°C 

tionality between RA and the initial concen- 
tration of the dye, for constant cq, and the 
observed constancy of kob within experimental 
error, indicate first-order kinetics with respect to 
DCPI. 

Effect of temperature 

Arrhenius plots of -log kob us. l/T, and 
log R, vs. l/T, where T is the absolute tem- 
perature, showed the activation energy to 
be 6.6 + 0.2 and 4.0 f 0.1 kcal/mole for the 
DCPI-Na,S and DCPI-Na2S03 reactions, 
respectively. 

DISCUSSION 

The dependence of the reaction rate constant 
k on pH can be explained, at least qualitatively, 
by assuming the following mechanism for the 
reduction of DCPI by Na, S and Na,SO, . At 
each pH value the reductant exists as a mixture 
of three species (H,Q, HQ- and Q2-) with 
stepwise ionization constants &, = 1.07 x lo-’ 
and Ko2 = 1.26 x lo-” for the H,S and 
K& = 1.3 x 10m2 and h2 = 6.17 x lo-’ for 
H2S03.16 DCPI also exists in three states. [DH$, 
DH and D-) with stepwise ionization constants 

Kn, = 0.3 and Ku2 = 2.69 x 10V6.” Figures 2 
and 3 show the distribution diagrams of the 
H,S-DCPI and H2S03-DCPI systems, respect- 
ively. From these diagrams it is evident that the 
overall reaction is a sum of the component 
reactions between the various species of reduc- 
tant and DCPI, m all possible combinations 
whenever they co-exist. 

Table 4 shows all possible combinations of 
the reacting species and the corresponding reac- 
tion constants according to the general scheme 
given in equation (1). The arrows in Figs. 2 and 3 
show thedifferent pH rangesand the reactioncon- 
stants for the component reactions k, (i = l-9). 

Taking these considerations into account, the 
overall reaction rate constant k can be derived 
theoretically and expressed as a function of (i) 
[H+], (a) the ionization constants KDI, KD2, 
K,, , 1yQ2, and (iii) the reaction constants of the 
component reactions k, (i = l-9). 

For the DCPI-Na,S reaction the overall reac- 
tion rate constant is given by equation (3), and 
for the DCPI-Na,SO, reaction by equation (4). 

k 

k 

[H+l+k +k KDz +k &2 +k &KDZ 

’ 
--- 

V-I+1 8 P+l 9 [H+]’ 

I[ 1 + P-I+1 + KQZ 

- - KQ, [H+l 1 

(3) 

(4) 

Efect of ionic strength Details for the derivation of equations (3) and 
The effe& of the ionic strength Z on k and RA (4) were given earlier.’ 

for the reduction of DCPI by Na, S and Na, SO3 To calculate the values of the partial reaction 
was studied by addition of known amounts of rate constants, shown in Table 5, the overall 
Na,SO, to the reacting mixture. The results are reaction rate constant was measured in specific 
given in Table 3 and show that a change in ionic pH ranges where only one or two of the reac- 
strength has only a small effect. tions take place in parallel. 
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Table 3. Effect of ionic strength on the reactron rate constant k and the Initial rate 
R,- [DCPII, = 1.57 x 10-5M, temperature 25°C; [Na,Sb = 5.50 x IO-‘k4, pH = 5.4; 

[Na,SO,b = 5.11 x lo-‘k4, pH = 4.0 

Na,S Na, SO, 

I k, l.mole-’ see-’ 4, A/set* k,l.mole-’ set-’ RA, A/see* 

0 393 0.038 127 0.0173 
024 414 0.040 128 0.0177 
048 398 0 037 135 0 0187 
0 72 440 0.043 139 0.0193 
1 20 489 0.047 148 0.0205 
1 80 524 0.051 163 0.0223 

*A/see = absorbance change per second. 

The theoretical curves for the dependence of 
the overall reaction rate constant on pH, derived 
from equation (3) or (4) as appropriate, and the 
values of k,, are drawn as solid lines in Fig. 1 for 
the DCPI-Na,S (a) and DCPI-Na,SO, (b) reac- 
tions, respectively. The experimental values fit 
the theoretical line satisfactorily. 

The type of hydrogen-ion dependence of the 
DCPI-Na,S reaction is observed in reacting 
systems where the following conditions are met: 
(1) there are more than two species governed by 
protolytic equilibria, (2) all the species are pre- 
sent in comparable concentrations, (3) all the 
species are reactive and (4) the middle species is 
the least reactive. I8 For the oxidation of H2S 
with DCPI, all these conditions are satisfied, 
DH,+, DH and D- being present m comparable 

concentrations and the rate constants 
(1 .mole-’ . EC-‘) are k, = 9669, k2 = 240 and 
k3 = 499. Thus the shape of the curve (a) in 
Fig. 1 is understandable. The minimum of this 
curve can be obtained by differentiation of 
equation (3) with respect to v+]. Omitting the 
term k,(K&H+]) as negligible in this pH 
range, the first derivative obtained is: 

dk k, 1 --_=--- 
d[H+l &, [H+l’ 

(k3 &u + k&, 1 (9 

Because the second derivative 

d2k K 
d[H+]2 = 2k3 [H+]3 A+2kS- KQI 

[H+]’ (6) 

is positive, the dependence of k on pH has a 
minimum. 

‘*O H2Q ’ 
1’ 

/I 
00- 

\ I 
1 I 
I /DH 

u 
n 06-i / 

6 \I 

i 
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/I 

k 04-l’ 
I ’ 

; ‘1 

1 
\ 
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02- \,DH2+ 
\ 
\ 
\ 

:._ 

0 2 4 6 8 10 12 14 

PH 

Fig. 2. Distribution diagrams for mrxtures of species resulting from DCPI @Hz, DH, D-) and sulphide 
(HrQ, HQ-, Qr2-), as a function of pH. 
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PH 

Rg 3 I)lstributlon diagrams for nuxtures of species resulting from DCPI (DH,+, DH, D-) and sulplute 
(H2Q, HQ-, @-), as a function of pH 

If the first derivative is set equal to zero, 
the [H+] value for the mimmum of curve (a) in 
Fig. 1 is obtained* 

= 2.24 x 10-4M (7) 

This value (pH = 3.65) is in good agreement 
with the experimental value of pH = 3.50. 
For this [H+],, , k,, = 243 1. mole-’ . set-’ was 
calculated by using equation (3). 

For the DCPI-Na,SOS reaction the log k us. 
pH curve shows four distinct regions. 

(a) pH cT2.5. Since in this pH-range the 
species DHZ and DH of DCPI and H,Q and 
HQ- of the reductant predominate, four partial 
reactions take place, with reaction rate con- 
stants k, , k2, k4 and k5 (Table 4). Also, because 
the relations 1 + [H+]/K& B &/[H+] and 1 + 

[H+]/K,, p KDz/[H+] are valid for this pH- 

range, equation (4) finally gives 

k = k, [H+ I2 + (k&n, + k&o, NH+1 + k&h1 
[H+12 + (K,,, + &,)I.H+] + Kn&l 

(8) 

The sigmoid form of curve (b) in Fig. 1 in this 
pH-range indicates that there are at least two 
protonated forms of a reactant present and that 
the fully protonated form is the most reactive. 
Consequently, the reaction between the species 
DH: and H2Q is much faster (k, = 619 
1 .mole-’ .sec-‘) than that between DH and 
H2Q (k, = 57 1. mole-‘. see-‘). 

(b) pH 3.5-6.0. In this pH-range the species 
DH and D- of DCPI and HQ- of Na2S0, 
co-exist. Consequently, kS and k6 are the rate- 
determining factors. Because of the validity of 
the relations 1 + Kn2/[H+] % [H+]/KnI and 

Table 4 Possible combmations of reactions between species 
of DCPI and Na,S or Na2S03, and the correspondmg 

pamal reaction rate constants 

HS- H SO HSO,- SO:- 
(i;:, (HQ-) t&Q; O-IQ-1 (4’3 in this pH-range, equation (4) simplifies to 

k = MH+l + k&z _ k 
[H+l+KD, ' 

or k 
' 

(9) 



Interference in detenninahon of ascorbx acid 

Table 5 Second-order reachon rate constants k (at 25°C) for different 
combinations of reactmg species shown m Table 4 

Pamal rate constants, k, 

Readon k, kz 5 t k, k6 k, ks 

DCPI-Na, S 9669 240 499 - 2348 899 - 
DCPI-Na, SO, 619 57 - 1800 128 131 1048 3- 

Table 6 Interference of sulphde and sulphlte m the kmetz detemunatlon of ascorbic acid 
(Asc AC) [DCPTI, = 109 x 10d5M, temperature 25°C 

[Asc Acb, IO-‘M k,,,sec-’ 
[Qlo > 

Reacuon PH 10-‘&f Taken Found* Correctedt Theor. Exptl 

DCPI-Na, S 150 500 125 1 36 1.25 6 968 6960 
570 500 100 141 100 0 786 0 783 

DCPI-Na,SOj 5 60 
5.86 

:: :: 1 12 100 0 626 0.626 
2 62 2.51 0.790 0 794 

*Without correction for the interference of sulphlde or sulphlte 
tCorrected for the Interference of sulphlde or sulphltes, by using the values of k gven m this 

1025 

work 

Because k5 and k6 have almost the same value 
(Table 5), the reaction rate constant of the 
overall reaction reduces to k, or k6. 

(c) pH 6.0-9.5. In view of the partial 
reactions which take place in this pH-range 
and the validity of the relations 1 + K,,J[H+] 
B [H+I/Kn, and 1 f K&/[H+l & [H+l/&, in 
this pH-range, equation (4) gives 

(10) 
As already explained for the range pH O-2.5, 

the most reactive species in this case is DH. 
(d) pH >9.5. At pH-values higher than 9.5 

only the species D- and SOi- predominate, and 
owing to the validity of the KoJ[H+] & 1 
+ W+l/& and Kn,/[H+l B 1 + [I-W&, , for 
this pH, equation (4) gives k = kg. 

The simplifications above were applied by 
taking into account the inequalities Ko, $ Koz 
and Kn, B KD2. 

Assay of ascorbic acid in the presence of sulphide 

On the basis of the known dependence of 
the reaction rate constants of the ascorbic 
acid-DCPI reaction on pH,1g*20 and taking 
into account the results above, a kinetic deter- 
mination of ascorbic acid (Asc.Ac) in artificial 
mixtures containing known concentrations of 
sulphide was undertaken at different pH-values. 
The theoretically predicted reaction rate con- 
stants were calculated and compared with 
the experimentally determined values for the 
mixtures. The results are shown in Table 6. 

From the rate constant k,, = 4 x lo4 
l.mole-‘.sec’ reported earlier,lgsO and 
kHzS = 243 1 .mole-’ .sec-’ found in this work 
for pH,,,, = 3.50, it can be estimated that for 
equimolar concentrations the error due to the 
hydrogen sulphide interference is less than 
0.6%. 

Assay of ascorbic acid in the presence of sulphite 

At low pH-values (pH l-2) no interference 
by sulphites is observed, because the ascorbic 
acid reacts much faster than sulphite does 
with the DCPI. At higher pH-values, because 
the reaction rate constant of sulphite is com- 
parable to that of ascorbic acid, the interference 
is serious, especially at high concentrations 
of sulphite and low concentrations of vitamin C. 
The experimental results are shown in Table 6. 

All the results shown in Table 6 reveal that 
pH-control is very important for minimizing the 
interfering effect of sulphide or sulphite in the 
kinetic determination of vitamin C. As can also 
be seen from Table 6, correction of the observed 
rate constants for the contribution of the sul- 
phide or sulphite by use of the values of k given 
in this work, reduced the error m the determi- 
nation of ascorbic acid at very low levels. 
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THE RAMESES ALGORITHM FOR MULTIPLE 
EQUILIBRIA-V. ERROR STATEMENTS 

B. W. DARVELL and V. W.-H. LEUNG 

Dental Matenals Science Umt, Umverstty of Hong Kong, Prmce Phtlrp Dental Hospital, 
34 Hosprtal Road, Hong Kong 

(Recerved 9 November 1990 Rewed 28 January 1991 Accepted 6 February 1991) 

Summary-The equahons of multtple eqmhbrta systems can be expressed succmctly in matrrx algebra 
terms Thts IS the basis of the RAMESES algonthm for the solution of those equahons. Thrs matnx 
algebra leads directly to the dtfferenhal equattons for the mterdependence of the vector vartables of specres 
concentratton, component concentratton and equthbnum constants, wtth or w&out certain constraints 
The laws of propagation of errors then gve an immediate expression of the covanance matrtx for the 
dependent vector 

In view of the fact that any set of equations 
representing an equilibrium is a model, and one 
which is necessarily only as good as its assump- 
tions, the calculation of the errors associated 
with results is of immediate interest. This is 
not an easy proposition for anything other 
than the simplest of systems, due to the non- 
linearity, non-homogeneity and interdepen- 
dence of the set of equations which then require 
elaborate iterative methods of solution to be 
employed.’ 

The RAMESES algorithm’4 arises from a 
statement of the problem in matrix algebra 
terms, and it is this expression of the equations 
that permits direct statements of all relevant 
errors. The present purpose is to set out the 
method of the derivation of these error state- 
ments, to tabulate a number of results and to 
give an example. In referring to the original 
reports, equation numbers will be identified 
by prefix. e.g., 1.5 refers to equation (5) in 
Ref. 1. 

Errors can arise in source data, predeter- 
mined quantities, or in experimental measure- 
ments. Whenever speciation is either the focus 
of a study or crucial to an interpretation, the 
significance or reliability of the results should be 
assessed by reference to the errors of the esti- 
mates. It is therefore somewhat surprising that, 
given the large amount of work that has been 
done on solving the equations of equilibrium, 
recognition of the value of the calculation of 
errors has arisen only once.5 (It is important 
to distinguish between errors in the values 
of variables and those of the solution in the 

sense of tolerance. The latter can, in principle, 
be reduced to near zero, limited only by 
the precision of the machine/language, by sufh- 
cient iterations.) Thus, in addition to those 
reports previously discussed (with the exception 
of the two mentioned below),i4 accounts of 
COMPLEX,6 MINEQL; ITERAT: COM- 
PLX,9 CHEMEQUIL-2,” IONPRODUCT,” 
and algorithms from Dudley and Coray” and 
Park,‘) all failed to consider errors. Similarly, 
three substantial reviews of such programs’G’6 
failed to recognise this omission and made no 
mention of the effect of any errors or of their 
calculation. 

The question seems first to have been men- 
tioned in the context of the program ES4EC as 
a practical requirement of such calculations,5 
and expressions were given for the error (vari- 
ance) in each solution species concentrations 
due to errors in both ‘analytical’ concentrations 
and formation constants. A later implemen- 
tation” only mentions the derivatives of ‘free’ 
(independent species, in our terminology’*3) and 
analytical concentrations with respect to for- 
mation constants and analytical concentrations. 
These derivatives were expressed in terms of 
summations of individual derivatives, obtained 
one by one, and as such they were unable to 
incorporate the covariance terms of the input 
error dam5 This limitation may be serious, but 
even so, the notation used does not lend itself to 
a clear visualization of the underlying algebra. 
It is the present intention to allow clear and full 
error statements and to provide the basis for 
more flexible calculations. 

1027 
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NUMERICAL METHOD 

There are just three sources of error to be 
considered in such systems of equations: (1) 
most obvtously in the values of the logarithmic 
equihbnum constants themselves, L; (2) in 
the (‘analytical’) component totals, T, whether 
they are errors of analysis, weighing, or dilution; 
and (3) in the expenmentally determmed 
concentrations of species, X,, as by a specific 
ton electrode (pH m particular) or any spectro- 
scopic technique (such as n.m.r.). We may thus 
enquire about dX/dL, aX/aT, dT/dX,l,, 
aXB/ 8 X,) T and so on, as well as the log(concen- 
tration) equivalents where 8X is replaced by aP 
m the foregoing. We proceed by first introduc- 
mg the notation to be used. 

The vector partial differentiation operator, V, 
differentiates one vector, A(a x l), wtth respect 
to another, B(b x l), and is to be understood as 
implying the following form: 

V(A,B)+ 

aA,. aA, 
aJ% ‘zig, 

. . . . . . . 
aA,* aA, 
aB, “a&, 1 (1) 

I_ 

where the resulting partial differential matrix is 
(a x b). The generalised inverse or matrix recip- 
rocal operator ret is defined by:18*‘9 

m(A) = (AT A)-’ AT (2) 

where A 1s (r x c), r 2 c, and superscript T 
means ‘transpose’ so that 

rec(A)A = I (3) 

Otherwise, wtth A(r x c) but r < c, 

m(A) = AT(A. AT)-’ (4) 

A m(A) = I (5) 

The ret operator is convenient because, while 
V(A, B) may be directly obtainable, V(B, A) may 
not be. It is to be expected that 

aA aB 
VJA, O)V(B, A) = aB aA = I (6) 

where V(B, A) is (b x a). This product is defined 
when a 5 b. If a = b 

V(B, A) = rec(V(A, B)) = V(A, B)-’ (7) 

For convenience, we define the matrix 
exponential operator exp such that for A 

and B, both (a x b), B = exp(A) is to be 
read as 

B,, = exp(A,), for all I, J (8) 

Thus, the vectors of interest now are related, for 
concentrations, X, by 

X = exp(P) (9) 

and for equilibrium constants, K, by 

K = exp(L) (10) 

[c.J equations (1.5) and (1.4)]. We also use the 
‘diagonalised vector’ matrix, AD@ x a), as be- 
fore,“ where 

AD = diag(A) (11) 

[see equation (4.3)]. Use is then made of identi- 
ties of the form 

ax,=aexp(P,) 
= exp (P, )ap, 

=x,ap, 

so that we may write 

ax=xDap (12) 
where the use of the diag operator preserves the 
element by element multiplication. Similarly, we 
obtain 

aP=(xD)-*ax (13) 

The inverses of equations (12) and (13) are also 
valid, for example allowing us to write 

& = &KD)-’ (14) 

We give an example of the method by first 
noting the basic equations. The fundamental 
expression of the equilibria and the partition 
which permits solution’ 1s: 

L=CP (15) 

= C,P,+C,P, (16) 

where C is the matrix of coefficients.’ The 
component sums, S, are obtained from 

S=MrX (17) 

= M,TX, + M;Xg (18) 

where S E T at the exact solution of the entire 
system of equations, when the charge error 
A = 0 [equation (2.1311, and where M,, MB and 
M are defined at equations (3.9)-(3.11). [S is 
now written as a vector, for uniformity of style, 
see equation (1.12)]. 
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We have immediately from equation (15) 

(19) 

as BP/aP = I by definition. It then follows by 
virtue of equation (4) that 

ap 
~=rec(c) 

This is a result of some interest in that the 
full effects of errors in all equilibrium constants 
may be determined directly, and including their 
interactions, although without regard to main- 
taining sums. Equally, from equation (17) we 
have 

ax 
as = ret (MT) (21) 

which shows the effect of component concen- 
tration changes, albeit without maintaining 
equilibrium through L. 

The partition of equation (16) yields 

!$++,,!P$ 
A A A 

so that fixing PB we get 

aL -= 
I apA pB 'A 

and likewise 

aPA - =rec(C,) 
aL pB 

(22) 

(23) 

(24) 

This approach may be followed for the remain- 
ing differentials derived, as appropriate, from 
either equation (16) or (18). Indeed, it follows 
that any other partition of equation (15) or 
(17) may be used as needed; the particular 
advantage of the generalized inverse is then 
apparent. However, care must be taken in 
algebraic manipulation since only one of 
equations (2) and (4) can be valid if r # c, and 
no valid direct inversion of an expression may 
be possible, hence, another route must be 
sought. 

To take the process a stage further, it must be 
recognised that there are effectively four vector 
variables: L, S, PA, Pa (or their cognate non- 
logarithmic equivalents). The purpose now 
is to construct a set of partial differential 
equations which take one such vector as being 
tixed and require information from equations 
(15) and (17). It may be noted that fixing two 
such vectors, equivalent to the constraint of 
charge balance [equation (1.10) or (2.1311, 

sets all V(A, B)),, = 0, as the system is then 
fully defined. In a sense, charge balance is the 
one degree of freedom which is allowed in 
developing the following results, and this 
operates in the one unreferenced concentration 
vector. 

Then, equation (18) can be rearranged and 
expressed as: 

exp(P,) = S - M,Texp(PB) (25) 

dropping MX = I [equation (3.1 l)]. Then 

aexp(P,) as aextipd 
aL YE- MBT aL (26) 

Holding S constant and expanding [equation 

(1211: 

(27) 
XDaP~ apB 

GE, 
= -M;X;---- 

aL s 

ah apB 
aLS I = -(X f: )-‘M,‘XpBLs (28) 

From equation (16) 

~=ci’(gcA~) (29) 

so that substitution from equation (28) gives 

aPB 

-Zs = cBII + C,-lC,(X~)-'M;X;~ (30) 
S 

= Ca’ - MB(X,D)-‘M;X,D---- 
aL s 

(31) 

= C,‘p + MB(Xi)-‘MgXi]-’ (32) 

Then, using the results of identities (12) and 
(14), the following related result can be written 
down immediately: 

axB 

xc, = X:C,‘p + M,(Xf)-' 

x M;X;]-‘(KD)-’ (33) 

In view of the ease of writing down any of the 
non-logarithmic forms, as exemplified by 
equation (33), and as the reciprocal differentials 
are obtained directly by the use of the ree 
operator given at equations (2) and (4), only the 
basic twelve results of Table 1 need be tabulated 
for any other result to be readily obtained. Even 
so, care is required in applying the transform- 
ations since the ree operator is subject to rules 
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Table 1. Summary of prmclpal results Equations (1) and (2) 
are denved from text equations (15) and (17) respectwely, 
(3)-(S) from text equation (la), (6x8) from text equation 
(18); and (9x14) from text equations (16) and (18) com- 

bined. For explanation of the notation, see text 

V(P, L) = ret(C) 

V(P, S) = rec(M’XD) 

V(P*,L)I,=reG) 

V(P,,L)I,,=C;’ 

V@‘,,P,)I,=M, 

V(P,,S)I,=(X%’ 

V(Ps 9 S) I PA = =@GW 

VU’,, P,)I,= -Or:)-‘M;X,D 

V(P,,L)(,= -(MTXDM)-‘M;X;C<’ 

V(P,, L)I, = p + M&X:)-‘M;Xa-‘C,’ 

V(S, L) I pA = M,TX; C, ’ 

V(S, L) I R = xi MC, ) 

V(S, Pa) IL = MrXDM 

V(S, Pa) I ‘ = -Xi ree(C,)C, + M;X,D 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

of precedence. Thus, for A(r x c), B(c x c), the 
following is valid: 

rec(AB) = B-i me(A), r 2 c (34) 

and for A(r x c), B(r x r), 

ree(BA) = ree(A)B-‘, I I; c (35) 

whereas the left hand side of neither equation 
(34) with r 5 c, nor equation (35) with r 2 c, has 
a valid simple equivalent. It is necessary there- 
fore to apply the logarithmic/exponential trans- 
formation before the overall inverse is taken. 

The results of Table 1 may be converted to the 
corresponding forms in L’ and C; [equations 
(3.4)-(3.9)] simply by symbol substitution, 
noting only that C; = I. 

In passing, it may be noted that equation (13) 
of Table 1, and its non-logarithmic equivalent, 
are the bases of the Newton-Raphson ap- 
proaches to the solution of an equilibrium sys- 
tem discussed at equations (4.1) and (4.2). 

It only remains to apply the above results to 
the determination of errors. If we are given the 
errors in the vector with respect to which 
the differentiation has been done in the form 
of the covariance matrix a*(B), which is (b x b), 
the errors in the dependent vector a’(A), 
(a x a), are given directly by the following law 
of propagation of errors:i9 

a2(A) = V(A, B)a*(B)V(A, B)r (36) 

The additivity of variance is also valid for error 
propagation: 

a*(A) = a*(B) + u*(C) + u*(D). . . (37) 

so long as all u* are of the same size and those 
on the right hand side are mutually indepen- 
dent. We can therefore construct an augmented 
differential matrix, for example 

- = F(P,L) I VP, S)l 
a(Lls) 

(38) 

and use this with the augmented error matrix 

uw, S) = ~2~~u~s)] (39) 

But combining equations (38) and (39) accord- 
ing to equation (36) is equivalent to writing 

02(P) = V(P, L)&(L)V(P, L)r 

+ V(P, S)u2(S)V(P, SY (40) 

Thus, m computational terms, the augmented 
matrices at equations (38) and (39) do not 
actually need to be constructed in computer 
memory as such so long as the off-diagonal 
submatrices are null. 

EXAMPLE 

A simple example will suffice to illustrate 
the implementation of the above results: phos- 
phoric acid m water. The non-logarithmic 
equivalent of equation (38) will be solved. The 
basic data for this system has already been 
given,’ but we now have to choose to consider 
a concentration of lo-‘M [PO,] which is almost 
pH 5. So, given 

x= 

PO:- - 

H+ 

OH- 

Hz PO; 

HPO:- 

H3PO4. 

= 

2.93E- 15’ 

l.OOE-5 

l.OlE-9 

9.92E - 6 

6.23E-8 

1.41E-8 

K= 

1 1 0 o-1 0 

C= [ 0 10 -1 

1 0 

011 0 0 0 

010 1 0 -1 I 
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we obtain the following results: 

6.20E - 3 4.65E-8 -5.82E-9 -7.93E- 19 

3.62E- 12 6.12E-3 9.97E+O 2.79E-9 

-3.62E-16 -6.13E-7 9.95E+4 -2.79E- 13 

- 1.83E- 12 -6.20E-3 3.68E-4 2.82E-9 

-3.39E- 14 9.87E - 1 -6.18E-2 4.41E- 13 

2.47E- 15 -2.19E-7 l&E-2 - 1.99E-6 

5.71E- 1 -2.14E-1 

-2.14E- 1 1.43E- 1 

v(x, S) = rec(lW) = 
2.14E-1 -1.43E-1 

1.43E- 1 7.14E-2 

3.57E- 1 -7.14E-2 

-7.14E-2 2.14E- 1 

Then 

W, L 1 S> = [WC K) 1 V, VI 

In the absence of actual data, only guesses can be made at error values. So taking the standard 
deviations of the values of K to be f 1 least significant digit, and arbitrary correlations between 
them with r = kO.75; standard deviations of S are assumed to be 1% of the total, and the 
correlations r = -0.20. The input covariance matrix IS then: 

- l.OOE-30 -7.50E-26 7.50E 33 - -7.50E-21 

-7.50E-26 1 .OOE - 20 -7.50E-28 7.50E- 16 

7.50E - 33 -7.50E-28 1 .OOE - 34 -7.5E-45 

-7.50E-21 -7.50E- 16 -7.50E-45 l.OOE- 10 

0 0 0 0 

0 0 0 0 

So that 

a2(X)=V(X, LfS)a*(L,S)V(X,Lp)T= 

- 4.21E-15 - 1.79E- 15 1.79E- 15 6.43E 16 - 

-1.79E-15 7,86E- 16 -7.86E- 16 -2.14E-16 

1.79E- 15 -7.86E- 16 7.86E - 16 2.14E- 16 

6.43E- 16 -2,14E- 16 2.14E- 16 2.14E- 16 

2.43E- 15 - l.lOE- 15 l.lOE- 15 4.29E - 16 

0 0 . 

0 0 

0 0 

0 0 

l.OOE- 14 -2.OOE- 15 

-2.OOE- 15 IJOE- 14 . 

2.43E - 15 -1.14E-15 

-l.lOE-15 5.71E- 16 

l.lOE- 15 -5.71E- 16 

4.29E - 16 8.69E-24 

1.43E- 15 -5.71E- 16 

L-1.14E-15 5.71E- 16 -5.71E- 16 8.69E-24 -5.71E- 16 5.71E- 16 



1032 B. W. DARVELL and V. W-H. &lJNG 

DISCUSSION 

Although the example given above is artifi- 
cial, in that the errors in S were deliberately 
large, it illustrates a point which may, in the 
absence of such a calculation, pass unnoticed. 
The calculated standard error of the concen- 
tration of the ion PO:- is, from the first element 
of a2(X), about ME- 8, rather larger than the 
calculated concentration itself, the first value of 
X. Essentially, the interpretation must be that 
the sensitivity of the concentration of PO:- is so 
great that nothing can usefully be said about its 
value m the face of the input uncertainties. The 
interpretation would perhaps be easier if the 
calculation were of errors in log(concentration), 
when potentially negative concentrations would 
not be implied, but rather, a large range in the 
power of ten multiplier. Nevertheless, the 
danger in basing conclusions on such a calcu- 
lated concentration is plain: the input data is 
simply too imprecise. 

The relative errors in the means, a(X,)/X,, 
should therefore be inspected as a matter of 
course for those species of primary interest m 
order to determine whether or not confidence 
can be placed m the results of the speciation 
calculatton. In the reverse sense, such calcu- 
lations can be used to estimate the precision 
necessary in analytical concentrations S or in 
equilibrium constants, K or L, to achieve the 
desired accuracy in a calculated concentration. 
Indeed, this would enable the feasibility or cost 
of such knowledge to be calculated. The 
economic implications of this in areas such as 
toxicology or pollution control have yet to 
be considered. 

One other point to which attention should be 
drawn is that even if errors in the input variables 
are Normally distributed (Gaussian), in general 
those in the dependent variables will not be. 
This does not in any way affect the validity of 
the errors so calculated, but it must be taken as 
a warning that statistical tests or the calculation 
of confidence intervals (which rely on the tails of 
assumed distributions) must be approached 
with extreme caution. The effects of curvature in 
the functions being differentiated may be serious 
if the errors are large but, equally, small errors 
will tend to approach normality. 

The identification of the procedure for the 
expression of the differential equations of equi- 
librium systems has made possible more rigor- 
ous error statements in respect of any of the 
quantities of interest. It has not been the pur- 

pose here to be exhaustive in the treatment as the 
number of possibilities is very large indeed and 
error statements must be tailored to the particular 
task in hand. For example, second (and higher) 
differentials, where they exist, can clearly be 
derived in analogous fashion. It is the particular 
power of the matrix notation that such state- 
ments are possible in succinct and computation- 
ally convenient form. They can be used no matter 
which speciation program was employed. 

It can be anticipated that the routine calcula- 
tion of covanance matrices for calculated values 
in experimental systems will lead to new insights 
into the influence of some variables and the avoid- 
ance of spurious precision m reported results. 
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SIMULTANEOUS FLOW-INJECTION ANALYSIS OF THREE 
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Summar-A fast and &able fully automated three-component flowqectlon procedure for the slmul- 
taneous determination of sodium, potassmm and chlonde m blood serum IS described A single sample 
mJectlon (1OOql blood serum) IS directed to two different channels by using two dmlyzers m series. To 
avoid mterferences and b&lung of the line Jet of the atomizer, sodnnn and potassmm are dialyzed by 
the first dlalyzer before measurement by AES Hnth a flame photometer. A second dlalyzer m senes 1s used 
to elmunate mterferences and for automated ddutlon before the dialyzed chlonde IS measured by UV/VIS 
spectrophotometry at 485 nm The results obtained for the sodmm, potassium and chlonde m blood serum 
at a sampling rate of 106 samples per hour compared well with data obtamed by standard methods 

The large number of electrolyte determinations 
carried out in the clinical laboratory necessitated 
an efficient procedure which would reduce the 
time taken for these determinations. To supply 
needed data effectively and quickly, it would 
be an advantage to have a rapid, accurate and 
reliable method available for the simultaneous 
determination of sodium, potassium and chlor- 
ide in blood serum. Conventional automated 
segmented continuous-flow analysis utilizes 
sampling rates of up to 60 samples per hour. 

The concept of flow-Injection analysis (FIA) 
is now a well defined analytical techniquele4 
which is suitable to increase the output in some 
laboratories. Most FIA procedures are however 
based on the measurement of a single signal of 
a product formed from a single sample injection 
which usually involves the determination of a 
single element or compound carried out on a 
batch of samples. It is however possible to carry 
out several measurements from a single sample 
injection in a FIA system. Simultaneous (or 
multicomponent) FIA determinations where 
two or more species are determined in the same 
sample with a single FIA system, is a relatively 
unexplored area.2 This novel methodology has, 
however, a great potential in fields such as 
clinical laboratories where limited numbers of 
samples are involved. 

The concept of mass transfer in on-line ana- 
lytical dialyzers has been applied in continuous 
flow systems with suitable membranes for many 

years especially in the area of clinical analysis. 
The use of on-line dialysis in segmented continu- 
ous flow systems was probably first described by 
Skeggs’ in his pioneering famous paper in 1957 
on automated analysis. Continuous flow dialysis 
without air segmentation for the determination 
of glucose was reported in the mid-1960s by 
Kadish and Hall6 and Brown et al.’ Hansen and 
RtiEka’ were the first to exploit this principle 
in flow-injection analysis in the mid-seventies 
when applying the technique to the determin- 
ation of phosphate and chloride in blood serum. 
The incorporation of flow-through dialyzers as 
part of the manifold in FIA systems is, however, 
extremely useful for on-line determination of 
analytes m hological systems, for example blood 
serum. van Staden and van Rensburgg studied 
and compared a number of variables for different 
semi-permeable dialysis membranes and dialyzers 
with different dimensions for the determination 
of inorganic species (Ca2+ and Cl-). A dialyzer 
as part of the manifold system not only facilitates 
automated dilution, but the main aim of dialysis 
so far was to remove interferences like suspended 
solids, unwanted macromolecules (for example 
protein) etc., present m the sample channel, by 
separation from a detector channel where the 
analyte was detected. To date, dialysis has mainly 
been used for determination of a single element 
or compound from a single sample injection. 
However, it is possible to use dialysis for the 
simultaneous determination of more than one 
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component. The main aim is to enable multi- 
component analysis of a limited amount of blood 
serum sample with a single sample injection 
rapidly, accurately and precisely with an on-line 
dialysis procedure which is also in the working 
concentration range of all the components 
involved. 

This paper deals with the development of a 
FIA procedure for the simultaneous determin- 
ation of sodium, potassium and chloride in blood 
serum on a single sample injection where two 
dialyzers were used in series and the dialyzed 
components were detected with a flame photo- 
meter and W/VIS spectrophotometer. 

EXPFIRIMENTAL 

Apparatus 

A Carle micro-volume two-position sampling 
valve with two identical sample loops, each 
having a volume of 100 ~1, was used with the 
FIA system together with a Cenco sampler. The 
valve was operated as follows: samples were 
aspirated through the valve on a 34-set cycle. In 
the first of the two valve positions, the sample 
was aspirated through loop A to waste, whilst 
loop B was connected to the carrier stream. On 
switching to the second position (which was done 
after 32 set of the 34set cycle) the carrier stream 
was interrupted and the contents of loop A 
placed into the carrier stream with loop B now 
being filled with the next sample from the sample 

SAMPLER 

unit and so on. In this way lOO+l samples were 
injected at a rate of one every 34 set giving an 
optimum sampling rate of 106 samples per hour. 
The valve system was synchronized with the 
operation of the sampler unit, the sampling 
valve being actuated 32 set after movement of 
the sampler probe to the next sample. Carrier, 
recipient and reagent streams were supplied at 
constant flow rates with a peristaltic pump 
operating at 10 rpm. Sodium and potassium 
were detected with an IL143 flame photometer. 
Chloride was detected by using W/VIS spectro- 
photometric detection with a colour reagent 
solution, containing mercury(I1) thiocyanate 
and iron(II1) nitrate in an aqueous methanolic 
nitric acid solution, measuring the complex 
formed at 485 nm. A Bausch and Lomb Spec- 
tronic 21 (Rochester, New York) spectrophoto- 
meter with a lo-mm Hellma type flow-through 
cell (volume 80 ~1) was used. The outputs from 
the different detectors were recorded by a Hitachi 
Model QPD 53 for sodium, Hitachi Model QPD 
54 for potassium and Mettler GA 12 for chloride. 
Transmission tubing with inner diameters of 
0.38 and 0.50 mm (Fig. 1) were used in the flow 
system. Two slightly modified versions of 12 and 
6-inch Technicon AutoAnalyzer II dialyzer units 
with different dimensions were used. The first 
dialyzer A consisted of a 160 x 30 x 25 module 
(home-made as a modified version of a 12” 
Technicon dialyzer) and the second dialyzer B 
of a 90 x 30 x 25 module (home-made as a 
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Fig. 1. Flow diagram of the F&system for the simultaneous determination of sodmm, potassnun and 
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modified version of a 6” Technicon dialyzer). 
The donor and acceptor channels of both dia- 
lyzers consisted of straight semi-tubular grooves 
withani.d.ofOSmm(i.e.,0.5mmwideand0.5 
mm deep) and with a distance (width) of 15 mm 
between the entrance and exit sides of a channel. 
The path lengths of dialyzer A were 300 mm 
and of dialyzer B were 150 mm for the donor 
and acceptor channels of both units respect- 
ively. Both dialysis units were equipped with 
Technicon Pre-mount Dialysis Membranes 
Type “C”. 

Reagents 

All solutions were prepared from analytical 
reagent grade chemicals unless otherwise speci- 
fied. Doubly distilled, demineralized water was 
used throughout. The water was tested before- 
hand for traces of chloride. All reagents were 
degassed before measurement with a vacuum 

pump. 
Carrier stream. Concentrated nitric acid (20 

ml, specific gravity = 1.42) (Merck, Darmstadt, 
Germany) was diluted to 1 litre with water. 

Lithium solution. A working solution of 
15mM lithium was prepared by dilution of an 
appropriate aliquot of 1.5M lithium standard 
stock solution (Instrumentation Laboratory 
Inc. reagent, Lexington, Massachusetts) with 
water. 

Chloride colour reagent. Mercury(I1) thio- 
cyanate (2.4 g) (Merck) was dissolved in 1 litre 
of distilled water to give a saturated solution 
which was then filtered. Iron(II1) nitrate (7.6 g) 
(Merck) was dissolved m 5 ml of concentrated 
nitric acid (Merck, specific gravity = 1.42), 37.5 
ml of methanol (Merck) and 0.21-0.22 ml of a 
solution [containing 68.5 g of mercury(I1) 
nitrate and 10 ml of concentrated nitric acid 
(specific gravity = 1.42) per litre of water] were 
added into 250 ml of the saturated filtered 
mercury(I1) thiocyanate solution. This solution 
should be left overnight to stabilize. 

Standard stock solutions 

Dried soduun chloride (58.5000 g) (Merck, 
Darmstadt, Germany) was dissolved in 1 litre 
of distilled water. Dried potassium chloride 
(7.4600 g) (Merck, Darmstadt, Germany) was 
dissolved in 1 litre of distilled water. Anhydrous 
sodium carbonate (21.2000) (Merck, Darmstadt, 
Germany) was dissolved in 1 litre of distilled 
water. Ammonium chloride (53.5000 g) (Merck, 
Darmstadt, Germany) was dissolved in 1 litre of 
distilled water. 

Standard working solutions 

Standard working solutions (each solution 
containing sodium, potassium and chloride) 
were prepared by dilution of appropriate 
aliquots of the standard stock solutions to 
1OOml with distilled water to cover the ranges 
llO-160mM Na+, 2-7mM K+ and 82-122mM 
Cl-. 

RESULTS AND DISCUSSION 

A schematic flow diagram of the system used 
for the simultaneous determination of sodium, 
potassium and chloride is shown in Fig. 1. As 
can be seen, the manifold consists of Tygon 
tubing with tube lengths and inside diameters. 
The tubing was cut into the required lengths and 
wound around glass tubes of length 10 cm and 
width 1 cm. Two on-line dialyzers were incorpor- 
ated in series into the FIA manifold, separating 
and channeling the sample plug from a single 
sample injection via two different channels to 
the different detectors. The sample plug from 
the single sample injection was transported to the 
donor channel of the first dialyzer A where 
the sodium and potassium were dialyzed to the 
detector channel for measurement of sodium and 
potassium by AES with a flame photometer. 
In this way any interferences as well as blocking 
of the fine jet of the atomizer were avoided and 
the sample plug was automatically diluted. The 
undialyzed plug moved to the second dialyzer B 
where chloride was dialyzed to eliminate inter- 
ferences and for automated dilution before 
detection by W/vIS spectrophotometry at 
485 nm. 

With two-cell instruments like the IL143 flame 
photometer internal standards are often used as 
a diluting fluid. The diluting fluid contains a 
suitable metal which is not present in the 
specimen; lithium is usually chosen. Collected 
radiation from the flame is directed to photo- 
sensitive detectors. One detector monitors the 
sample line (Na or K) and the other the internal 
Li standard. The photoconductive cells are 
matched to give proportionally the same change 
in response to variations in illumination as well 
as minor variations in gas pressure and spraying. 
In the proposed flow-injection system the di- 
alysed diluted sample was mixed with standard 
Li solution from the acceptor stream for Na and 
K from where it served as an internal standard 
for the assay of these two species. Univariant 
optimization indicated that an amount of 15mM 
lithium at a flow-rate of 3.9 ml/min in the 
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acceptor stream of dialyzer A was sufficient 
enough to give a steady photometer output with 
the required sensitivity for both Na and K in the 
concentration ranges wanted. 

The main aim of this paper was to develop a 
multicomponent FIA-procedure for the simul- 
taneous determination of sodium, potassium and 
chloride in blood plasma where a limited amount 
of sample was available for a single sample 
injection. To achieve this goal the on-line dialysis 
FIA-procedure should be applicable in the 
normal working concentration range of all three 
species involved to obviate any manual dilution 
steps. The plasma of normal persons contains 
about 137-148mM sodium, about 3.9-5.0mM 
potassium and about 99-108mM chloride. These 
concentration ranges of sodium, potassium and 
chloride in blood plasma limited the working 
range of some of the different operational par- 
ameters, such as sample volume, in a multicom- 
ponent FIA-serum assay to a certain extent. 
These factors had to be kept in mind when the 
actual optimizatron was performed. Of the vari- 
ous methods of optimization: the univariate, 
multivariate or simplex optimization, the uni- 
variant search (where each variable was opti- 
mized, while the others were kept constant) was 
used because it was more convenient to vary 
some of the variables in fixed increments. In the 
proposed multicomponent FIA-procedure it was 
preferable to distinguish between sample vol- 
ume optimization and optimization of dialysis 
efficiency although these two parameters seemed 
to be mutually interdependent to a certain extent. 

The efficiency of on-line continuous dialysis 
between different dialyzer dimensions and of the 
different membrane types have been evaluated 
previously.’ van Staden and van Rensburg’ 
studied various factors including flow-injection 
analysis and continuous flow; the use of con- 
current and countercurrent flows between the 
donor and acceptor streams; concentration of 
analyte in the donor stream; membrane surface; 
membrane line-length (dialysis area); membrane 
porosity; membrane thickness; flow-rate depen- 
dence of dialysis (same flow-rates of donor 
and acceptor streams); flow-rate dependence of 
dialysis (differences m flow-rates of donor and 
acceptor streams) and temperature. 

The required concentration ranges for sodium, 
potassium and chloride in the simultaneous 
determination of all three species placed a re- 
striction in the percentage dialysis necessary for 
the proposed FIA-system. Keeping this in mind 
the results obtained in this study revealed that 

the Technicon type C membranes were the best 
suitable for the proposed multicomponent FIA- 
procedure. Investigation in the present work 
with the FIA-manifold system shown in Fig. 1, 
proved that the dialysis efficiency in the present 
case differed only slightly from the results previ- 
ously9 reported. A percentage dialysis of 2.8% 
for dialyzer A (membrane pathlength, 300 mm) 
and 1.4% for dialyzer B (membrane pathlength, 
150 mm) were obtained with flow-rates of 3.9 
ml/min in the donor and acceptor streams. 

A smaller dispersion,s shorter equilibrium 
time9 and higher precision9 in a long dialyzer 
were reported with concurrent flow than with 
countercurrent flow and as this was confIrmed 
in this study, concurrent flow was preferred in 
the proposed system. 

It was also clear from the results obtained 
that optimum precise mass transfer of sodium 
and potassium for the first dialyzer and chloride 
for the second dialyzer through the semi- 
permeable Technicon Type C membranes were 
possible when the same carrier and recipient 
flow-rates were used in both cases. This ensured 
that the dialysis process did not alter the geome- 
try of the sample injected, but that the dialysates 
form identical diluted protein free plugs on the 
recipient sides of the membranes. Flow-rates of 
3.9 ml/mm were used for the donor and recipient 
streams to ensure that an optimum sample 

Table 1 Performance of the proposed FIA method for 
sodmm 

Automated 
standard 

segmented 
method, FIA-method, 

Sample [Na+] in mM [Na+] in mM %RSD 

Control serum samples 
1 139 141 0.91 
2 137 136 0.89 
3 143 144 0.80 
4 129 133 0.85 
5 126 125 098 

Blood serum 
1 136 136 096 
2 130 128 0.91 
3 145 144 0.81 
4 138 137 0.92 
5 134 135 0.86 
6 142 142 0.82 
7 142 141 0.83 
8 127 129 094 
9 147 148 079 

10 133 133 0.96 

%RSD = mean result of 15 tests m each case, with relative 
standard deviation for the proposed FIA method 
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Table 2. Performance of the proposed FIA method for 
potassium 

Automated 
standard 

segmented 
method, FIA-method, 

Sample [K+ ] in mM p+] in mM %RSD 

Control serum samples 
1 42 42 0.69 
2 39 3.9 093 
3 3.5 3.4 0 92 
4 46 4.7 0.90 
5 22 2.3 0.99 

Blood serum 
1 4.3 43 0 85 
2 38 38 0 97 
3 4.0 40 0 72 
4 57 57 0 78 
5 50 49 0.69 
6 41 39 0 89 
7 37 40 095 
8 35 36 0 82 
9 5.1 53 0 74 

10 48 4.7 0 72 

%RSD = mean result of 15 tests m each case, with relative 
standard deviation for the proposed FIA method. 

throughput of about 106 samples per hour per 
determination (that is about 318 measurements 
for all three components) was still possible and 
that the correct amounts of sodium, potassium 
and chloride were dialyzed for determination. 
The above-mentioned experimental flow-rate 
conditions used, also tended to equalize diffusion 

Table 3. Performance of the proposed FIA method for 
chloride 

Standard 
method, FIA-method, 

Sample [Cl-] in mh4 [Cl-] in mM %RSD 

Control serum samples 
1 112 112 0.50 
2 100 100 0.61 
3 106 106 0 57 
4 99 99 0.58 
5 84 a5 0.70 

Blood serum 
1 87 86 0.62 
2 97 98 0.66 
3 96 94 0 59 
4 101 104 0.58 
5 105 107 0.61 
6 111 109 0 62 
7 94 93 0.59 
8 107 108 0.56 
9 103 103 0.60 

10 110 110 0.49 

%RSD = mean result of 15 tests in each case, wrth relattve 
standard deviation for the proposed FL4 method 

rates between samples and standards. This is all 
confirmed by the results shown in Tables 1-3. 

The chloride colour reagent used in the recip- 
ient stream was prepared in nitric acid as part 
of the reagent because in an univariant search it 
was found that a concentration of 0.3M nitric 
acid in the carrier stream gave the best results 
(accuracy and precision) for chloride. 

In the optimization of sample volume with 
the univariant search method, peak height (as 
sensitivity measurement) and linearity of all 
three species (sodium, potassium and chloride) 
within the normal concentration range in serum 
were chosen as factors to be maximized. The 
results revealed that a sample volume of 100 ,ul 
gave optimum performance when both sensitivity 
and linearity of all three species were considered. 
After completmg the whole optimization pro- 
cedure, it was clear that the main objectives were 
achieved and Figs. 2, 3 and 4 show that the 
proposed FIA-procedure is applicable in the 
normal working concentration range of all three 
species involved. 

No fouling problems were experienced with 
any of the dialyses used which is possibly due 
to the nature of the samples. This was also 
attributed to the small amount of blood serum 
samples injected and the procedure of pumping 
doubly distilled water for about 15 min through 
both channels of the two membranes during the 
shutdown period of the FIA system used. 

Figures 2, 3 and 4 show representative 
recorder outputs at an optimum sampling rate 
of about 106 samples per hour for sodium, 
potassium and chloride, respectively. Carry-over 
from one sample to another is less than 1% for 
every one of the three components measured. 
Each standard was injected four times followed 
by single injections of samples and completed by 
four injections of each standard to control drift. 
Baseline drift was virtually negligible for sodium, 
potassium and chloride. The calibration curves 
(Figs. 2 and 3) for sodium and potassium were 
linear over the whole working concentration 
range which indicated that the procedure is also 
applicable for the determination of concentra- 
tions of both species outside the normal concen- 
tration range especially in the case of serum 
sodium values which could fall due to chronic 
diseases. This is indicated in Fig. 2 by some 
peaks which lie below the indicated standard 
sodium value of 120mM. The chloride cahbra- 
tion curve tended to deviate from linearity at the 
chloride value of 114mM which is the normal 
case for high chloride concentrations where the 
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spectrophotometric procedure with mercury(I1) 
thiocyanate and iron(II1) nitrate as reagents is 
used. At lower chloride concentrations, however, 
the curve becomes more linear and could be 
used where the chloride concentration range 
falls below the normal range. This is indicated 
in Fig. 4 where some peaks lie very well below 
the indicated chloride value of 82mM. 

The performance of the proposed flow- 
injection analysis method is shown in Tables 1, 
2 and 3 for sodium, potassium and chloride 
respectively. The values obtained for the three 
species by the proposed FIA system were also 
compared with standard methods. The proposed 
FIA-method compares favourably with a stan- 
dard automated flame photometric procedure” 
for sodium and potassium and also with a 
standard chloridometer method” for chloride as 
seen from the Tables. Standard control blood 
serum samples were also used to evaluate the 
accuracy of the proposed FIA-system. The con- 
trol samples were interposed at random between 
the blood serum samples. The results obtained 
m Tables 1, 2 and 3 for sodium, potassium and 
chloride compares favourably with the certified 
values of the control samples. The precision of 
the proposed method was evaluated by 15 tests 
on each sample where each sample was analyzed 
respectively for sodium, potassium and chloride 
by the proposed FIA-system. With 100~~1 
samples the relative standard deviation for blood 
serum samples having different concentrations of 
sodium (125-150mM), potassium (2.0-6.0mM) 
and chloride (80-110mM) were better than 
1 .O% for sodium, 1 .O% for potassium and 0.7% 
for chloride respectively. 

CONCLUSION 

It seems that the incorporation of flow- 
through dialyzers as part of the manifold in 
FIA-systems is extremely useful for on-line 
simultaneous determination of sodium, potas- 
sium and chloride in blood serum. The flow- 
injection analysis system described here is 
suitable to carry out simultaneous analysis of 
sodium, potassium and chloride at a rate of 
approxtmately 106 samples per hour. The pro- 
posed method should be particularly attractive 
to small clinical laboratories where a fast and 
reliable fully automated procedure is needed. 
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Summary~atechol and o-mtrophenol have been determined successfully m the solid state by means of 
then sohd-state reamon with soda-hme The glass-wool plug modification has been used wth advantage 
m the determmatlon of o-mtrophenol The reaction mechanism IS postulated on the basts of the reflectance 
electromc spectra Some sohd-sohd kmetic parameters have also been stu&ed 

Phenols are important compounds both chemr- 
tally and biologically, and numerous methods 
are available for their detection, determinatron 
and separation, but few of these are specific 
for individual members of this class, and 
none so far has been based on a solid-state 
reaction. 

Qureshi and co-workers’-3 have developed 
simple solid-state analytical methods on the 
basis of the work of Voskresenskii4 and 
Rastogis Here we report the application of 
the technique for specific detection of catechol 
and o-nitrophenol. 

EXPERIMENTAL 

Reagents 

o -Nitrophenol and catechol (Sigma) were 
recrystallized until their melting points were 
constant and in agreement with reported values. 
Non-deliquescent soda-lime and sodium chlor- 
ide (B.D.H.) were used as received. 

Procedure 

Solid-state detection. o-Nitrophenol or cat- 
echo1 (10 mg) was thoroughly ground with 1 g 
of sodium chloride, and a 200-mg portion of the 
mixture was similarly mixed thoroughly with 
800 mg of sodium chloride. Then 1 mg of this 
mixture was placed on a spot plate and mixed 
with a few mg of well powdered soda-lime by 

*Author for correspondence 

sturing with a glass rod. The colour produced 
was observed. 

Capillary solid-state detection. Well powdered 
(mesh size 200) test substance and soda-lime 
were packed in a capillary, one from each end, 
with two iron rods, with as uniform pressure as 
possible. The capillary was then heated in an 
oven at the desired temperature and the colour 
produced at the junction was noted. 

Semiquantitative determination. Fifty mg of a 
mixture of 8 mg of catechol with 1 g of sodium 
chloride were tightly packed m a capillary from 
one end and 500 mg of soda-lime from the 
other. The capillary was heated for 5 hr in an 
oven at 80” and the length of the coloured 
boundary was measured at 1-hr intervals. This 
procedure was repeated with other mixtures. 

For o-nitrophenol a glass-wool plug 2 mm in 
length was placed between the test substance 
and the reagent and the capillary was heated at 
30 + 1” (o-nitrophenol melts at 44”). 

Kinetic investigation. Well powdered (mesh 
size 200) test substance and soda-lime were 
packed m a capillary as before, and heated at 
the desired temperature. The length of the 
coloured boundary was measured as a function 
of time. 

RESULTS 

o-Nitrophenol gives a deep red colour with 
soda-lime and this colour is not given by 
any other phenol tested. However, since many 

1041 
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phenols give a brown colour, it was thought 
that they might interfere in detection of low 
levels of o-nitrophenol. However, introduction 
of a 2-mm long glass-wool plug between the 
sample and reagent prevents this, as o-nitro- 
phenol is the only one of the phenols tested 
that has a sufficiently high vapour pressure to 
give a colour reaction at the other side of the 
glass-wool plug. The limit of detection is 4 pg, 
which is comparable to that of solution spot- 
tests. 

Catechol gives a very specific green-blue 
colour and the limit of detection is 2 pg. 

In the semiquantitative determination cat- 
echo1 gives a length of coloured zone that is 
linearly related to weight of catechol in the 
range 0.4-1.2 mg. The slope of the calibration 
plot increases with the heating time used, but 
the response is adequate even with heating for 
1 hr. An attempt to determine catechol m the 
presence of phloroglucinol (which does not give 
any colour with the reagent) was unsuccessful, 
but it was interesting that when phloroglucinol 
was present the sharpness and the intensity of 
the colour given by catechol increased. Hence, 
either sodium chloride or phloroglucinol can be 
used as the diluent for the sample, and where 
conditions permit the latter should be preferred. 
In either case linear calibration plots are 
obtained (see Fig. 1). 

o-Nitrophenol in the range 0.1-0.5 mg can be 
determined specifically by the glass-wool plug 
modification. 

Though the sensitivity of determination is not 
comparable to that of solution methods, it is 
much higher than that with the capillary method 
described earlier.‘v2 

0 04 08 12 

AMOUNT (mg) 

Fig 1 Cahbratlon curves for catechol diluted wth 
phloroglucinol. 

Interferences 

The following organic compounds do not give 
any colour with soda-lime. 

Amines. Methylamine, dimethylamine, tri- 
methylamine, triethylamine, diethylamine, o-, 
m - and p-phenylenediamine, a naphthylamine, 
b-naphthylamine, diphenylamine, N-phenyl- l- 
naphthylamine, methylaniline, o-nitroaniline, 
m nitroaniline and p -nitroamline. 

Ketones. Acetophenone, benzophenone, ethyl 
methyl ketone, butyrophenone and cyclohex- 
anone. 

Aldehydes. Formaldehyde, acetaldehyde, 
benzaldehyde, o -, m - and p -nitrobenzaldehyde, 
p chlorobenzaldehyde, p -dimethylaminobenz- 
aldehyde, p -dimethylaminocinnamaldehyde, 
salicylaldehyde, paraformaldehyde and paralde- 
hyde. 

Ureas. Urea, thiourea, N-methylurea, phenyl- 
urea, phenylthiourea and allylthiourea. 

Carbohydrates. Maltose, glucose, arabinose, 
rhamnose, sucrose, fructose, lactose, galactose, 
xylose and starch. 

Amino -acids. Adenine, cystine, glycine, fl- 
alanine, sarcosine, glutamine, glutamic acid, 
L-histidine, L-prohne, DL-phenylalanine and 
L-tryptophan. 

Acids. Formic, uric, gallic, malonic, cinnamic, 
mahc, fumaric, phthalic, oxalic, benzoic, bar- 
bituric, a -picolinic, m - and p-nitrobenzoic, 
mcotinic, monochloroacetic, indolyl-3-acetic, 
ethylenediaminetetra-acetic and chromotropic 
(disodium salt). 

Amides. Benzamide, salicylamide and 
acetanilide. 

Hydrochlorides. Hydrazine, 2,4-dinitro- 
phenylhydrazine, benzidine and diethylamine 
hydrochlorides. 

Hydrocarbons and their derivatives. Benzene, 
petroleum ether, nitrobenzene, carbon tetra- 
chloride, chloroform, 2,4-dinitrochlorobenzene, 
azobenzene and m-dinitrobenzene. 

Ethers. Diethyl ether and dioxan. 
Indoles. Indole and indolyl3-acetic acid. 
Tryptammes. 5-Hydroxytryptamine, 5- 

methoxytryptamme, 5-benzyloxytryptamine 
and a-methyltryptamine. 

Alkaloids. Brucine, caffeine, quinine and cin- 
chonme. 

Miscellaneous. Uracil, 1-nitronaphthalene, 
urea nitrate, 2,4-dinitrotoluol, dithizone, 
ammomum purpurate, 1, IO-phenanthroline, 
4-dimethylammobenzylidene, rhodanine, di- 
phenylcarbaztde, amitrol, ethanoxymercarbide, 
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saccharin, 8-hydroxyquinoline, gallocyanine 
and safranine. 

The reactions of various phenols with anhy- 
drous soda-lime give the following results: phe- 
nol (no colour), quinol (light brown), resorcinol 
(yellow), orcinol (light brown), o-methyl- 
resorcinol (brown), (+)-catechin (no colour), 
m-nitrophenol (brown), p-nitrophenol (yellow), 
pyrogallol (light brown), phloroglucinol (no 
colour), a-naphthol (no colour), /I-naphthol 
(no colour), vanillin (no colour) and o-vanillin 
(no colour). 

It is therefore apparent that the green-blue 
colour for catechol and the red colour for 
o-nitrophenol (by the glass-wool modification) 
are specific for these compounds among those 
tested, but these colours would be modified by 
the presence of certain other phenols. 

The rate law followed by the reaction of 
catechol with soda-lime is 

5 =kt+c (1) 

where 5 is the length of the coloured boundary, 
t is time and k and c are constants. The rate 
increases with temperature. 

A plot of log k vs. l/T(a standard method for 
evaluating the activation energy) was linear. The 
value of E, obtained from it was + 8 kcal/mole. 

The rate law for the o-nitrophenol reaction 
with soda-lime, with and without a glass-wool 

plug9 

<=klogt+c (2) 

An Arrhenius plot could not be obtained in this 
case, as o-nitrophenol melts at 44”. 

DISCUSSION 

It is difficult to propose rational mechanisms, 
owing to the complexity of the systems. How- 
ever, certain features point to two different 
mechanisms for o-nitrophenol and catechol. 

o-Nitrophenol 

The reflectance spectrum of o-nitrophenol 
has two maxima, at 300 and 360 nm (Fig. 2). 
The spectrum of o-nitrophenol in the presence 
of an excess of soda-lime gives a sharp increase 
in the intensity of both bands and a red shift of 
the 360-nm band to 430 run. These electronic 
spectrum features are consistent with formation 
of a weak charge-transfer complex. The mech- 
anism probably involves the transformation of 

WAVELENGTH hm) 

Rg 2 Ultrawolet-wible reflectance spectra of o-nitro- 
phenol, catechol and their reaction products unth soda-hme: 
0, o-mtrophenol + soda-hme, l , soda-lime; A, o-nitro- 

phenol, A, catechol + soda-lime; 0, catechol 

o-nitrophenol (I) into the quinoid structure (II) 
in the highly basic medium. Form II then 
complexes with form I to give a charge-transfer 
complex, probably of 1: 1 stoichiometry. The 
shift of the 360~nm band to 430 nm can be 
rationalized as follows. According to Mulliken’s 
now widely accepted charge-transfer theory the 
complex can be described by a wave function as 
follows: 

where A is an acceptor and D is a donor, I,+,, is 
the non-bonding function, which is mainly due 
to the dispersion, dipole-dipole, dipole-induced 
dipole and van der Waals forces, with very little 
contribution from the dative structure, and +, is 
the dative function which signifies transfer of 
one electron from the donor to the acceptor in 
such a way that the spin multiplicity is main- 
tained; a and b are constants; A--D+ is often 
called a semipolar double bond. 

In the ground state of the complex a >>b, and 
in the excited state a CC b, and therefore the 
excited state is usually more ionic than the 
ground state. Hence, a polar medium will 
lower (stabilize) the excited state and raise 
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(I) 

Scheme I 

(destabilize) the ground state, as shown sche- 
matically below. 

Excited state of Excited state of 
free o -mtrophenol complexed o -mtrophenol 

t t 

hv& I hv& 

A Ground state of complexed 
Ground state of free o -nitrophenol 

o -nttrophenol (polar medium) 

Therefore, hv,& > hv& and & > I,. 

Catechol 

The reflectance spectrum (Fig. 2) of catechol 
shows a single peak at 300 nm, whereas the 
spectrum of catechol in the presence of excess of 
soda-lime has two maxima, one at 300 nm and 
the other at 700 nm, the intensity of the former 
being higher than that for catechol alone. The 

long-wave band at 700 nm should be due to the 
result of chemical reaction between catechol and 
soda lime, and presumably arises from increased 
conjugation. Formation of such a product is 
best explained by aerial oxidation of catechol in 
the presence of base, by a free radical pathway.6 
To verify this hypothesis, the reaction was per- 
formed with rigorous exclusion of air. Both 
solids were stored under vacuum in a desiccator, 
with periodic flushing with nitrogen. They were 
then packed in the capillary in an atmosphere of 
nitrogen. Under these conditions appearance of 
the green-blue colour was minimal and even 
then only on prolonged heating. Reaction 
scheme 1 can therefore be postulated. 

Structure III is a comparatively large conju- 
gated system which seems to be responsible for 
the green-blue colour. Another fact in support 
of III is that the increase in intensity of the 
300~nm band is much less than that for the 
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Summary-A raptd, sensmve and selecttve method has been developed for the determmatton of palladmm 
ullth 5,6-dtmethyl-l,3-mdanedlone-2-oxtme m acetate buffer (pH 5 5) Beer’s law 1s obeyed over the range 
0 15-4 17 pg/ml palladmm(I1) The molar absorptrvtty at 370 nm IS 2 98 x 10’ 1 mole-’ cm-’ The 
method has been apphed for the determmatton of palladmm m synthettc mtxtnres correspondmg to Pt-Ir 
and Oakay alloys An mterestmg feature of the system 1s the abnormal shape of the Job and molar-raho 
plots obtamed 

Compounds containing a keto group ortho to an 
azomethine nitrogen atom are potential com- 
plexing agents. The reactivity of the oxime is 
dependent, however, on the structural charac- 
teristics of the parent aldehyde or ketone.’ In the 
work presented here, 5,6-dimethyl-1,3-mdane- 
dione-Zoxime was examined as a colorimetnc 
reagent for palladium. 

EXPERIMENTAL 

Reagents 

5,6-Dimethyl-1,3-u?danedrone-2-oxime (DIDO) 
was obtained from Beecham Pharmaceuticals 
Biosciences Research Centre, Epsom, England. 
Its purity (99%) was checked by elemental and 
mass spectral analysis. Its infrared spectrum was 
consistent with the structure I. A 0.005M stock 
solution was made by dissolving 0.203 g of the 
reagent in 200 ml of dimethylformamide. 

ii 
H3C 

I 

Stock solution of palladium(II). A 0.01M 
stock solution was prepared by dissolving 177.4 
mg of palladium chloride (Johnson Matthey) in 
a few drops of concentrated hydrochloric acid 
and diluting to 100 ml. The stock solution was 
standardized.* 

Acetate bufir. Sodium acetate and acetic acid 
solutions, both 0.2M, were mixed in suitable 
proporttons to give buffers covering the pH- 
range 3.0-6.5. 

All other reagents were of analytical grade 
and doubly distilled water was used throughout. 

Apparatus 

Absorption spectra and absorbance measure- 
ments were obtained with a Beckman DU-2 
spectrophotometer equipped with 1 .O-cm fused- 
silica cells. 

Procedure 

To a sample solution containing 15-100 pg of 
Pd(I1) add 12 ml of 0.2M acetate buffer (pH 
5.5), 2.5 ml of dimethylformamide (DMF) and 
1 ml of 0.005M DIDO, in a 25-ml standard 
flask. Dilute to volume with doubly distilled 
water and measure the absorbance at 370 nm 
against a reagent blank in l.O-cm path-length 
cells. Prepare a calibration graph similarly, 

RESULTS AND DISCUSSION 

The reaction is Instantaneous and the final 
product is stable for 12 hr under optimum 
conditions. The order of addition of the re- 
agents has no effect on the absorbance. In 
aqueous medium the final complex is precipi- 
tated; this is prevented by the presence of at 
least 10% v/v DMF. 

The final complex has two absorption max- 
ima, at 310 and 370 mm (Fig. l), and latter is 
used for analytical purposes. 

1047 
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14 
r I z- 

IO- 

06 - 

2% 310 330 350 370 393 410 

Wovelength, nm 

Fig 1 Absorption spectra of (A) reagent solutlon 
(2 x 10-‘&f) us water blank, (B) Pd-DID0 complex vs 
DID0 blank, [DIDO] 2 x lo-‘M, Fd] 2 24 x 10-sM, 
pH 5 5, (C) Pd-DID0 complex us DID0 blank, [DIDO] 

2 x 10-4M, [pd] 1 x lo-‘M, pH 5 5 

Maximal and constant absorbance is ob- 
served in the pH range 5.0-6.5. Hence the use 
of a pH-5.5 acetate buffer is recommended. A 
five-fold molar excess of DID0 is sufficient to 
develop maximum absorbance of the final com- 
plex, so 1.0 ml of 0.005M DID0 is adequate 
under the recommended conditions. 

The absorbance is unaEected by temperature 
m the range lo-70”, but gradually decreases at 
temperatures higher than 70”. 

Stoichiometry and stability constant of the final 
complex 

The most interesting feature of the system is 
that the Job plot (Fig. 2) indicates the formation 

B E 12 

a 

06 

01 02 03 04 05 06 07 06 09 

Mde froctbon of reagent 

Rg 2 Job plots. A and B, [pd] = [DID01 = 5 x lo-‘M, 
C and D, [pd]=[DIDO]=2.5 x lo-‘M; wavelength= 

370 nm (A and C) 310 nm (B and D). 

05 IO I5 20 25 30 3.5 40 45 

Mole of mogent per mob of W(II) 

Fig 3 Molar-ratio plot. pd] 4 x lo-‘M; pH 
1 = 370 nm 

5 5, 

of 1: I and 1:2 Pd:DIDO complexes, with a 
marked decrease in absorbance between the two 
maxima. A similar phenomenon has been re- 
ported for the palladium complexes with iso- 
nitrosoacetylacetone,’ isonitrosoacetophenone,4 
isonitrosobenzoylacetones and o -hydroxyace- 
tophenone thiosemicarbazone.6 The mole-ratio 
plot (Fig. 3) is also anomalous, and it may be 
noted from it that conversion from the 1: 1 into 
the 1: 2 complex begins before the 1: 1 complex 
is completely formed. Presumably some sort of 
rearrangement m the bonding takes place. One 
possibility is shown in Fig. 4. It is known that 
log k4 for formation of PdCl:- is only about 2, 
and from the Job plot it can be estimated that 
log /I, for the Pd-DID0 system is about 5. As 
log /.I, for the ammme complexes of Pd(I1) is 9.6, 
it seems feasible that an S,l reaction (step 1) 
could be followed by an intramolecular isomer- 
ization (step 2) (which could be due to the 
trms-effect or to increased stability caused by 
charge neutralization, or both), and finally by 
step 3. The stability constant for the 1: 2 com- 
plex was estimated as log /IZ = 9.3, and p& for 
DID0 was found to be 6.5. 

Analytical characteristics 

A linear calibration graph for the 1: 2 
complex was obtained over the concentration 
range 0.15-3.9 pg/ml palladium, at 370 nm. 
The molar absorptivity was 2.98 x 10“ 
l.mole-’ .cm-‘. Ten replicate analyses of a sol- 
ution containing 1.50 pg/ml palladium gave a 
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Rg 4 Suggested reaction mechanism 

mean absorbance of 0.424 with a standard 
deviation of 0.005. 

Interferences 

Various ions were examined for their effect on 
the determination of 1.5 pg/ml palladium. The 
tolerance limit was taken as the concentration of 
foreign ion required to cause f2% error in the 
absorbance. The tolerance limit for most of the 
noble and platinum-group metal ions is fairly 
high. Larger amounts of platinum(W) and 
iron(lI1) could be masked with oxalate (280 
pg/ml) and fluoride (1500 rg/ml) respectively. 
The results of the interference and masking 
studies are summarized in Table 1. EDTA and 
thiosulphate interfere seriously. 

Applications 

The method has been applied to the determi- 
nation of palladium in synthetic mixtures hav- 
ing compositions that correspond to a Pt-Ir 
alloy and Oakay alloy. Fluoride (1500 pg/ml) 
and oxalate (280 pg/ml) were added to mask 
iron(III) and Pt(IV) respectively. The results are 
given in Table 2. 

Several spectrophotometic methods using 
oximes have been reported.‘*’ Most of them 

involve an extraction step. The present method 
is rapid, sensitive and selective and requires 
no extraction. By comparison with recently 

Table 1 Effect of diverse spenes on the determination of 
1.5 ppm palladwm 

Tolerance Tolerance 
Species’ limit, ppm Species* hmlt, ppm 

Rh(III) 80 Pb(II) 1660 
Ir(II1) 70 cd(II) 900 
Pwv) 18 Hg(II) 4 
lwv)t 36 WVI) 
Os(vIII) 6 Twv) ii 
Ru(II1) 2 MoWI) 380 
Au(II1) 23 Zr(IV) 360 
AgW 20 W-VI) SO 
Fe(III)# 350 Fluonde 2300 
Mn(I1) 440 Chlonde 350 
Al(II1) 220 Brormde 30 
Cr(III) 28 Itide 
Nl(II) 230 Citrate 8; 
Co(I1) 120 Tartrate 1300 
Cu(I1) 8 Sulphate 
V(V) 2 NItrate z 

Oxalate 350 
tiourea 2 

*Cations added as chlonde or sulphate, amens added as 
sodnun or potassnnn salts, unless otherwse stated. 

tin the presence of 280 ppm of oxalate, added as mtrate. 
$Added as nitrate; centnfuged 
$In the presence of 1550 ppm fluonde. 
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Table 2 Determination of palladmm 
in synthetic solutions 

Synthetic sample 
composition, % 

55% Pt, 28% Ir, 
7% Rh, 3 5% Fe, 
3% Cu, 3.5% Pd 

60% NI, 20% Pt 
9 5% V, 10.5% Pd 

Taken Found* 

0 90 091 
1.30 1 30 
1 80 1 79 
2 70 2.72 
3 90 3 85 
090 0 85 
1 30 1 31 
1 80 1 82 
2 70 2 71 
3.90 3 87 

*Average of five determmatlons 

Table 3. Comparison of some spectrophotometmz methods for dalladnun 

Reagent 
Molar absorptimty, 

1 mole-‘.cm-’ Reference 

5-Phenylazo-8-ammoqumohne* 7.9 x 104 8 
Phenyl a-pyndyl ketoxlme+ 50x1@ 9 
9,10-Phenanthroqumone monozlme* 2.1 x l(r 10 
4-(5)-D-Arabmotetrahydroxybutylimldazohne-2-thione* 199x1@ 11 
Thiazole-2-carbaldehyde-2-qumolylhydra 1.93 x l@ 12 
2,2’-Bipyrrdyl 2-pyndylhydrazone* 1.90 x lti 13 
3,5-Dichlorosalicylaldehyde-4-phenyl-3-t~osem~carbazone* 143 x 104 14 
2-(2’-Thiazolylazo)-5-methylanisole 1 13 x lti 15 
Thiobarbitunc acldt lOOxl(r 16 
5,6-Dimethyl-1,3-mdantione-2-oxlme 2.98 x 10’ Present method 

*Methods mvolvmg extraction 
tMethods mvolvmg heating of the reaction nuxture 

reported spectrophotometic methods for pal- 
ladium, DID0 is seen to rank among the more 
sensitive reagents (Table 3). Moreover the 
colour reaction between palladium(I1) and 
DID0 is fairly selective and free from inter- 
ferences (Table 1). The colour reaction can be 
used to provide a rapid, sensitive and specific 
test for palladium. 
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Summary-Th and rare earth elements (REE) react wtth m-carboxychlorophosphonazo (CPAmK) m the 
absence of cetylpyrtdmmm chlonde (CPC) to form colour complexes. The molar absorptrvittes for Th and 
Ce are 1.03 x lo5 and 1 06 x 1Or l.mole-’ cm-’ respechvely In the presence of CPC, REE-complexes are 
not formed because of micellar masking, whrle Th gves a more sensttive reaction with CPAmK 
(6 = 1 50 x 103. Most of the foretgn tons are tolerated m considerable amounts; 360-lOOO-fold amounts 
of rare earths do not interfere wtth the determination of Th The ophmum conditions of the 
complex-formatton reacttons and the composttions of Th-CPAmK complexes are described. A simple 
method IS proposed for stmultaneous determination of Th and rare earths without previous separation. 

Thorium and rare earths often coexist in their 
minerals, products and even in waste water. 
Because of their similar behavlour, determi- 
nation of thorium and/or rare earths is a prob- 
lem in analytical chemistry. Although strong 
claims are made for the specificity and sensi- 
tivity of NAA, ICP-AES and ICP-MS, some of 
the interferences to which these methods are 
subject are poorly understood and continue to 
cause problems. ’ 

Therefore, spectrophotometric methods for 
thorium and rare earths continue to be 
of interest.’ m-Carboxychlorophosphonazo 
(CPAmK, I), an asymmetric derivative of chro- 
motropic acid with one o-phosphono-o’-hy- 
droxyazo functional group synthesized in this 

I 
laboratory has been used for the determination 
of cerium subgroup rare earths2g3 and thorium,4 
but they interfere with each other when they are 
present simultaneously. 

In this paper, we described the spectrophoto- 
metric behaviour of the CPAmK-complexes of 

*Author for correspondence. 

Th and Ce (as well as other rare earths) in 
the presence and absence of cetylpyridinium 
chloride (CPC), and a rapid method is pro- 
posed for the simultaneous determination of 
thorium and rare earths without their previous 
separation. 

EXPERIMENTAL 

Reagents 

All solutions were prepared with distilled, 
demineralized water. 

The standard stock solution of thorium was 
prepared by dissolving thorium nitrate in a 
given volume of water, and the solution was 
standardized by EDTA titration. The working 
standard solution (10 pg/ml) was prepared by 
dilution. 

The standard stock solutions of rare earths 
were prepared by dissolving the oxides of rare 
earths (Specpure, Johnson Matthey) in hydro- 
chloric acid and the cerium oxide (99.99%, 
Shanghai Chemicals Factory) m a mixture of 
sulphuric acid and hydrogen peroxide, evapo- 
rating the excess of acid and diluting with 
hydrochloric acid (1 + 100) to a given volume. 
The solutions were standardized by EDTA ti- 
tration with Xylenol Orange as indicator. The 
working standard solutions were prepared by 
diluting as required with hydrochloric acid 
(1 + 100). 

TAL 38/9-li 1051 
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The standard solution of total rare earths (5.0 
pg/ml) was prepared by mixing the rare earth 
solutions in the following proportions: 
La,O,: CeO,*Nd,O, :Y,O, = 30:40: 20: 10.’ 

m Carboxychlorophosphonazo (CPAmK) 
solution (0.04%) was prepared by dissolving 
0.04 g of CPAmK in 100 ml of water. CPAmK 
was synthesized as described previously.2 

Cetylpyridinium chloride solution (0.2%) was 
prepared by dissolving 0.2 g of CPC (Fluka) in 
100 ml of water. 

Apparatus 

_Absorption spectra and absorbances were 
recorded and measured with a Beckman DU- 
7HS spectrophotometer, using 1 .O-cm cells. 

General procedure 

(A). To the mixed solution of Th and Ce (or 
other REE) m a 25ml calibrated flask, add 4.0 
ml of 2iU hydrochloric acid, 2.0 ml of 0.2% 
CPC and 1.0 ml of 0.04% CPAmK solution 
successively. Dilute to the mark with water and 
stand for 20 min. Measure the Th absorbance 
(A, ) at 685 nm in a 1 .O-cm cell against a reagent 
blank. 

(B). To the mixed solution of Th and Ce (or 
other REE) in a 25ml calibrated flask, add 2.0 
ml of 2M hydrochloric acid, ca. 10 ml of water 
and then 3.0 ml of 0.04% CPAmK solution. 
Dilute to the mark with water. Measure the 
absorbance (A,) for the sum of Th and Ce (or 

600 wo 700 800 
Wavelength, nm 

Rg 1 Absorption spectra in the absence of CPC. 1. 
CPAmK (1.5 x lo-‘M); reference, water, 2. Ce-CPAmK, 
reference, reagent blank, 3 ThXPAmK; reference, reagent 
blank 5 7 x 10-6M Ce, 3 5 x 1O-6 M Th, 3 8 x 10-JM 

CPAmK, 0 16M HCl 

600 800 700 800 
Wavelength, nm 

Fig 2 Absorption spectra m the presence of CPC 1 
CPAmK (6 0 x 10m6M); reference, water, 2 Th-CPAmK; 
reference, reagent blank, 1 7 x 10e6M Th, 1.5 x lo-‘M 

CPAmK, 0 32M HCl, 4 5 x lo-‘M CPC 

other REE), at 669 nm in a l.O-cm cell against 
the reagent blank. 

RESULTS AND DISCUSSION 

Absorption spectra 

In the absence of CPC, CPAmK exhibits a 
maximum absorption at 545 nm (Fig. l), 
whereas cerium- and thorium-complexes have 
maximum absorption peaks at 669 nm and 676 
nm, respectively, in hydrochloric acid solution. 
On addition of CPC, the absorption peak of 
CPAmK is shifted to 565 nm (Fig. 2); micellar 
masking’ prevents the formation of a Ce-com- 
plex, while the thorium complex gives a more 
sensitive peak at 685 nm. 

Optimum conditions for complex formation 

In the absence of CPC, 0.04-0.72M hydro- 
chloric acid and 3.0-7.5 x lo-‘M CPAmK gave 
the highest and most constant absorbance val- 
ues of cerium- and thorium-complexes. Higher 
acidity led to the precipitation of CPAmK, and 
addition of more CPAmK would make the 
background absorption too high. Both the com- 
plexes of cerium and thorium were formed 
mstantly and their absorbances were stable for 
at least 24 hr. 

In the presence of CPC, the optimum con- 
ditions for thorium were 0.28-0.80M hydro- 
chloric acid, 1.13-3.0 x lo-‘M CPAmK and 
2.24-l 1.2 x 10e4M CPC. Below 2.24 x 10e4 M 
CPC, the solution became turbid, and the ab- 
sorbance decreased gradually as the concen- 
tration of CPC exceeded 11.2 x 10m4M. The 
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Rg. 3. Absorbances of CPAmK complexes of rare earths at 
669 nm 10 kg of rare earth, 3 8 x lo-‘M CPAmK, 0.16M 

HCl 

order of addition of CPC (before or after com- 
plex formation) did not influence the result. The 
Th-CPAmK complex formation was completed 
within 20 min and it remained stable for at least 
2 hr. All solutions became turbid after standing 
for longer periods. 

Behavzour of other rare earth elements 

The absorbances of the CPAmK complexes 
of the other rare earths (10 pg each) were also 
measured at 669 nm against a reagent blank in 
the absence of CPC. Figure 3 shows that the 
complexes of cerium sub-group rare earths and 
yttrium (the major constituents in rare earth 
mixtures) give higher absorbances. The ab- 
sorbances from gadolinium to lutetium (the 
minor constituents) decrease with an increase m 
atomic number. In the presence of CPC, cerium 
as well as other rare earths are completely 
masked. This behaviour enables other rare 
earths to be determined along with cerium. 

Compositions of the complexes 

The molar composition of the Th-CPAmK 
complex formed in the absence of CPC was 
ascertained by Job’s method of continuous vari- 
ations, slope-ratio and equilibrium shift 
methods. All three methods indicated that the 
metal-tohgand ratio was 1: 2. This ratio differs 
from the value (1: 3) found by us in sulphuric 
acid medium.4 

In the presence of CPC, the molar compo- 
sition of the complex was found by the same 
methods to be 1: 5 (Th : CPAmK). It is because 

more of the negative-charged CPAmK ions are 
adsorbed and concentrated on the positive- 
charged surface of CPC micelle that the for- 
mation of a higher order complex is favoured.’ 

The stoichiometry of the Ce-CPAmK com- 
plex in the absence of CPC is 1: 3, which has 
been previously estimated.* After addition of 
CPC, the complex was completely dissociated 
due to micellar masking. 

The characteristics of the complexes men- 
tioned above are listed in Table 1. 

Analytical characteristzcs of the method 

Under the conditions employed m procedure 
(A), cerium as well as other rare earths are 
completely masked in the presence of CPC, 
while the absorption of Th-CPAmK is greatly 
enhanced. Under the conditions for procedure 
(B), the absorbances of thonum and cerium (as 
well as other rare earths) are additive. This 
property can be utilized to create a method for 
the simultaneous determination of thorium and 
rare earths. Their amounts were obtained by the 
following expressions:6 

C, = A,/&, (1) 

C REE = (4 - 4 +J&)/~REE (2) 

Where A, and A2 are the absorbances read [at 
685 nm (procedure A) and 669 nm (procedure 
B) respectively] and E ;h and +h are the molar 
absorptivities of thorium found in the pres- 
ence and absence of CPC. EREE is the molar 
absorptivity of rare earths found in the absence 
of CPC. 

In the presence of CPC, the calibration 
graph for thorium was constructed according 
to procedure (A). Beer’s law was obeyed for 
O-10 fig of thorium in a 25-ml solution at 685 
nm. The apparent molar absorptivity and 
Sandell sensitivity were found to be 1.50 x lo5 
1. mole-‘. cm-’ and 1.55 ng/cm*, respectively. 
Ten replicate analyses of a test solution contain- 
ing 10.0 pg of Th gave a coefficient of variation 
of 1.2%. 

Table 1. Characteristics of CPAmK complexes of Th and Ce 

Complex 

Th-CPAmK 
Th-CPAmK 
Ce-CPAmK 
Th-CPAmK 

Ce-CPAmK 

MEhllTl 
HCl, M 

0.16 
0.16 
0.16 
0 32 

0.32 

Composition L, c (x 10-4) 
CPC M CPAmK nm l.mole-’ cm-’ 

Absent 12 676 10.3 
Absent ::: 669. 8.06 
Absent 669 106 
Present 1.5 685 15.0 

No complex 
Present formed - - 

*Wavelength of measurement, not maximum absorption 
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Table 2 Straight-hne eouations of cahbranon graphs 

Metal 
Procedure determined 

Stratght-hne 
equationt 

Correlatton 
coefficient 

A = 0.026C + 0.004 0 9995 
A=O.O3OC+OOO3 0.9999 
A=O.O29C+OOO6 0.9996 
A = 0 014C + 0.001 0 9997 

*Total rare earth elements 
tA IS absorbance, C IS pg m 25ml solution 

In the absence of CPC, calibration graphs of 
cerium, total rare earths and thorium were 
constructed according to procedure (B). Beer’s 
law was obeyed for O-24 pg of cerium, O-20 pg 
of-total rare earths or O-28 pg of thorium in 25 
ml of solution at 669 nm. The apparent molar 
absorptivities of cerium and thorium at 669 nm 
were 1.06 x 10’ and 8.06 x lo4 l.mole-‘.cm-‘, 
respectively (&$ = 1.03 x lo5 l.mole-‘.cm-I). 
The Sandell sensitivities were 1.32 ng/cm2 and 
2.90 ng/cm*. The coefficients of variation for the 
determination of 10.0 pg of cerium or thorium 
(10 determinations each) were 1.2 and 0.8% 
respectively. The straight-line equations of the 
calibration graphs obtained by a least-squares 
treatment are listed m Table 2. 

The difference m absorbance, obtained for 
equal weights of metals, between the calibration 
graph for cerium and that for total rare earth 

Table 3 Tolerance limits (5% error maximum) for foreign 
ions m the determmanon of 5 0 pg of thorium m the 

presence of CPC 

Tolerance 
hmit Ion/Th 

Foreign ion pg w/w 

Ca(II), Sr(II), Mg(II), Mn(I1) 50000* 10000 
Co(I1) 25000 5000 
Ba(I1) 20000* 4000 
Al(II1) 15000 
NH,(I), Na(I), K(I) * ;g 
Zn(I1) 1s 2000 
Pb(II), Cr(II1) 5000 1000 
Yb(II1) 5OOOt 1000 
Ni(II) 4000 800 
Fe(II1) 3500 
Fe(II1) 5000$ lzz 
Eu(II1) 22OOt 440 
Ce(II1) 18OOt 360 
Cu(I1) 800 160 
Ti(IV) 500 100 
Ag(I) 100* 20 
WI) 20 4 
Zr(IV) 16 32 
Ascorbic acid 1OOOOO 20000 
Nitrate, sulphate, phosphate 10000* 2000 
Sihcate 7000 1400 
Fluoride 500 100 

*Not to the maximum amounts 
tAdd 5.0 ml of 0.2% CPC. 
$Add 100 mg of ascorbic acid. 

Table 4. Tolerance hm~ts (5% error maxtmum) for foretgn 
ions m the determmation of 5.0 fig of cenum m the absence 

of CPC 

Tolerance 
lilmt Ion/Cc 

Foretgn ion M w/w 

Na(I), NH&), Mg(lI) 1OooO’ 2000 
Mn(I1) 600 
Zn(II) :z* 400 
Fe(II1) 2OOOt 400 
Cr(II1) 1000 200 
Zr(IV) IlOOt 160 
Co(I1) 140 
Sr(II), Ni(II), Cu(I1) z 40 
WI) 1207 24 
WI0 100 20 
Pbw) 
Ti(Iv) zt :: 
MoW) 40 
AgW, AWI) 20 t 
Nbo 10 2 
Oxalate 150000 30000 
Nitrate, phosphate, fluoride 1OOoO’ 2000 
Sulphate 8000 1600 
Sihcate 1500 300 

*Not to the maximum amounts, 
fAdd 3 ml of 5% oxalic and. 

elements is usually not more than 5%, hence the 
former can be employed for the determination 
of total rare earths. 

E$ect of foreign ions 

Solutions containing 5.0 fig of thorium or 5.0 
pg of cerium, and various amounts of foreign 
ions were prepared and determined by pro- 
cedure (A) and procedure (B), respectively. The 
tolerance limits (5% error maximum) are listed 
in Tables 3 and 4. As shown in Table 3,360-fold 
amounts of cerium, 440-fold amounts of eu- 
ropium and lOOO-fold amounts of ytterbium do 
not interfere with the determination of 5.0 pg of 
thorium, which is an advantage over the pub- 
lished methods.&‘* In the absence of CPC, Table 
4 shows that 150 mg of oxalic acid are tolerated, 
which can be used to mask Fe(III), Zr(IV), 
U(VI) and Ti(IV), and raise the limits to which 
they can be tolerated. 

Simultaneous &termination of thorium and rare 
earths in waste water 

The proposed method was applied to the 
determination of thorium and rare earths (ex- 
pressed as cerium) in six industrial waste-water 
samples taken from chemical works. Place two 
appropriate aliquots of the sample in 25-ml 
calibrated flasks, add 6M hydrochloric acid or 
sodium hydroxide to adjust the solutions to pH 
cu. 3, then follow the general procedure (A) and 
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(B)* for the determinations. Thorium values 
were in the range 0.243-2.21 ppm and cerium 
values in the range of 0.25&3.92 ppm. The 
coefficients of variation ranged from 0.6 to 1.8% 
for thorium and from 0.4 to 2.9% for cerium. 
The recoveries of thorium and cerium found by 
standard addition of 2.00 c(g of thorium or 
cerium to each determination averaged 99.4% 
and 97.3%, respectively, with ranges of 
96.0-102% for thonum and 95.0-101.5% for 
cerium. 
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SPECTROPHOTOMETRIC DETERMINATION OF 
NICOUMALONE, ACEBUTOLOL HYDROCHLORIDE AND 

PROCAINAMIDE HYDROCHLORIDE 
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Summary-A sensltwe spectrophotometnc method IS descrkd for the deternunation of mcoumalone 
(NIC), acebutolol hydrochlonde (ACBH) or procamanude hydrochlonde (PAH) ather zn pure form or 
m pharmaceutical formulations The method IS based on the oxldative couphng reaction through the 
mvolvement of an aromatic prnnary ammo group (released through reduction m NIC or hydrolysis m 
ACBH or existing free m PAH) m the drug wth 3-methyl-2-benzothmzolinone hydrazone hydrochlonde 
(MBTH) m the presence of femc chlonde [Fe(III)]. The resultmg chromophores are measured at 620 nm 
for NIC and ACBH and 580 nm for PAH The concentration measurements are reprodwble wthm a 
relative standard deviation of 1% 

Nicoumalone (NIC)‘s2 1s extensively used as an 
anticoagulant while acebutolol hydrochloride 
(ACBH) and procainamide hydrochloride 
(PAH)‘,2*3 are two widely used anti-arrhythmic 
agents. They have been officially determined by 
titrlmetry with sodium nitrite (PAH)‘v2 or ultra- 
violet spectrophotometry (NIC).‘v2 Acebutolol 
hydrochloride is not yet official in any pharmaco- 
poeia. Most of the methods for spectrophoto- 
metnc determination of NIC,4 ACBHS-’ and 
PAH&” in the visible region suffer from lack 
of sensitlvlty or specificity. After oxidation with 
Fe(III), MBTH has been used as a chromogenic 
agent in the estimation of aromatic primary 
amines.“v12 In this paper we report its appli- 
cation to the determination of NIC, ACBH 
and PAH in bulk samples and pharmaceutical 
preparations. 

Apparatus 

EXPERIMENTAL 

A Systronics model 106 digital spectro- 
photometer with l-cm matched glass cells was 
used for all the absorbance measurements. An 
Elico LI-120 digital pH meter was used for pH 
measurements. 

Reagents 

Pharmacopoeia1 grade NIC, ACBH and PAH 
were obtained as gift samples from Sarabhai 

*Author for correspondence. 

Chemicals, May & Baker (India) Ltd. and 
Natco-Fine Pharmaceuticals Pvt. Ltd. They 
were used as working standards without further 
treatment. All other reagents and solvents were 
of analytical grade. Commercial dosage forms 
were purchased from local pharmacies. 

MBTH solution (Fluka). Freshly prepared 
0.2% solution in distilled water. 

Ferric chloride hexahydrate solution (Wilson). 
Freshly prepared 0.8% solution m O.OlM hydro- 
chloric acid. 

Standard solution of nicoumalone (300 pg /ml). 
An accurately weighed 30 mg sample of NIC 
was treated with 10 ml of 1 M methanolic hydro- 
chloric acid and 0.3 g of zinc dust added in 
portions. After standing for 45 mm at room 
temperature, the solution was filtered through 
cotton wool, the residue was washed with 3 x 
5-ml portions of methanol (Qualigens, Excellar) 
and the filtrate was made up to 100 ml with 
methanol after bringing the pH to 5.5-6.5 with 
sodium hydroxide. 

Standard solution of acebutolol hydrochloride 
(400pglml). About 40 mg of accurately weighed 
ACBH in 15 ml of water was treated with 
4 ml of concentrated hydrochloric acid and 
refluxed for 45 mm in a waterbath, cooled and 
the excess of hydrochloric acid removed under 
vacuum and the remaining mixture diluted to 
100 ml with distilled water. 

Procainamide hydrochloride solution (500 pg/ 
ml). Prepared by dissolving 50 mg of the drug in 
100 ml of distilled water. 

1057 
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Procedure 3 x 5-ml portions of acetone, the combined 

Bulk samples. Volumes of the standard solu- acetone extract was evaporated on a steam bath 

tions of reduced NIC (0.25-2.25 ml, 300 pg/ml) and the residue was treated as in preparation 

or hydrolysed ACBH (0.25-2.0 ml, 4OOpg/ml) of the standard drug solution and analysed as 

or PAH (0.4-2.8 ml, 500 fig/ml) were placed in a in the procedure for bulk samples. For ACBH 

series of 25-ml calibrated tubes. Iron(II1) chlor- and PAH, tablet powder equivalent to 40 mg 

ide (3.0 ml) and MBTH (4.0 ml for NIC, 3.0 ml of ACBH or 50 mg of PAH was extracted with 

for ACBH or PAH) were added successively with 3 x 5-ml portions of distilled water and filtered. 

appropriate time intervals (1 min to ACBH and The filtrate was treated as in the preparation of 

NIC; 5 min to PAH) to each tube, allowed to the standard drug solution and analysed as in 

stand for 20 min (NIC or PAH) or 25 min the procedure for bulk samples* 
(ACBH) and diluted to volume with distilled 
water. After colour development and final dilu- RESULTS AND DISCUSSION 
tion the absorbances were measured at 620 nm 
(NIC or ACBH) or 580 nm (PAH) against a Nature of the coloured species 

reagent blank during the stability period (1 min- The coloured species obtained in this reaction 
5 hr for NIC, 1 mm-3 hr for ACBH or 1 min- can be considered to be an oxidative coupling pro- 
15 hr for PAH). The drug concentration was duct between the drug and MBTH analogous 
read from the appropriate calibration graphs to the products obtained by reaction of MBTH 
prepared under identical conditions with amines.“*’ Under the experimental condi- 

Pharmaceutical preparations. Tablet powder tions, MBTH (I) loses two electrons and one 
equivalent to 30 mg of NIC was extracted with proton on oxidation forming the electrophilic 

DRUG R 

ACBH 

PAH 

R’ 

R 
R _ 

III 

1 
0CH2CHOHCH2NHCH(CH3)2 

1 
CGNH~H~~H~N(C~HS)~ 

Scheme 1. 

R’ 

H 

c-3 

H 
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Table 1 Opttcal characteristics and precrs~on 

Parameters NIC ACBH PAH 

LX,m 620 620 580 
Beer’s law hmits, pgcglml 3-27 4-32 8-56 
Molar absorptivity, 1. mole -‘cm -’ 6 38 x 10’ 401 x 10’ 1 53 x 103 
*Regresston equation 

Slope (b ) 191 x 10-r 106 x IO-’ 0 55 x 10-r 
Intercept (a) 1 53 x lo-’ 1 15 x 10-r 2 53 x 10-3 
Correlation coeffictent (r) 0 9999 0 9999 0 9999 

Relative standard devtanon,t % 029 0 31 081 
Range of Error,? % *030 f 0 39 f 0 85 
(Confidence hmtts at 0 05 level) 

*A = 0 + bC where C is the concentration m pg/ml 
t&x replrcate samples 

intermediate (II) which has been postulated to 
be the active coupling species (Scheme 1). The 
intermediate (II) undergoes electrophilic substi- 
tution with amine to form the coloured product 
(III). Aromatic primary amines react in the para 
position, or the o&o position if the para position 
is blocked, to the ammo group, which is qmte 
usual in such oxidative coupling reactions. The 
compounds mentioned above do not possess a 
free para position and so coupling takes place 
in the less sterically hindered ortho position. The 
variation in &,, and hax in the case of oxidative 
coupling products resulting from NIC, ACBH 
and PAH appear to be due to the inductive and 
mesomeric effects of the other substituents 
(R, R’) existing on the aromatic nucleus besides 
the primary amino group. 

Reaction parameters 

Since the drugs under investigation have either 
a free (PAH) or potential (released by reduction 
of NIC or hydrolytic cleavage of ACBH) aro- 
matic primary amino group, the suitability of 
MBTH for their estimation was examined. The 
applicability of MBTH reagent in conjunction 
with different oxidants [Fe(III), Ce(IV), IO,-, 
CAT, Cr,O$- , SzO:-, OCI- or Fe(CN)i-] for 
the determination of each drug was examined, 
with respect to A,, and L, values and stability 
of the coloured species formed, and the MBTH- 
Fe(II1) combination was preferred for the high 
sensitivity obtained. Beer’s law was found to be 
valid over the concentration ranges given in 
Table 1 at appropriate A,,,,, (Fig. 1). To ascertain 
the optimum conditions for complete hydrolysis, 
ACBH was hydrolysed with different concentra- 
tions (l-lOA4) of hydrochloric acid and various 
time intervals (5-120 min) in a boiling water 
bath. Concentrations in the range 2.0-3.OM 
hydrochloric acid and a 45min hydrolysis time 
are su@icient to yield maximum absorbance. For 

chloric acid and 0.2-l .O g of zinc dust was found 
to be optimal. The reduction time was estab- 
lished by increasing it by 5-min intervals. A 
45min period was found to yield maximum 
absorbance. 

For 450 /lg of NIC or 600 pg of ACBH or 
PAH, 3.0 ml (ACBH or PAH) or 4.0 ml (NIC) 
of 0.2% MBTH solution and 3.0 ml of 0.8% 
Fe(II1) solution were found to be sufficient to 
give maximum colour intensity. Higher concen- 
trations of reagent and oxidant did not affect the 
absorption intensity in PAH and NIC, but in the 
case of ACBH an increase in the volume of both 
reagent and oxidant decreases the absorbance of 
the chromophore. Heating the reaction mixture 

WAVELENGTH, nrn 

Fig 1. Absorption spectra of mcoumalone (A), acebutolol 
hydrochlonde (B) and procamamtde hydrochlonde (C)- 
MBTH-Fe(II1) systems Concentratton of mcomnalone 
6 793 x lo-‘M; acebutolol hydrochloride 8.58 x 10m5M, 
procainamtde hydrochlonde 2 061 x lo-‘M; MBTH 1.369 
x 10-3M (for NIC), 1027 x IO-“M(for ACBH and PAH) 
and femc chlonde 3 552 x 10e3M) reagent blank OS dtstdled 

the reduction of NIC, use of 0.5-2.OM hydro- water (D) 
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Table 2 Analysis of dosage forms by proposed and reference methods 

Nommal Reference 
amount, Proposed method Added, methodt 

Drug mg found, l % mg Recovery, %* found %+ 

NIC4 mg 4 996&04 5 99.8*03 99 2 ; 0.7 
t = 0.471, F = 2.633 

NIC-1 SYFCF mg, 1 994*04 5 991*04 98.8 f 0 6 
t=O407,F=2733 

ACBH-400 mg 400 1001*06 50 99.4 f 0.7 100 1 f 0.7 
t=0704,F=l 137 

ACBH-200 mg 200 996*06 50 995*06 99.3 f 0.4 
t = 0 633, F = 1976 

ACBH-200 mg, HCT- 12 5 mg 200 1002&05 50 99.3 f 0.5 1002&05 
t=O603,F=l202 

PAH-250 mg 250 99.6 f 0.3 50 998&05 996*02 
t = 0.331, F = 2 464 

PAH-250 mg 250 99 7 f 0.2 50 99 6 f 0.5 99 2 f 0.2 
t=0.209,F=l472 

*Average f standard deviation of 6 determmattons, the r- and F-values refer to comparison of the proposed method unth 
the reference method. TheoretIcal values at 95% confidence hmlt, I = 2.57, F = 5.05. 

TReported method for ACBH (5), B P method for NIC (2) and PAH (2) HCT = Hydrochlorotluande, SYFCF = Sunset 
Yellow FCF 

for PAH causes a marked decrease in absorb- 
ance. In the case of NIC and ACBH, heating the 
reaction mixture at 80” for 5-10 min which 
looks much less critical, gives absorbances that 
are unstable and less precise. It was observed 
that when 0.1 and l.OM hydrochloric acid are 
added, the absorbance of the solution gradually 
decreases (due to protonation of the amine group 
decreasing the oxidative coupling reaction) and 
hence the addition of hydrochloric acid was 
discontinued. 

The coloured products developed rapidly after 
addition of the reagents and attained maximum 
intensity after about 20 min for NIC or PAH and 
25 min for ACBH prior to final dilution at room 
temperature. They were stable for 5 (NIC), 3 
(ACBH) or 15 hr (PAH). The solvents studied 
were water, methanol, ethanol, propan-l-01, pro- 
pan-2-01, acetonitrile, chloroform, butan-l-01 and 
benzene. Water proved to be the most efficient. 

Analytical data. The optical characteristics and 
figures of merit are given in Table 1. Commercial 
tablets containing each drug were successfully 
analysed by the proposed method. The values 
obtained by the proposed and reference methods 
for pharmaceutical preparations (Table 2) were 
compared statistically by the t- and F-tests 
and found not to differ significantly. The results 
of the recovery experiments by the proposed 
method are also listed in Table 2. Recovery 
experiments indicated the absence of interference 
from the commonly encountered pharmaceutical 
additives and excipients such as lactose, glucose, 

starch, gum acacia, magnesium stearate and talc. 
Hydrochlorothiazide, which is co-formulated 
with ACBH, also had no effect. The colouring 
agent Sunset yellow FCF which was added to 
NIC did not interfere. The proposed method had 
advantages over other reported methods (in- 
cluding the MBTH-Ce(IV) method’ for direct 
determination of ACBH) in terms of sensitivity 
and freedom from interferences. 
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NEW REAGENT FOR SPECTROPHOTOMETRIC 
DETERMINATION OF SALICYLIC ACID 
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Summary-In 6M hydrochlonc actd solutton, sahcylic acid reacts wtth pentachloromtrosyhndate 
[Ir(NO)Cl,]- to form a new 1 1 complex gtvmg two absorptton maxnna at 369 and 446 mn worth molar 
absorphvthes both of 1 1 x 10’ 1 mole-’ cm-’ The reactton IS second order wtth apparent energy, E,, 
of 16 8 kI/mole At constant temperature, the apparent rate constant k increases to a maxtmum when 
the concentration of hydrogen ton 1s decreased to 4-W and the concentration of chlonde ion is kept at 
-6M The mechamsm of the reactton 1s also dtscussed. In alkaline soluhon, the absorption maxuna shift 
to 381 and 506 nm with molar absorpttvthes of 6 0 x 10) and 2.4 x 10’ 1 mole-’ cm-‘, respecttvely 
Sahcyhc actd can be determmed spectrophotometncally wtth high sensrttvrty and precision Renzo~c and 
bone actds do not interfere 

Salicylic acid is an important antifungal agent 
and is widely used in pharmaceutical prep- 
arations. Although several photometric 
methods’-4 have been developed for its determi- 
nation, the commonly used method is alkali- 
metry; however, this method suffers from 
interference by benzoic acid. The officially ap- 
proved photometric method for determination 
of salicylic acid in pharmaceutical preparation 
uses ferric nitrate as reagent,s but its application 
is restricted because of a strict pH value of 2.45 
being required for colour development. Re- 
cently, a simple spectrophotometric method has 
been established for the determination of sali- 
cylic acid,6 but the interference of benzoic acid 
cannot be eliminated. 

Pentachloronitrosyliridate, abbreviated here 
as PCNI, is a versatile transition metal nitrosyl 
complex.7-9 We have studied its reaction with 
diphenylamine’O and sodium diphenylamine- 
sulphonate”.‘* and experimental tests have also 
indicated that it undergoes a series of reactions 
with organic and pharmaceutical compounds. 
Its reaction with salicylic acid is sensitive and 
selective. Developing a spectrophotometric 
method for determination of salicylic acid seems 
to be theoretically and practically promising. 

EXPERIMENTAL. 

Apparatus 

A Pye-Unicam PU8800 spectropho- 
tometer with l-cm cells and a pHS-3 pH meter 

equipped with glass-calomel electrodes were 
used. 

Reagents 

All chemicals were of analytical-reagent 
grade. 

Standardsalicylic acid solution, 1.04 x IO-%4 . 
Prepared by dissolving pure salicylic acid in 
distilled water, assisted by the addition of a 
minimum amount of 6M sodium hydroxide. 

Standard PCM solution, 1.0 x IO-%4 in 6M 
hydrochloric acid. Prepared as described pre- 
viously” and kept under dark conditions. 

Ascorbic acid solution, 20 mg /ml. Prepared by 
dissolving colourless ascorbic acid in distilled 
water and used within 3 days. 

Procedures 

Procedure 1. To a lo-ml calibrated flask, add 
0.2 g of sodium chloride, 0.5 ml of standard or 
sample solution containing up to 70 pg of 
salicylic acid, 1.0 ml of 1.0 x 10m3M PCNI 
solution and mix thoroughly. Keep in the dark 
for at least 1 hr. Add 0.2 ml of ascorbic acid and 
dilute to the mark with 4M hydrochloric acid. 
Measure the absorbance at 446 nm against a 
blank prepared under the same conditions. 

Procedure 2. Prepare colour development as 
above. Add 6iU sodium hydroxide solution until 
the colour changes from greenish yellow to red 
and then add an excess of 0.2 ml. Heat on a 
water bath for 1.0 min. Immediately cool the 
flask and its contents to room temperature by 
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placing in water. Dilute to the mark with water 
and measure the absorbance at 506 nm against 
a blank or water. 

Kinetic experiments. Use a special glass flask 
with ground stopper and three side tubesI for 
mixing solutions. Transfer various amounts of 
PCNI and salicylic acid solutions respectively 
into two of the side tubes. Adjust the concen- 
trations of hydrogen ion and chloride ion of the 
two solutions respectively by adding hydro- 
chloric acid, sodium (or calcium) chloride and 
water so that their concentrations in the two 
solutions are identical. Place the glass flask in a 
thermostat at constant temperature. After 30 
min, mix the contents of the flask thoroughly 
and transfer immediately to a stoppered cell 
kept at the same temperature. Measure the 
absorbance at 446 nm against water at regular 
time intervals. 

RESULTS AND DISCUSSION 

Absorption spectra 

In 6M hydrochloric acid solution, salicylic 
acid reacted with PCNI forming a colour species 
exhibiting two absorption maxima at 369 and 
446 nm, both with molar absorptivities of 
1.1 x lo4 l.mole-’ cm-’ as shown in Fig. 1, 
curve 1. 

Wavelength, nm 
Rg 1 Absorption spectra of 1, salicylic acid-PCNI com- 
plex (4.05 x 10-JM) in 6M HCI, 2, salrcyllc acid-PCNI 
complex (4.05 x lo-‘M) m O.lM NaOH; 3, salicylic acid 
(4 05 x lo-“M) in 6M HCl; 4, PCNI (4.05 x 10e5M) and 

ascorbic acid m excess. 

02 

t 
I I I I I 

0 2 4 8 8 

[l-K31 .M 

Fig 2. Effect of concentration of HCI on the absorbance 
of sahcyl~c acid-PCNI complex (5 2 x lo-‘M) 1,446 nm, 

2, 369 mn 

When the solution was diluted to various 
concentrations of hydrochloric acid after 
colour development the absorbance at 446 nm 
decreased slightly with the decreasing concen- 
tration of hydrochloric acid while the ab- 
sorbance at 369 nm remained nearly constant as 
shown in Fig. 2. The absorbance at 446 nm 
varied also with the concentration of sodium 
chloride and the extent of variation was similar 
to that with hydrochloric acid. 

When the solution was made alkaline after 
colour development, the colour changed from 
greenish yellow to red, The absorption spectrum 
changed gradually over a long time period at 
room temperature, but quickly became constant 
on heating. The absorption peak at 446 nm 
showed an increase and a slight red shift on 
increasing the solution pH over the range 1-5, 
and then decreased with a slight hypsochromic 
shift when the pH of the solution was further 
increased. This peak disappeared at pH N 10. A 
new absorption peak occurred at -480 nm 
when the pH of the solution reached -8 and 
increased with increasing pH accompanied by a 
red shift. This peak shifted to 506 nm and its 
absorptivity reached a constant value when the 
pH of the solution exceeded 12.7. The absorp- 
tion peak at 369 nm decreased with increasing 
pH and shifted to 381 nm when the pH of the 
solution was greater than N 10. The absorption 
spectrum in alkaline solution is shown in Fig. 1, 

curve 2, with molar absorptivities of 0.6 x lo4 
and2.4x 1041.mole-‘cm-‘at381and506nm 
respectively. The effect of pH on the absorbance 
at 446 and 506 nm is shown in Fig. 3. With a 
heating time of 1 min, the absorbance at 506 nm 
remained constant over the pH range 12.7-13.7 
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1 ’ I 

0 2 4 8 8 10 12 14 

PH 
Fig. 3 Effect of pH on the absorbance of sahcyhc acid- 
PCNI complex (2 6 x lo-‘M, heating, 1 min). 1, 446 nm, 

2.506 run. 

(corresponding to 0.05-0.5M in sodium hydrox- 
ide). When the alkalinity of the solution was 
0.M in sodium hydroxide, the optimum heat- 
ing time was OS-2 min as shown in Fig. 4. 

Composition and nature of the coloured species 

The molar ratio of salicylic acid to PCNI in 
the coloured species was studied by the continu- 
ous variations method and the molar ratio 
method and found to be 1:l in each case. 

When the solution of the coloured species was 
passed through ion exchange resins, the greenish 
yellow species was retained by the anion ex- 
change resin and not by the cation exchange 
resin, indicating that the species is anionic in 
nature. 

According to Bottomley,g’14 a metal nitrosyl 
complex with vNo 3 1890 cm-’ may react as an 
electrophile. The electrophilic substitution reac- 
tion products of nitrosyl complexes of ruthe- 
nium with phenol and secondary or tertiary 

08 

1 

oe- t 

I t I I I 
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Time, min 

Fig. 4. EfTect of heating trme on the absorbance of salicylic 
acid-PCNI complex (2.6 x 1 O-‘M) in 0. IM NaOH. 506 nm. 

aromatic amines are nitrosoarene com- 
plexes. 15,16 In our previous work,“’ it was shown 
that PCNI with a VNo of 1992 cm-’ has elec- 
trophilic substitution reactions with diphenyl- 
amine and sodium diphenylaminesulphonate 
and nitrosoarene complexes are also formed. 
These nitrosoarene complexes are all formed by 
the electrophilic attack of NO+ of the nitrosyl 
complexes on the para-position to the amino- 
group or OH-group of aromatic compounds. It 
1s assumed that the reaction of PCNI with 
salicylic acid is also an electrophilic substitution 
reaction which occurs mainly on the para- 
position to the OH-group of salicylic acid. It 
may be represented by the following equation. 

/c 
OOH 

[Ir(NO)Cl,]- + ‘1 \ -OH 0 
OOH 

+[,,,,i- &H ] 
2- 

+H+ 
- 

(1) 

The product formed may also be a nitrosoarene 
complex. 

Origin of the absorption ban& in the visible 
region 

Bowden assigned the absorption bands of 
ruthenium nitrosoarene complexes in the visible 
region as da -) A * charge transfer transitions. 
Because of the similarity between the nitro- 
soarene complexes of iridium and ruthenium, 
the absorption band of salicylic acid-PCNI 
complex at 446 nm may also be a dn + x* 
charge transfer transition. When the pH of the 
solution is changed, the first colour change of 
the complex over the pH range l-5 may be due 
to the dissociation of the carboxyl group and the 
second colour change over the pH range g-l 1 
may originate from the loss of hydrogen ion 
from the hydroxyl group. Both carboxyl group 
and hydroxyl group are auxochromes.“pr8 The 
lone pair of electrons of the hydroxyl group are 
in conjugation with the R electron system of the 
aromatic ring. The loss of hydrogen ion from 
this group will increase its strength of conju- 
gation and lower the energy of the 1c* orbital, 
thus giving a red shift of the dn + II* band. The 
carboxyl group operates as an auxochrome 
through its induction effect and also forms a 
hydrogen bond with the adjacent hydroxyl 



group.” The dissociation of this group will 
affect its inducing strength and the auxochromic 
ability of the hydroxyl group. The resulting 
effect of these two factors is reflected in the 
change of the dn 4 II * band. 

Kinetics of the reaction 

From the preliminary calculation of the kin- 
etic data, the reaction between salicylic acid and 
PCNI was found to be second order. The ab- 
sorbance of salicylic acid was zero at 446 nm 
while that of PCNI was very low but could not 
be neglected. The precise calculation was carried 
out as follows. 

From the standard equation for a second 
order reaction, 

k=-!- 
t(a - 6) 

ln 0 - 4 
a(b -X) 

(2) 

let a = initial concentration of salicylic acid and 
b = initial concentration of PCNI. When t = 0, 
let the absorbance of a = Ai = 0 and the ab- 
sorbance of b = Ah. At any intermediate time t, 
let the total absorbance of the solution = Ad 
and the absorbance of the product = Ap. When 
the reaction is completed, let the total ab- 
sorbance of the solution = Af and the ab- 
sorbance of the product = Am. Then: 
When a > b, 

x = b.AplAm. (3) 

Substitute equation (3) into equation (2): 

k 1 
=t(aln 

a.Am - b.Ap 

a(Am - Ap) (4) 

where 

Am=Af 

Ap = Ad - Ah(1 - Ap/Am) 

% Ad - Ah(1 - Ad/Af ). 

Table 1 The apparent rate constant, k, and energy, 
E., of the reaction between sahcyhc acid and F’CNI 

m 6M HCl 

Temperature, K 
Energy, E, 

303 313 323 kJ/mole 

k 118 14.7 176 
I mole-’ set-’ 11.8 147 18.3 

12 1 14.8 
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Mean 119 147 180 16.8 

When 

a <b, 

x = a.Ap/Am. (9 

Substitute equation (5) into equation (2): 

k 
1 b(Am - Ap) 

=t(al’b.Am -a.Ap (6) 

where 

Am = Af - Ah(b - a)/b 

Ap=Ad-Ah[l-(a.Ap)/(b.Am)] 

% Ad - Ah [l - (a. Ad)/(b. Af )I. 

The kinetic experiments were carried out first 
in 6M hydrochloric acid and the results ob- 
tained are summarized in Table 1. The rate of 
reaction increased slowly with an increase in 
temperature. The apparent energy was found to 
be 16.8 k.I/mole. 

If the concentration of hydrochloric acid of 
the solution is decreased, the rate of reaction 
may be affected in two opposite ways. From 
equation (I), it is clear that the reaction rate 
may increase with decreasing concentration of 
hydrogen ion which is one of the products of the 
reaction. On the other hand, PCNI is mainly 
present in > 6M hydrochloric acid solution and 
its concentration decreases rapidly with the 

Table 2 Effect of concentration of hydrogen Ion and chloride Ion on the apparent reactton rate constant, k, at 30 

Concentration,* Conce.ntration,t Concentration,j 
M 

k 
M 

k, 
M 

k, 
H+ Cl- l.mole-’ set-’ H+ Cl- I.mole-‘set-’ H+ cl- I mole-’ set-’ 

60 60 11.9 
50 50 153 
40 4.0 11.1 
3.0 3.0 -5 
20 20 -15 

50 
40 
30 
2.0 

6.0 
6.0 

:*: 

184 
25 1 
-25 

Irregular 
results 

40 50 14.0 
30 50 -8 
20 50 -3 

*Mantamed Hnth HCl 
tMalntamed with HCl and CaCl, 
tMamtamed ~th HCl and NaCl 
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decreasing concentration of hydrochloric acid 
according to the following equation,” 

OH- H,O 
l?WO)CW ;-_‘[Ir(N0,)ClS]3- _ 

H+ Cl- 

[Ir(NQ) OWKLJ*- (7) 

which causes the reaction rate to decrease. The 
apparent rate constant k will increase or de- 
crease depending on which factor dominates. 
Thus the data in column 1 of Table 2 can be 
reasonably explained. 

If calcium chloride or sodium chloride is 
added to the solution to maintain the chloride 
ion at relatively high levels while the concen- 
tration of hydrogen ion is decreased by decreas- 
ing the concentration of hydrochlonc acid, the 
concentration of PCNI will be higher than that 
in solutions of the same acidity without adding 
salts, and the apparent rate constant, k, will 
increase. Comparison of the data in columns 2 
and 3 of Table 2 with that in column 1 shows 
that experimental data conform well with theor- 
etical prediction. 

Stability of the complex and the optimum con- 
ditions for colour development and measurement 

It is suitable to develop colour m solutions of 
4-5M hydrochlonc acid, saturated wth sodium 
chloride. Calcmm is not recommended for in- 
creasmg the reaction rate at lower acidity since 
it sometimes causes irregular results. The reason 
is unknown at present. 

The complex was stable for at least 72 hr even 
in 6M hydrochloric acid. Both 369 and 446 nm 
may be used for measurement, but 446 nm is 
preferable as there IS less interference. Ascorbic 
acid was added to reduce irregular absorbance 
caused by a small amount of H,IrCl, in PCNI 
solution. It also reacted with PCNI and the 
resulting product gave a small absorbance in 

Z4M hydrochloric acid solution and larger 
absorbance in solutions with lower acidity. It is 
acceptable to adjust the final acidity of the 
solution to any value between 4 and 6M. 

The sensitivity was doubled when measure- 
ments were made in alkaline solution with pro- 
cedure 2. The absorbance at 506 nm was stable 
for at least 3 hr and the reagent itself gave no 
absorbance. 

Calibration and precision 

A calibration graph was constructed by plot- 
ting known concentrations of salicylic acid 
against the corresponding absorbance obtained 
by using procedure 1 (using longer time for full 
colour development when the amount of sali- 
cyhc acid exceeded 70 pg). The resulting graph 
was linear and passed through the origin. Beer’s 
law was obeyed over the concentration range 
0.5-I 3 pg/ml. To study the precision, a series of 
determinations was made for 70 pug of salicylic 
acid and the relative standard deviation was 
found to be 0.64%. 

Interferences 

For determination of 69.6 pg of salicylic acid, 
500 pg of boric acid, 500 pg of phenacetine, 
5000 pg of benzolc acid and 5000 pg of caffeine 
did not interfere. Wool fat or Vaseline was 
dissolved in ethyl ether and extracted with 
sodium hydroxide solution. The extract did 
not interfere with the determination of salicylic 
acid. 

Applications 

Results obtained by applying the following 
procedure to the determination of salicylic acid 
in synthetic samples of compound benzoic acid 
ointment are shown in Table 3. 

Dissolve 0.2 g of ointment in 10 ml of 
diethyl ether. Transfer into a 60-ml separating 
funnel. Extract the salicylic acid content 

Table 3 Determmatlon of sahcyhc acid m synthek samples of compound benzoic 
acid omtment 

Content 
of Sal,* 

% 

5 07 
7 29 
6 10 
5 33 
6.85 
5 48 

Content of other components, 
% 

Bent w Va4 
12 13 404 424 
13.41 38 7 40.6 
12 50 39.7 41 7 
11 67 40.5 42 5 
1545 379 39.8 
11 62 40.5 42 4 

Sal* Relative 
found, error, 

% % 

501 -12 
7 I2 -23 
6 06 -0.7 
5 36 +06 
681 -0.6 
5 45 -05 

*Sal = sahcyhc acid. tBen = benzolc acid. $Wf = wool fat §Vas = vasehne. 
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with four successive 5-ml portions of 0,5M 
sodium hydroxide. Wash the extract with 

;a 

5 ml of petroleum ether (boiling point i 
’ range 90-120”) and transfer into a loo-ml 

standard flask. Dilute to the mark with 10 
water. Continue the determination according to 
procedure 1. 11 
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One important point that should be made at an early stage IS the necessity to define exactly what change IS being 
considered The physical states of reactants and products should appear as part of every chemical equation, from the first 
one onwards, together Hrlth a note of the temperature and pressure It IS unfortunate that the recommendations of IUPAC 
have not been followed, whereby the subscnpt used to denote a chermcal process should be wntten as a subscnpt to the 
A symbol and also the standard pressure should be taken as 10’ N/m2 This latter factor could easily have been 
accommodated m equations by use of a symbol to represent the standard-state pressure 

It IS ksappomtmg to find that several errors have crept mto tis edition, with changes m notation only partly 
Implemented, and references to other sections now incorrect because of alterations that have been made In addition, there 
are a number of rmstakes m the equations and m the examples gven 

Nevertheless, this 1s still a book to be recommended for the student seeking a sound mtroduction to the subject. 

J. H. DYMOND 

Problem Solving witb Mkrobeam Analysisz K KISS, Elsener, Amsterdam, 1988 Pages 410. Dfl 255.00 

This book attempts to review a whole gamut of analytical techniques, m the fields of optical and laser microscopy and 
spectroscopy, X-ray spectroscopy, electron dlffractlon and spectroscopy and heavy-ion probes It IS perhaps inevitable, as 
the author mdicates m the foreword, that the depth to wluch each technique IS covered IS not always satisfactory 

Part I of the book IS perhaps rmsleadmgly entitled “Theory and Techniques”-the hmlted coverage of the mathematical 
background cannot reahstically be construed as Theory For example, I am unconvmced the non-expert reader could 
understand the prmciples of electron diffraction from the detads gven The Techmques, on the other hand, are 
comprehensively surveyed, though again a little sketchily I particularly enJoyed the iustoncal mtroductlon, leading me 
through the early development of each technique This theme, repeated m several places, helped place mto perspective the 
logical progression of analytical technique development to Its present, profuse nature The treatment of the techniques, as 
the author concedes, IS reliant on a substantral use of the blbhography for a full appreciation of the details While accepting 
the need for conciseness m the context of such a wide-rangmg treatment, it IS possible to be a touch too concist--some 
more depth m this section would have been appreciated I would descnbe the treatment very much as a practical, 
non-ngorous guide to the range of analysis techniques available 

In Part II we are treated to a whole senes of case studies dlustratmg the use of the techniques discussed. This again was 
lmpresslve m Its coverage of the range of applications, but as a non-analyst I felt that closer exammahon of somewhat 
fewer examples would have benefited the understanding. Apart from a few cases, the presentation was all too bnef to gve 
a real flavour of the problem, its solution and importance This havmg been said, however, the availability of such a 
comprehensive case-book 1s hkely to be of use to the practlsmg analyst searchmg for a clue towards a temporanly mtractable 
problem Again combination of the sketchy mformatlon available m the book with use of the extensive bibliography could 
well lead, m practice, to a satlsfymg conclusion and a successful analysis 

In summary, Uus reviewer was both mtlmldated and impressed by the range of analysis techniques available and covered 
m this book The summanes concludmg each section, on the advantages and limltatlons of each technique, helped clear 
a path through this veritable forest of alternatives, leading to an awareness of the flexibility available However, for all 
but the prachsmg analyst at whom the book IS dlrected, real satisfaction would require a significant amount of further 
reading 

C C WILSON 

Gas chromatography-Biochemical, Biomedkal and Clinkal Applkations: R E. CLEMENT (edltor), Wiley Interscience, New 
York, 1990, Pages x + 393 f70 50 

Although it often seems that high-performance liquid chromatography dommates analytical separation methods, over the 
last 10 years there have been an important Senes of improvements m the application of gas chromatography (GC) to 
blomedlcal and bmchermcal samples. These developments, pnmarily m the use of open-tubular columns and coupled mass 
spectrometnc detection, have frequently lpven gas chromatography a chstmct advantage m column effiaency and for 
quahtatlve Identlficatlons, making It Ideal for the examination of complex hololpcal matrices 

These advantages are emphasized m this edited work. The most valuable chapters ~111 be those on the apphcatlons of 
GC These includes GC profiling m blomedlcal mvestlgahons by Rosenfeld, fatty acids and lipids analysis by Musklet and 
Van Doormaal, ammo-acid separations by MacKenzie and the application of GC-MS to human plasma by Taguchl More 
speclahzed aspects are the role of GC m the ldentlfication of nucro-organisms by Elceman, Wmdlg, and Snyder, forensic 
and chmcal toxicology by Beaumler and Leavltt and sport drug testings by VIau The final chapter covers the analysis of 
organometalhc compounds 

These apphcatrons chapters are preceded by a senes of mtroductory chapters on open-tubular columns, modem 
mstrumentatlon, multldlmenslon gas chromatography, coupled GC-mass spectrometry, denvatization and methods for 
quahtative and quantitative analysis. However, these are the weakest part of the book, often bemg over-stmphfied, with 
a number of topics repeated by different contributors. The first chapter m paticular contams a number of typographical 
errors 
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priad@ea of u San@ng: L. W Karrrr (editor) ACS, Washmgton, 1988 Pages xxiv + 458 $39.95 (softback), 
S64.95 (hardback). 

Quality Assurance and Quality Control are concepts which have exploded mto the day to day alXurs of the maJority of 
analysts wtthm the last couple of years, as evidenced by the enormous mterest at Euroanalysrs 1990 m the QA/QC sesston 
Methodology and laboratory management are being tackled energetrcally, wrth good examples to follow and plenttful advice 
to be had But what of the most cnucal step m any analysis-the sampling? 

The ACS Symposmm on Environmental Samplmg attempted to summarize thmkmg not only on how to sample, but on 
whar to consider when planning the sampling So this book can be drnded mto those chapters on the philosophy and logtc, 
delimhons and mterpretatton of QA/QC as apphed to sampling (perhaps also mcludmg the statrstics of samphng), on the 
one hand, and those on the experrence of workers who have struggled with the sampling of mhomogeneous “real” situahons 
such as polluted natural waters, soils, sedrments, stack gases, hota, sludges and so on. I feel that the 8rst group of chapters 
could, with skilful edrtmg, and wtthout loss of information, have been condensed considerably, as there IS much repetttion 
and generahxation whtch tires the reader and bunes the message under a profusion of words The second group of chapters, 
m contrast, constitutes fascmatmg readmg from which much benefit can be extracted by the reader, learning from the 
dtfficulhes encountered, though not always overcome, by many analysts experienced m handlmg envrronmental samples. 
As the good points far outweigh the minor cntuxsms the book can be strongly recommended for all practrsing analysts-and 
the prrce ts very reasonable 

I L MARR 

Carbon, Nitrogen and Sulplmr Pollutants and their Determlnatlen ln Air and Water: J GREYSON, Dekker, New York, 1980 
Pages x1 + 376, $99 75, ($119 50 outside North America) 

There are several puxxlmg features of tlus book. First, the title and contents are totally mrsmatched, wrth very few pages 
devoted to actual determmatrons, and very many to an attempt to cover all other aspects of chermstry remotely assocrated 
wrth these three elements Thus over 50 pages take us through the chenustry of these elements, mcludmg lengthy yet sketchy 
accounts of various bmchemrcal pathways, and a further 40 deal with reactrons taking place m aqueous and atmospheric 
envuomnents Then there are inadequate chapters on various analytical techmques, wrth brref summanes of appbcatrons 
to environmental samples 19 pages on theory of utrations and 3 on actual methods, 8 pages on thermodymumcs of 
electrochermcal cells and half a page on the silver sulphide electrode, wrth not a mention of the other kinds of ISEs, and 
so on 

The second puzzle is simply “who is the book wntten for 7” The author suggests that it IS for the engmeer or chemist 
who finds himself havmg to do some analyses Such a reader will need real help which he wrll not find m thrs book Whrle 
the cover note says “this practrcal reference details procedures available ” the contents certainly do not The book nught 
have been wntten as a general text for mtroductory environmental chemistry students, but rt repeats too much matenal 
which is presented much more clearly m other texts, and the pnce at $100 is anyway far beyond the student’s pocket 

The thud puxxle is the large number of mistakes n-octane as a GC sfatronary phasef fluorescence enussron at shorter 
wavelengths than the excrtatroni, TLC with the spots descenlngi, CO, + HCO, + CO:- summing to 120% at pH 81, BOD 
determmations reqtunng soluttons to be oxygen-saturated’, spectrophotometry possrble only between 30% and M)%T when 
most modern instruments easily measure 1% Ti, “practtcally all modem spectrophotometers make use of photomhplrers ” 
except all those (very many) which use srhcon diodesi, p-rosanhe instead of pararosamlme (there IS no group to be para), 
and so on 

A puxxlmg book indeed, but not one that I can recommend, for any class of reader 

IL MARR 

Chemical Demom&atioos-A Sourcebook for Teachers, Volume 1,2d Edition: L R. SUMMERLIN and J L EALY JR (edrtors), 
ACS, Washington, DC, 1988. Pages xii + 198 $19.95 (US and Canada), $23 95 (elsewhere) 
chemical Demonstratkms-A Sourcebook for Tea&m, Volume 2, 2nd Edltloa: L R SUMMERLIN, C L BORGFORD and 
J B EALY (edrtors), ACS, Washington, DC, 1988 Pages XII + 233 $19.95 (US and Canada), $23 95 (elsewhere) 

How did you become interested m Chemistry? Almost certamly because you had the best kmd of teacher-ne who aroused 
your enthusiasm by showmg you mterestmg and excrtmg chermcal changes. Coloursi Bnght hghtstt Explosronsiii 
Remember7 The authors of the two volumes of “Chemtcal Demonstrattons” fit nicely mto this category themselves They 
have chosen over two hundred demonstrattons which are designed to be enjoyed by students as well as provtdmg subjects 
for discussion The expenments cover a wide range of toptcs-gases, soluhhty and solutron, kmettcs and equihbna, 
oxrdatron and reductron, collotds, polymers, physical changes, reactrons of elements, transrtion metals and complex Ions, 
and chemical bonding. They range from the very sunple proof that au IS a substance (Empedocles, 440 BC) to the hrghly 
mtncate oscillating reacttons (which follow chaotic dynamics under certam condrtrons) For each demonstratton the 
procedure IS described m detarl, there follows an explanation together wrth teachmg tips and questrons Many perenmal 
favorites, e g., the starch-&me clock reaction, are included but for safety reasons the authors have (clearly regretfully) 
had to exclude several of the more dramatic classical experiments The few obvious errors mtngue rather than confuse 
One ponders over the likelihood of the “hght red solution of NH+ (aq ),, (Vol 1, p 95) and over the electron-deficient 
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nature of a complex contammg two &covalent boron atoms (Vol 2, p. 97) Fmally, tf you are mvolved m the teaching 
of chemistry make sure that you have access to both of these books-and use them! 

0 C. MUSGRA~E 

DNA in Forensic !3ci ewe-Theory, Tecbniqoes and Applications: J ROBERTSON, A M. Ross and L. M BURCOYNE (editors), 
Ellis Horwood, Chtchester, 1990 Pages XIII + 197 E39 95 

DNA analysis of blood or hssues to identify a donor IS of interest to forenstc sctenttsts and lawyers. Many, however, may 
feel that their knowledge of the sctenttfic prmctples and techniques IS madequate or out of date. If so then this volume should 
be of considerable help 

The first two chapters describe the nature and occurrence of DNA m ussues and the way mformatton 1s stored and used 
m the cell Thrs sectton 1s partrcularly good at describing the scale of the human genome and puttmg the vartous components 
mto context There are some errors m Table 1 2 m the CU* and AU* ammo-acid allocattons m the genetic code table and 
m the descnpttons of the dtfferent regtons of the genes represented m Figs. 19 and 1.11. 

Havmg covered the groundwork the next chapters deal more spectfically wtth forensic aspects such as the effects of the 
envuonment on, and the means of recovermg useful DNA from, various types of forenstc sample The various steps m 
the DNA analyses are described and the bases of the variahons between dtfferent mdtvtduals are explained Although the 
polymerase chain reaction 1s ctted frequently as an Important alternattve method of analysts and 1s descrtbed m the glossary 
and m part m various places throughout the book, a more detailed descnption of the process would be welcome. The 
apphcatton of DNA analysts to paternity testmg 1s constdered m a separate chapter 

The final chapter explores the use of thrs new technology m the courts and some of the legal imphcations, 
The book is clearly wrttten with many tllustrauons, a glossary, an index and IS well supported with references. It should 

be useful to lawyers and others wtth an Interest m DNA “fingerprmtmg” as well as to scientists wishing to update their 
knowledge 

N. D WATSON 
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BROMIDE DETERMINATION AT NANOGRAM LEVELS 
BY LASER-EXCITED MOLECULAR FLUORESCENCE 

SPECTROSCOPY IN A GRAPHITE FURNACE* 

JAMIL ANWAR,? JEsfrs M. ANZANO$ and JAMES D. WINEFORDNER~ 

Department of Chemistry, University of Florida, Gainesville, Florida 32611, U.S.A. 
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Summary-Bromide was determined at nanogram levels by introducing the sample with excess aluminum 
into a graphite furnace and measuring the laser-excited molecular fluorescence of aluminum bromide. 
Experimental parameters including excitation and fluorescence wavelengths, thermal conditions and 
aluminum concentration were optimized. Effects of concomitant ions and of barium hydroxide concen- 
tration, as a matrix modifier, have also been checked. The analytical reliability of the described procedure 
was checked by determining the bromide content in a standard reference material. 

Laser-excited fluorescence spectroscopy (LEFS) 
is one of the most sensitive techniques for 
ultra-trace element determinations. Detection 
limits in the femtogram range have been 
achieved for a number of elements when the 
technique was employed with high temperature 
atomizers.‘” However, LEFS has not been fully 
exploited for the determination of non-metals 
mainly because their resonance lines lie in the 
vacuum UV region and intense laser sources are 
not yet available in this spectral region. This 
limitation in the case of non-metals has not only 
restricted the use of fluorescence methods but 
has also been considered a serious obstacle in 
absorption techniques. As an alternative, to 
achieve good detection limits, research workers 
developed a number of indirect methods based 
on molecular emission and absorption of non- 
metals.4 

Halogens, an important group of non-metals, 
have been determined at trace levels by using 
such molecular emission and absorption 
methods.s*6 Preliminary investigations concern- 
ing the quantitative determination of halogens 
by molecular emission in cool flames were 
carried out by using copper and indium halide 
compounds. ‘9’ Later, the use of molecular emis- 
sion cavity analysis (MECA) improved their 
detection limits significantly.’ Molecular emis- 

*This research was supported by NIH-GM 38434-04. 
ton leave from University of the Punjab, Lahore, Pakistan. 
#On leave from Department of Analytical Chemistry, 

University of Zaragoza, Zaragoza, Spain. 
#Author for correspondence. 

sion of halogen-containing diatomic molecules 
in high temperature arcs” and microwave- 
induced plasmas” were also employed for the 
determination of halogens. Molecular absorp- 
tion spectroscopy (MAS) has also been used for 
the determination of halogens; hence, absorp- 
tion of halogen-containing diatomic molecules, 
formed in a graphite furnace, was measured. 
Different research groups achieved detection 
limits in the nanogram range for various halo- 
gens by MAS.12*13 

Molecular emission of halogen-containing 
molecules’4 in flames and plasmas, and molecu- 
lar fluorescence of alkaline-earth halidesI and 
heavy metal fluorides*‘j have been the subject of 
several physical studies. Recently, fluorescence 
of such diatomic molecules as indium chloride, 
magnesium fluoride and aluminum bromide for 
the analytical determination of halides has been 
reported. ” Dittrich and coworkers’* used a 
modified graphite furnace for measuring the 
laser-excited fluorescence of the diatomic mol- 
ecules of halides with Al, In and Mg. 

In the present work, bromide is measured by 
introducing the sample with an excess of alumi- 
num into a standard graphite furnace tube and 
measuring the laser-excited non-resonance 
fluorescence of aluminum bromide. Experimen- 
tal parameters including excitation and fluor- 
escence wavelengths, thermal conditions and 
concentration of added aluminum are opti- 
mized. The use of barium hydroxide as a matrix 
modifier and the presence of other concomitant 
ions have also been evaluated. The analytical 
usefulness of the described method is evaluated 
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Table 1. Experimental conditions used for measuring the fluorescence of 
aluminum bromide 

Maximum energy obtained from 
the dye laser after doubling 
Dye-laser wavelength used 

(based on best signal/noise) 
Fluorescence wavelength 

(at which maximum signal obtained) 
Monochromator slitwidth 

(based on best signal/noise) 
Photomultiplier tube voltage 
Sample drying conditions 
Sample ashing conditions 
Sample vaporizing conditions 

20 /IJ 

278.85 nm 

284.50 nm 

500 pm (band width = I nm) 
-1OoOv 
150”, 20 set, Ar flow = 1.5 l./min 
600”, 15 set, Ar flow = 1.5 l./min 
2600”, 2 set, Ar flow = 0 

by determining bromide content in standard 
samples of wheat flour. 

EXPERIMENTAL 

Reagents 

A 1 x 10F2M solution of Coumarin 540 dye 
(Exciton Inc. Dayton, 45431) in ethanol was 
used in the dye laser. Standard solutions of 
bromide and aluminum were prepared from 
sodium bromide and aluminum nitrate of 
99.99% purity (Aldrich Chemical Co. Wis. 
53233) respectively. A 1 x 10-2M solution of 
barium hydroxide (98+ %, Aldrich Chemical 
Co.) was used as matrix modifier. 

Instrumentation 

The dye laser was pumped by a nitrogen laser 
(7 mJ, 337.13 nm). The laser beam from the dye 
laser was doubled by a doubling crystal “KDP”, 
passed through the UV filter and then focused 
into a graphite furnace tube via a pierced mir- 
ror.19 The molecular fluorescence produced after 
vaporization of the sample in the graphite fur- 
nace was collected by the pierced mirror and 
focused into the entrance slit of the mono- 
chromator. The signal from the PMT photo- 
multiplier tube was processed by a boxcar 
integrator and recorded on a strip chart 
recorder. A schematic set up of the apparatus 
used has been described in earlier work.20 

Procedure 

A lo-p1 aliquot of bromide sample contain- 
ing bromide and aluminum (in w/w ratio of 
2 x 102) was injected into the graphite furnace 
with a micro syringe. This was followed by the 
injection of 10 ~1 of a 1 x 10e2M solution of 
barium hydroxide. After introducing the sample 
and matrix modifier, a controlled heating pro- 
gram of drying, ashing and vaporizing was 
employed. The experimental conditions used in 
this work are given in Table 1. 

RESULTS AND DISCUSSION 

Wavelengths and slitwidth 

In previous work, I8 the fluorescence of alumi- 
num bromide was measured at the resonance 
wavelength i.e., 278.91 nm, but in our system 
due to severe scattering problems the measure- 
ment of resonance fluorescence was not poss- 
ible; therefore, measurements were made at the 
non-resonant wavelength. As the literature 
reveals,2’ a number of excitation schemes in 
both the visible and ultra violet regions of the 
spectrum are possible for measuring the mol- 
ecular fluorescence of aluminum bromide. The 
strongest molecular bands representing various 
transitions of aluminum bromide are closely 
spaced in the region 279-286 nm.2’ In the 
present work, the maximum fluorescence inten- 
sity was found by exciting the sample with a 
laser beam tuned at 278.85 nm (the 0,O tran- 
sition) and measuring the fluorescence at 284.5 
nm. A number of attempts were made to 
measure the fluorescence at other possible wave- 
lengths, including 422.5 nm (the 0,O transition in 
visible region), after exciting the sample at 278.5 
nm, but the fluorescence intensity was far less in 
all cases than that obtained at 284.5 nm. Hence, 
all the fluorescence measurements were made at 
this wavelength. 

The effect of spectrometer slitwidth on the 
signal to noise ratio was evaluated over a range 
of slitwidths from 100-1000 pm. The best 
signal to noise ratio was obtained at 500 pm 
slitwidth (= 1 nm band width). Greater slit- 
widths did not improve the signal to noise 
ratio and so all of the present work was done 
at a 500~pm slitwidth. 

Thermal conditions 

After introducing the sample (10 ~1) and 
matrix modifier (10 ~1) into the graphite furnace 
tube, the contents were dried at 150” for 20 set 
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0 1400 2ooo 2600 3000 
Vaporization temperature VC) 

Fig. 1. Effect of vaporization temperature. [IO ng Br/lO pl; 
2 pg Al; 17 Ba(OH),.] pg 

and then ashed at 600” for 15 sec. Drying 
and ashing time intervals were critical but for 
the samples larger than 10 ~1 an additional 5 set 
of drying and ashing at the respective tempera- 
tures yielded better results. There was an argon 
flow of 1.5 l./min during drying and ashing. 
Higher temperatures and variation in gas flow- 
rate during drying and ashing did not cause any 
effect on the signal. Finally, the contents were 
vaporized at 2600” for 2 set without any argon 
flow. The vaporization temperature was opti- 
mized by varying it from 1500-3000”. As shown 
in Fig. 1, the fluorescence intensity increased at 
about 2000” and reached its maximum at 2600”. 
A further increase in vaporization temperature 
did not give any significant increase in the 
signal. Similarly no noticeable effect resulted by 
increasing the vaporization time from 2 to 3 set; 
rather it increased the noise level after recording 
the fluorescence signal. After every five sample 
runs, the graphite furnace was heated to 3000” 
to eliminate memory effects. 

aluminum concentration in the sample but also 
posed problems in sample injection due to het- 
erogeneity of the solution. To overcome this 
problem, the barium hydroxide aliquot was 
directly introduced into the furnace after the 
sample injection. The influences of the amount 
of barium hydroxide on the aluminum bromide 
and in the blank signals are shown in Fig. 2. The 
best fluorescence sensitivity was achieved by 
using a bromide to barium hydroxide (w/w) 
ratio of 1: 1700. Further increase in the quantity 
of barium hydroxide depressed the fluorescence 
signal significantly probably due to the for- 
mation of aluminum hydroxide; therefore, this 
ratio of bromide to barium hydroxide was used 
throughout. 

EfSect of aluminum concentration 

The effect of aluminum was studied by adding 
different quantities of aluminum to a fixed 
quantity of bromide and barium hydroxide. As 
can be seen in Fig. 3, the fluorescence intensity 
of aluminum bromide reached a plateau for the 
ratio of the amount of aluminum to amount of 
bromide which exceeded about 200-fold. Alumi- 
num had no appreciable effect on the blank 
signals. 

Eflect of concomitant ions 

The effect of the number of concomitant ions 
on the determination of bromide by the de- 
scribed procedure was evaluated. These ions 
were added in a ten-fold excess of bromide as 
their sodium salts except iodide and nitrate 
which were added as their potassium salt. As 
shown in Table 2 among the halogens, only 

Eflects of barium hydroxide 

Use of barium hydroxide as a matrix modifier 
in the determination of bromide by measuring 
the fluorescence18 or absorptionI of aluminum 
bromide has already been evaluated by others. 
It has been suggested” that barium ions reduce 
the loss of bromide as hydrogen bromide during 
drying and ashing stages and assist the for- 
mation of aluminum bromide in the gaseous 
phase. In our studies a problem arose with the 
addition of barium hydroxide to a bromide 
sample which already contained excess alumi- 
num nitrate; precipitation of aluminum hydrox- 
ide resulted which not only reduced the 

..___.. + ,....... +..-----‘+ 

0 6 10 16 20 26 

BaW)2. ~19 

Fig. 2. Effect of Ba(DH), concentration. 10 ng Br/lO ~1; 2 
pg Al. (----=blank). 



1074 

26 

20 - 
t 

215 - 
.F 
2 

: 
,910 - 
v) 

5- 

*._...3......+"""+.....~...... 

JAMIL ANWAR er al. 

I 

0 0.5 1 1.5 2 2.5 3.0 

NM 

Fig. 3. Effect of Al concentration. 10 ng Br/lO ph 17 pg 
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fluoride increased the fluorescence signal to a 
considerable extent (10%) which may be due to 
either bromide contamination in the fluoride 
salt or more probably to a transition of fluoride 
in the observation region.2’ The other ions 
which depressed the signal of aluminum bro- 
mide to a noticeable extent were phosphates and 
carbonate. This was probably because alumi- 
num and barium also form stable compounds 
with these ions. An increase in the amount of 
barium and aluminum ions did not show any 
significant effect on the interferences due to 
carbonate and phosphate. Nitrate, acetate, thio- 
sulfate, sulfite and sulfate did not cause much 
variation in the fluorescence signal. 

Blank signals 

Extra large blank signals were seen to appear 
occasionally. These were mainly due to con- 
tamination in reagents, water, glassware and the 

Table 2. Effect of concomitant ions on the 
fluorescence of aluminum bromide 

Concomitant Added 
ion as % Recovery 

chloride sodium 102 
fluoride sodium 110 
iodide potassium 101 
carbonate sodium 94 
sulphate sodium 102 
phosphate sodium 92 
sulphite sodium 92 
acetate sodium 98 
nitrate potassium 100 
hyd. phosphate sodium 93 
thiosulfate sodium 97 

Signal from 10 ng Br/lO pg was considered 
100%. 

Each ion was added in ten fold excess of Br 
in weight. 

25 
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ng of bromide 

Fig. 4. Calibration curve for bromide. I,, = 278.5 nm; 
I, = 284.5 nm. 

graphite tube. Higher quantities of aluminum 
and barium hydroxide also contributed blank 
signals probably due to the formation of’stable 
solid particles in the graphite furnace. However, 
to minimize the blank signals, doubly-deminer- 
alized distilled water and ultra-pure reagents 
were used. The blank signals were significantly 
controlled by using adequate quantities of bar- 
ium and aluminum ions (see Figs. 2 and 3). The 
graphite tube was replaced after every fifty 
bromide samples. 

Calibration 

Under optimum conditions, a linear cali- 
bration graph in the range 0.4-2.0 ng of bro- 
mide, shown in Fig. 4, with a correlation value 
of 0.996, was obtained. The relative standard 
deviation, calculated for nine blank signals, was 
5.6%; a detection limit (defined as a signal equal 
to three times the standard deviation) of 45 pg 
of bromide was obtained. The calibration graph 
remained linear up to 100 ng of bromide. 

Bromide in standard material 

Analytical applicability of the described pro- 
cedure was evaluated by analyzing the standard 
sample of wheat flour (from NIST, USA). A 
known weight of the sample (x200 mg) was 
decomposed by slow digestion with nitric acid. 
The desired quantity of aluminum was added 
and the contents were diluted to a known 
volume. Aliquots of the sample solution (10 p 1) 
were injected into the graphite furnace and the 
fluorescence of aluminum bromide was 
measured. The bromide content was calculated 
by comparing the signal with the calibration 
graph. The average analytical result was in good 
agreement with the reported value (Br found: 
8.85 pg; reported: 9.00 pg/g). 
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CONCLUSION 

Bromide at nanogram levels, was determined 
by using laser-induced molecular fluorescence of 
aluminum bromide in the graphite furnace. Bar- 
ium hydroxide was used as a matrix modifier in 
this work. The parameters, including quantities 
of aluminum and barium, thermal conditions, 
excitation and fluorescence wavelengths, and 
slitwidth, were optimized. A detection limit of 
45 pg was obtained under optimum conditions. 
Among the concomitant ions, only fluoride and 
phosphate slightly interfered with the determi- 
nation. The utility of the method was evaluated 
by determining the bromide content in a stan- 
dard sample of wheat flour. The analytical 
results obtained were in good agreement with 
reported values. 
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Smmnnry-Cobalt-phthalocyanine modified carbon-paste electrodes are shown to catalyze the electro- 
oxidation of organic peroxides. Cyclic voltammetry offers useful insights into the catalytic behavior. Such 
behavior is exploited for developing an effective amperometric detection scheme for butanone peroxide, 
cumene hydroperoxide and tert-butyl hydroperoxide with optimum response at a potential of +0.70 V 
(vs. Ag/AgCl). Highly sensitive and stable flow injection measurements, with detection limits of 2.4-8.3 
ng and relative standard deviations of 1.7-1.8% (n = 30), are reported. Applicability to measurements in 
drinking water is illustrated. 

The determination of low levels of organic 
peroxides is of considerable importance due to 
their widespread use in various industries. In 
addition, there is growing environmental inter- 
est in the identification and quantitation of 
organic peroxides in drinking water in connec- 
tion with ozonation disinfection processes.’ 
Organic peroxides and hydroperoxides may be 
formed in water when ozone reacts with natural 
organic substances and may exhibit adverse 
health effects. The D.C. polarographic behavior 
of organic peroxides was explored during the 
1960~,~,~ and was used to quantitate millimolar 
concentrations of these compounds. However, 
methods based on solid electrodes (that are not 
susceptible to oxygen interferences) may be 
more desirable for on-line monitoring and other 
sensing applications. Unfortunately, the anodic 
oxidation of organic peroxides suffers from high 
overvoltages. 

This paper describes an electrocatalytic 
chemically modified electrode (CME) system 
for the voltammetric and amperometric 
quantitation of organic peroxides. Chemically 
modified electrodes, containing a surface-bound 
mediator, can be used to substantially lower the 
overvoltage for the redox processes of numerous 

*Author for correspondence. 

compounds. 4*5 In particular, the well-known cat- 
alytic activity of metallophthalocyanines has 
been exploited for facilitating the detection of a 
wide variety of redox systems.“’ Baldwin and 
coworkers have incorporated cobalt phthalo- 
cyanine (CoPC) into carbon paste electrode 
(CPEs) for catalyzing the electrooxidation of 
hydrazines,6 keto acids’ or sulfhydryl com- 
pounds.8 Similarly, the faster rates of electron 
transfer of hydrogen peroxide at CoPC- 
CMES,~*‘O may indicate electrocatalytic activity 
toward other (organic) compounds containing 
the peroxide bond. The following sections ex- 
plore this possibility and its utility for sensitive 
amperometric detection of organic peroxides. 

EXPERIMENTAL 

Apparatus 

Cyclic voltammetry was performed with a 
PAR EG&G Model 264A voltammetric ana- 
lyzer, in conjunction with a Houston Omnis- 
tribe X-Y recorder. A Bioanalytical Systems 
(BAS) Model VC-2 electrochemical cell (10 ml) 
was employed in these experiments. The work- 
ing electrode, the reference electrode (Ag/AgCl, 
Model RE-1, BAS), and the platinum wire 
auxiliary electrode were inserted into the cell 
through holes in its Teflon cover. 

1077 
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Fig. 1. Cyclic voltamperograms recorded at the ordinary 
CPE [(a) and (b)] and 1% CoPCCPE [(c) and (d)], in the 
absence [(a) and (c)] and presence [(b) and (d)] of 2.8 mM 
butanone peroxide. Supporting electrolyte, 0.05M potass- 

ium nitrate; scan rate, 50 mY/sec. 

The flow injection system consisted of the 
carrier reservoir, a Rainin Model 5041 sample 
injection valve (20 ~1 loop), interconnecting 
Teflon tubing and a thin-layer amperometric 
detector (Model TL-4, BAS). A gravity feed of 
the carrier was used. A PAR EG&G Model 173 
Potentiostat/Galvanostat and a Houston Om- 
niscribe chart recorder were used in the flow 
injection experiments. 

Cobalt-phthalocyanine modified carbon 
paste electrodes were prepared by thoroughly 
hand mixing CoPC with a slurry of graphite 
powder (Acheson 38) and mineral oil (Aldrich) 
(60 : 40% w/w graphite: oil). Electrodes contain- 
ing 1 and 10% (w/w) CoPC were used in the 
batch and flow experiments, respectively. Fresh 
surfaces were smoothed on a computer card. 

Reagents 

All solutions were prepared from doubly dis- 
tilled water. Most of the organic peroxides 
were purchased from Aldrich, with the excep- 
tion of tert-butyl peroxyacetate (Atochem, 
Buffalo). Acetonitrile (LC grade, Aldrich) was 
used to facilitate the dissolution of some 
water-insoluble peroxides. All measurements 
were performed with a 0.05M potassium nitrate 
(Mallinckrodt) supporting electrolyte. Tap 
waters were collected in the NMSU laboratory. 

RESULTS AND DISCUSSION 

Cyclic voltammetry 

Figures 1 and 2 show typical cyclic voltam- 
perograms for butanone peroxide and cumene 
hvdroneroxide. resnectivelv. at both main (b) 

and CoPC-containing (d) CPEs. Also shown 
[curves (a) and (c)] are the corresponding re- 
sponse of the blank (0.05M potassium nitrate) 
solution. At the conventional CPE, these or- 
ganic peroxides are not oxidized under the 
experimental conditions used. The CoPC 
modifier, in contrast, catalyzes the oxidation of 
butanone peroxide and cumene hydroperoxide, 
as is evident from the defined anodic peaks at 
+0.55 and +0.35 V, respectively. The oxidation 
process is irreversible. Similar to other CoPC- 
CMEs,‘j the background currents are similar to 
those of the plain surface [(c) vs. (a)], although 
the Co(II)/Co(III) oxidation process is known 
to occur around +0.4 V. The catalytic cycle 
appears to involve a chemical reduction of the 
cobalt(II1) by the peroxides, with subsequent 
electrochemical oxidation of the cobalt(I1) to 
cobalt(II1). In order to obtain and maintain the 
catalytic current at the level shown in Figs. 1 
and 2, the CoPC-CME needed to be exposed to 
cathodic conditions. A similar requirement was 
reported for other CoPC-CMEs;“*” it is not 
clear whether such cathodic activation involves 
only a change in the oxidation state of the 
cobalt. (Redox processes of the phthalocyanine 
ring have also been claimed to affect the cata- 
lytic cycle”) The data of Figs. 1 and 2 were thus 
obtained after holding the electrode at -0.2 V 
for 30 sec. The use of longer periods (initially) 
resulted in even larger catalytic currents. Con- 
tinued cycling of the CoPC-CME in the per- 
oxide solutions resulted in a slow decrease of the 
peak (down to 60% of its original value over the 
first eight cycles), followed by a stable response. 
However, highly stable and large catalytic peaks 
were obtained for the same peroxides over a 

Fotential,V 

Fig. 2. Cyclic voltamperograms recorded at the ordinary 
CPE [(a) and (b)] and CoPC-CPE [(c) and (d)] in the 
absence [(a) and (c)] and presence [(b) and (d)] of 2.7 mM 

cumene hvdroneroxide. Other conditions as in Fia. 1. 
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Fig. 3. Hydrodynamic voltamperograms for 4 x 10-SM 
cumene hydroperoxide (A), 2.8 x 10w4M butanone hy- 
droperoxide (a), and 4.5 x 10e4M tert-butyl hydroperoxide 
(m). Flow rate, 1.6 ml/min, electrolyte and carrier, 0.05M 

KNO, 

prolonged period (2 hr) of continued scanning 
at a slower (10 mV/sec) scan rate and with a 
more negative (-0.35 V) potential limit (to 
allow cathodic regeneration of the catalyst). The 
catalytic activity was also not affected by the 
solution pH over a wide pH range. Unlike the 
catalytic detection of other compounds (e.g., 
11,12), alkaline media is not required for obtain- 
ing the electrocatalytic response. For example, 
no change in the peak current and potential of 
cumene hydroperoxide was observed by chang- 
ing the solution pH between 3.5 and 9. How- 
ever, the catalytic response disappeared under 
more acidic conditions. 

Similar CV experiments were performed with 
other organic peroxides. A large catalytic cur- 
rent was observed for the tert-butyl hydroperox- 
ide (E, = 0.52 V), with no response at the plain 
CPE. Benzoyl peroxide, in contrast, yielded 
anodic peaks at both CoPC- and plain CPEs, 
while these electrodes exhibited no response for 
tertbutyl peroxyacetate (not shown). Appar- 
ently, the catalytic activity is not universal 
toward all compounds containing the peroxide 
bond. Such differences in the behavior among 
classes of peroxides can offer improved selectiv- 
ity. 

Flow analysis 

The electrocatalytic behavior can be exploited 
for developing a highly sensitive flow detection 
scheme for organic peroxides. Such amperomet- 
ric scheme should benefit the monitoring of 
chromatographic effluents, the automated flow- 
injection analysis (FIA) of discrete samples, 
or on-line assays of environmental matrices. 

Anodic detection should be particularly suitable 
for this task, as it eliminates oxygen interfer- 
ences and the need for deaeration associated 
with reductive flow measurements of per- 
oxides.” Figure 3 shows hydrodynamic voltam- 
perograms (HDVs), obtained under flow 
injection conditions, for the oxidation of 
butanone peroxide, cumene hydroperoxide 
and tert-butyl hydroperoxide. For all three 
compounds, the oxidation starts in the vicinity 
of +0.5 V, with a maximum response around 
+0.7 V. Note also the peak-shaped HDV in the 
case of butanone peroxide. Such a peak-shaped 
response was reported previously for CoPC- 
based flow detectors. Based on the data of Fig. 
3, an operating potential of +0.7 V was used in 
all subsequent work. In addition to the operat- 
ing potential, the amperometric response of the 
CoPC-detector is influenced by the flow-rate. A 
gradual (25%) decrease of the FIA response 
for 2.8 x 10e3M butanone peroxide was ob- 
served on increasing the flow-rate from 0.4 to 
3.1 ml/min (not shown). 

Figure 4 illustrates FIA peaks for increasing 
(micromolar) levels of different peroxides. The 
CoP-CPE detector responds very rapidly to 
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Fig. 4. Detection peaks at 10% CoPCCPE for successive 
increments of organic peroxides concentration: [A (u)-(e)] 
1.35 x IO-‘M steps of cumene hydroperoxide; [B (uHf)] 
7 x lo-‘M steps of butanone peroxide; [C (a)<f)] 
2.25 x lo-‘M steps of tert-butyl hydroperoxide. Applied 
potential, +0.7 V; flow rate, 1.2 ml/min. Other conditions 

are as in Fig. 3. 
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Fig. 5. Detection peaks for 1.3 x lo-‘M (A) cumene hy- 
droperoxide and (B) butanone peroxide. Flow rate, 1.4 

ml/min. Other conditions are as in Fig. 4. 

such dynamic changes in the peroxide concen- 
tration The peak widths are about 5 set allow- 
ing high injection rates (of ca. 240 samples/ 
hour). Calibration plots, constructed from these 
injections, were linear over these entire ranges 
with slopes of 318, 61.885 nA/mM for cumene 
hydroperoxide, butanone peroxide and tert- 
butyl hydroperoxide, respectively (correlation 
coefficients = 0.996, 0.999 and 0.999). 

Amperometric peaks for injections of sol- 
utions of 1.3 x 10m5M of cumene hydroperoxide 
and butanone peroxide were used to estimate 
the detection limits (Fig. 5). Favorable signal- 
to-noise (S/N) ratios of 48 and 10 were observed 
at this level. Based on a S/N of 3, these data 
correspond to detection limits of 8 x lo-‘M 
(2.4 ng) and 4 x 10m6M (8.3 ng), respectively. 

The CoPC-CPE flow detector also offers a 
high degree of reproducibility. Fig. 6(b) shows 
30 repetitive injections (within 10 min) of 
tert butyl-hydroperoxide (A) and butanone- 
peroxide (B) solutions. Also shown (for com- 
parison) are analogous measurements at the 
plain CPE (Fig. 6(a)]. The significantly larger 
FIA response of the CME remained unchanged 
during this prolonged series (with the last injec- 
tion producing more than 96-99% of the 
current exhibited by the first one). The relative 
standard deviations of these 30 successive runs 
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Detection peaks for repetitive injections Fig. of 
4.5 x lo-‘M tert-butyl hydroperoxide (A) and 2.8 x IO-‘M 
butanone peroxide (B), at ordinary (a) and CoPC (b) CPEs. 

Conditions, as in Fig. 4. 

were 1.7(A) and 1.8 (B)%. As expected for 
CoPC-CME detectors,&9 such high reproduci- 
bility is obtained only after an initial (3-5 min) 
exposure of the fresh surface to the flowing 
solution, during which 10-15 analyte injections 
are made and a gradual current decrease and 
stabilization is observed. While no cathodic 
activation (of the catalyst) was required under 
the present FIA conditions, operation at higher 
potentials may lead to passivation of the cata- 
lyst. 

Reliable measurements of organic peroxides 
in drinking water supplies are receiving con- 
siderable attention in connection with the grow- 
ing interest in ozonation treatment processes. 
The suitability of the CoPC-CME for flow 
measurements of peroxides in drinking water is 
illustrated in Fig. 7. Only small FIA peaks are 
observed for the original (unspiked) water (A), 
indicating a low level of oxidizable constituents. 
(Since the sample did not undergo ozonation 
treatment, these peaks are not due to peroxides.) 



Electrocatalysis and amperometric detection of organic peroxides 1081 

r 1 8OnA 

I min 

, 
Time, min 

Fig. 7. Measurements of organic peroxides in drinking 
water: detection peaks for the unspiked sample (A), and 
upon spiking this sample with 2.7mM butanone peroxide 
(B), 4.0mM tert-butyl hydroperoxide (C) and 2.6mM 
cumene hydroperoxide (D). Applied potential: +0.6 V; flow 
rate: 1.2 ml/min; carrier and sample electrolyte: O.OSM 

not clear. The CoPC-containing pastes can be 
easily adapted to ultramicroelectrode configur- 
ations,” capable of characterizing and analyzing 
resistive media such as low-ionic strength drink- 
ing water. In addition, the ultrafast scanning 
capability of such electrodes should be useful 
for following the fate of peroxide species follow- 
ing ozonation. Cobalt phthalocyanine may 
mimick the enzymatic activity of horseradish 
peroxidase, HRP (which is a heme-containing 
gycoprotein). Work in these laboratories is 
progressing toward the development of bio- 
sensing assays for organic peroxides at HRP- 
based electrodes. 

KNO, . 

In contrast, large and sharp peaks are observed 
upon spiking this sample with butanone per- 
oxide (B), tert-butyl hydroperoxide (C) and 
cumene hydroperoxide (D). 
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DETERMINATION OF BARIUM, STRONTIUM AND NINE 
MINOR AND TRACE ELEMENTS IN IMPURE BARITE 

AND STRONTIANITE BY INDUCTIVELY-COUPLED 
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ETHYLENEDIAMINETETRAACETATE* 
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Summary-A new method has been developed for the determination of barium, strontium, silicon and 
nine minor and trace elements of barite and strontianite associated with gangue materials. It involves 
dissolution of the sample by boiling under retlux with a concentrated solution of disodium ethylenedi- 
aminetetraacetate (EDTA-2Na) in the presence of ammonium hydroxide. Barite and strontianite dissolve 
quantitatively under this condition, and any associated silicate and sulphide mineral impurities, remaining 
insoluble, are filtered off and ignited to constant weight in a platinum crucible. Silica is determined 
gravimetrically by heating the residue with concentrated sulphuric and hydrofluoric acids, followed by 
ignition to oxides. The residue is fused with sodium bisulphate and dissolved in dilute sulphuric acid. After 
suitable dilution of the EDTA-2Na solution, Ba, Sr, Be, Co, Cr, Cu, La, Ni, V, Yb and Zn are determined 
by inductively-coupled plasma atomic-emission spectrometry (ICP-ABS). The bisulphate fusion product 
is separately analysed by ICP-AES, and the elements found are combined with those obtained from the 
EDTA-2Na solution. The replicate values of this work compare. well with each other and with other values 
obtained by independent methods. 

Recently it has been necessary at the Geological 
Survey of Canada to analyse a large number of 
samples of impure barite and strontianite where 
barium and strontium contents may vary from 
0.1 to 40%. Although it is not hard to attack 
samples containing low amounts of barium or 
strontium as sulphate by fusion methods,‘*2 
samples containing high barium or strontium as 
sulphate present difficulties. In these cases, the 
normal procedure for attack of the sample by 
fusion with sodium carbonate or lithium metab- 
orate fails because of incomplete decomposition 
in the case of the former3 and reprecipitation of 
barium sulphate in solution in the case of the 
latter.4 It was therefore necessary to look for 
an alternative method for dissolution of these 
materials. 

In previous work,3 an ammoniacal solution 
of the disodium salt of ethylenediaminetetra- 
acetate has been used for quantitative dissol- 

*Invited paper presented at 73rd Canadian Chemical 
Conference and Exhibition, July U-20, 1990, Halifax, 
Nova Scotia. Government of Canada copyrights 
reserved. Geological Survey of Canada Contribution 
No. 45890. 

ution of pure barite prior to determination of 
barium and strontium by flame atomic-absorp- 
tion and rubidium by graphite-furnace atomic- 
absorption spectrometry. In the present work, 
the same procedure with some modification was 
used for decomposition of impure barite or 
strontianite, and from the resulting solutions 
barium, strontium and several minor and trace 
elements were determined simultaneously by the 
application of ICP-AES. 

EXPERIMENTAL 

Apparatus, operating parameters and standards 

The instrument used for ICP-AES measure- 
ments, and the operating parameters, plasma 
conditions and the nature of the calibration 
standards employed are given in Table 1. 

Reagents 

A.C.S. grade ethylenediaminetetraacetate 
(disodium salt, dihydrate) was used for sample 
dissolution, and a blank solution of the reagent 
was prepared by dissolving 3 g in 25 ml of water. 

Freshly prepared ammonia solution was ob- 
tained by passing ammonia gas into 500 ml of 
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Table 1. Instrument and operating parameters 

Insrrumenr-Jobin-Yvon Model JY 48 equipped with a 
demountable torch. 
Element and wavelength (nm)-Ba 233.53, Sr 407.77, V 
292.40, Cr 267.72, Co 228.62, Ni 231.60, Cu 324.75, Zn 
213.86, La 333.75 and Yb 324.94. 
Plasma conditions 
Oscillating frequency, MHz 27 
R.f. power, Kw 1.2 
Reflected power, W 
Plasma gas flow-rate, l./min 1: 
Auxiliary flow-rate, l./min 0.2 
Nebulizer flow-rate, l./min 0.7 
Sheath gas flow-rate, l./min 0.3 
Calibration standards 
Synthetic solutions prepared from high-purity 1000 pg/ml 
commercial solutions 

water, contained in a 1-litre polyethylene bottle 
and chilled in ice-cold water, until the volume 
rose to -750 ml. The bottle was then tightly 
closed until used. 

Ultrapure water, prepared by reverse osmosis 
with a Millipore apparatus, was used through- 
out this work. 

Analytical procedure 

Accurately weigh 0.1 g of sample into a 
150-ml borosilicate beaker, add 60 ml of freshly 
prepared ammonia solution and 3 g of EDTA- 
2Na (dihydrate), mix with a glass rod and cover 
with a watch glass. Place the covered beaker on 
a hot plate containing an asbestos sheet on its 
top for even distribution of heat, and boil the 
solution for 3-4 hr with occasional stirring. Add 
ammonia solution from time to time to make up 
losses due to evaporation. Place the covered 
beaker on a steam bath and allow to stand until 
the turbidity clears. 

Filter through a 5.5-cm Whatman # 40 filter 
paper and wash with 5% hot ammonia solution. 

Table 2. Determination of barium and strontium in impure barite and strontianite 
samples after dissolution in ethylenediaminetetraacetate (disodium salt) (results 

in %) 

Ba Sr 

Sample This work Other values This work Other values 

1 7.0 7.9+ 0.059 0.110* 
6.0 7.6 0.044 0.052t 

2 2.2, 2.2 4.4’ 0.023, 0.021 0.020* 
3.0, 2.5 3.7t 0.023, 0.023 0.026t 

3 1.2 2.3t 0.0075 0.011t 
1.7 1.5-2$ 0.0076 0.007~ 

4 26.8, 29.4 25.3. 0.8, 0.8 1.122 
28.5, 27.6 0.7, 0.7 

5 30.5, 29.0 30.1* 0.7, 0.5 0.78. 
31.8, 34.9 25.3t 0.5, 0.5 0.38t 

6 15.1 13.5+ 0.3 0.4’ 
15.0 11.9t 0.3 0.22t 

7 1.2, 1.2 
1.0, 0.8 

0%; 35.4 33.33’ 
31.7, 31.5 27.57t 

8 0.20 0.04* 0.18 0.55* 
0.16 0.02t 0.18 0.16t 

9 0.7,0.7 0.745 37.4 41.54’ 
0.6, 0.6 0.6Ot 37.4, 41.1 34.92t 

10 4.7 5.2* 0.1 0.16’ 
4.8 5.47 

8.:63 
0.1t 

11 42.0 42.5’, 38.57 0.15*, 0.117 
47.0 47.74 0:067 0.071 

12 9.9 12.7’ 0.062 0.14’ 
9.5 Il.87 0.059 0.065t 

13 0.072 0.112 4.9 0.079 0.076t 5.3 8::; 
14 41.0 34.5*, 34.8t 0.18 0.35*, 0.18t 

37.0 40.8 # 0.19 0.11 # 

*Commercial laboratory I (acid digestion and sodium carbonate fusion, followed 
by determination of low Ba and Sr by flame AAS and high Ba by gravimetry 
as barium sulphate). 

tGSC-XRF (wavelength dispersive analysis of fused disk5s6). 
$GSC-Flame AAS. 
#Commercial laboratory 2-XRF. 
IIGSC-ICP. 
# Commercial laboratory 3-ICP. 
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Table 3. Determination of SiO, in impure barite 
and strontianite samples after dissolution in 
disodium ethylenediaminetetraacetate (results 

in %) 

Other 
Sample This work* values7 

1 53.7, 53.4 59.7 
2 59.1, 59.4, 60.2, 59.7 63.7 
3 68.4, 68.5 72.4 
4 35.9, 36.0, 35.8, 36.0 - 
5 35.5, 34.4, 35.8 36.0 
6 24.6, 25.1 26.6 
7 8.6, 8.8, 9.0, 9.1 
8 32.7, 32.7 3;: 
9 9.7, 9.7, 9.6, 9.1 9:9 

10 57.6, 57.7 59.7 
II --$ 8.3 
12 64.1, 64.0 70.7 
13 68.8, 69.0 69.2 
14 20.2, 23.6 25.5 

*Determined gravimetrically from the residue 
after EDTA-2Na dissolution. 

tGSC-XRF (wavelength dispersive analysis of 
fused disk). 

$Not found. 

Evaporate the filtrate to -20 ml and dilute to 
25 ml in a standard flask (solution A). Transfer 
the residue to a lo-ml platinum crucible, ignite 
the paper at 450” in a mulEe furnace, and finally 
heat at 1000” to constant weight. Determine 
silica gravimetrically by volatilization with hy- 

drofluoric and sulphuric acids on the sand bath, 
followed by ignition of the residue in a muffle 
furnace at 1000” to constant weight. Fuse the 
residue with 1.5 g of sodium bisulphate, cool 
and dissolve the salts in 10 ml of water (standard 
flask) adding 1 or 2 drops of 1: 1 sulphuric acid, 
if necessary, to clear the turbidity (solution B). 

Determine barium, strontium and other 
minor and trace elements (Be, Co, Cr, Cu, La, 
Ni, V, Yb and Zn) from solutions A (after 
necessary dilution for high Ba and Sr) and B 
(without dilution) by ICP-AES with suitable 
standards for calibration and simultaneous 
measurement of these elements. Wash the neb- 
ulizer with plenty of 5% ammonia solution in 
between aspiration of sample solutions to avoid 
internal deposition of salts and clogging. 

RESULTS AND DISCUSSION 

The results for barium and strontium in 14 
impure barite and strontianite samples, as ob- 
tained by ICP-AES measurements of the 
EDTA-2Na fraction (solution A) and the bisul- 
phate fusion product (solution B) are combined 
and the total values for replicate determinations 
are given in Table 2. Other values on these two 
elements obtained by independent methods are 

Table 4. Determination of beryllium, cobalt and chromium in impure barite and strontianite samples after dissolution in 
EDTA @sodium salt) and sodium bisulphate fusion of the residue (results in pg/g) 

Be co Cr 

EDTA Residual EDTA Residual EDTA Residual 
No. fraction fraction Total fraction fraction Total fraction fraction Total 

I 0.3 14 14.3 124 472 596 18 107 125 
0.1 14 14.1 130 478 608 18 104 122 

2 0.1 1.2 1.3 19 13 32 12 91 
<O.l 1.2 

3 <O.l :.: t :; 
19 12 11 :; 92 

13 :; 9 107 
<O.l 

4 co.1 0:9 A.! 

1: 
15 25 10 ;: 108 

0:8 
:: 10 110 14 17 

<O.l 0.8 8 108 16 17 ;: 
5 <O.l 1.2 1.2 100 14 114 72 

<O.l 1.2 
:,: 

100 7 107 
;: :: 

69 
6 0.4 1.6 

1:5 
55 23 78 9 185 194 

<O.l 1.5 53 21 5 177 182 
7 0.3 8:; 0.4 61 31 ;: 47 43 

0.4 0.5 
:: 

35 94 47 38 z 
8 0.2 <O.l 0.2 26 52 83 61 144 

0.3 <O.l 0.3 25 27 52 81 64 145 

9 0.2 0.1 0.3 51 9 60 24 
47 

0.1 0.1 0.2 51 8 59 25 :: 45 
10 0.5 4.0 4.5 38 6 44 81 19 100 

0.5 4.0 4.5 38 5 43 81 22 103 
II <O.l <O.l <O.l 165 <l 165 <I 24 24 

<O.l <O.l <O.l 190 I 191 <l 21 21 
12 <O.l 2.1 2.1 31 3 34 <l 82 82 

<O.l 2.0 2.0 30 2 32 <l 75 75 
13 <O.l <O.l <O.l 19 22 41 3 32 35 

<O.l <O.l <O.l 6 41 47 2 33 35 
14 <O.l 0.5 431 46 477 <I 45 45 

<O.l 0.5 408 56 464 <I 39 39 
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Table 5. Determination of copper, lanthanum and nickel in impure barite and strontianite samples after dissolution in 
EDTA (disodium salt) and sodium bisulphate fusion of the residue (results in pg/g) 

cu La Ni 

EDTA Residual EDTA Residual EDTA Residual 
No. fraction fraction Total fraction fraction Total fraction fraction Total 

1 261 643 910 3 8 11 942 133 1075 
200 590 790 2 5 1 960 99 1048 

2 22 24 46 4 6 10 431 31 468 
21 25 46 3 5 8 430 31 461 

3 15 18 33 1 23 24 210 65 215 
16 111 127 2 21 23 210 167 311 

4 110 219 329 2 4 6 3500 41 3541 
98 202 300 4 4 8 3400 14 3414 

5 72 49 121 4 <1 4 3600 334 3934 
78 58 136 8 <1 8 3700 13 3713 

6 12 12 24 17 13 30 2000 127 2127 
3 12 15 <1 8 8 1900 57 1957 

7 12 22 34 19 2 21 270 19 289 
11 6 17 12 2 14 220 19 239 

8 12 12 24 16 <1 16 85 24 109 
17 15 32 13 <I 13 74 22 96 

9 19 13 :: 10 4 14 220 22 242 
9 11 9 5 14 190 11 201 

10 17 8 25 12 5 17 920 14 934 
16 7 23 9 4 13 920 14 934 

11 il 21 21 cl <1 <l 6071 12 6083 
<I 23 23 <1 <1 tl 6804 14 6818 

12 4 12 16 <1 <l <l 1412 28 1440 
4 9 13 <l cl <1 1360 25 1385 

13 <1 il cl <1 <1 <l 25 10 35 
cl 54 54 <1 1 12 17 29 

14 47 100 147 cl : 7 5555 30 5585 
29 89 118 <1 1 1 5536 24 5560 

Table 6. Determination of vanadium, ytterbium and zinc in impure barite and strontianite samples after dissolution in 
EDTA (disodium salt) and sodium bisulphatc fusion of the residue (results in pg/g) 

V Yb Zn 

EDTA Residual EDTA Residual EDTA Residual 
No. fraction fraction Total fraction fraction Total fraction fraction Total 

1 12 165 177 0.3 1.3 1.6 400 4727 5127 
12 165 177 0.3 1.3 1.6 412 4593 5005 

2 19 181 200 0.4 1.7 2.1 68 462 530 
18 178 196 1.5 1.6 3.1 41 686 127 

3 20 235 255 0.1 1.9 2.0 120 1018 1138 
21 234 255 0.3 1.9 2.2 110 1416 1526 

4 5 3 8 0.1 0.1 0.2 3300 46680 49980 
5 3 8 0.2 co.1 0.2 4500 30180 34680 

5 16 23 39 0.2 0.1 0.3 12 329 401 
15 26 41 0.2 0.3 0.5 50 157 207 

6 3 96 99 <O.l 2.3 2.3 39 479 518 
3 93 96 co.1 2.2 2.2 25 71 96 

7 11 17 28 0.6 0.3 0.9 950 6395 1345 
11 17 28 0.6 0.3 0.9 1000 10520 11520 

8 15 17 32 0.4 0.4 0.8 1000 15410 16410 
15 18 33 0.5 0.5 1.0 2000 9510 11510 

9 8 8 16 0.4 0.3 0.7 870 5513 6383 
7 8 15 0.4 0.3 0.7 1200 5267 6467 

10 26 6 32 0.6 0.2 0.8 330 2251 2581 
25 5 30 0.6 0.2 0.8 430 2263 2693 

11 <1 2 2 <O.l <O.l <O.l 49 200 249 
<I 3 3 <O.l <O.l <O.l 90 69 159 

12 21 570 591 <O.l 0.6 0.6 133 400 533 
10 530 540 <O.l 0.4 0.4 98 390 488 

13 <1 1 1 10.1 <O.l <O.l 5540 24000 29540 
<I 4 4 <O.l co.1 <O.l 2460 25000 27460 

14 <1 62 62 <O.l 0.7 0.7 131 430 561 
<I 63 63 <O.l 0.1 0.1 165 550 715 
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also quoted in Table 2 for comparison. For 
most samples containing low barium and stron- 
tium, reasonably good agreement is noted be- 
tween replicate ICP-AES values of this work 
and with other values. Greater scatter of values 
occurs when the concentration of barium or 
strontium is high. For ICP-AES measurement, 
this involved up to loo-times dilution of the 
original solution to be within the scale of cali- 
bration standards. This might have caused some 
dilution errors. There is also significant differ- 
ence in other values for these samples contain- 
ing high barium and strontium. However, the 
average values of this work for high barium and 
strontium (range N 28-42%) are generally 
within 2% of the mean values of those obtained 
by other methods. 

Gravimetric values for silica as found in this 
work are given in Table 3 and are compared 
with independent X-ray fluorescence values ob- 
tained by wavelength dispersive analysis of 
fused disks. The agreement between replicate 
values is found to be excellent. Although there 
is an agreement between gravimetric and X-ray 
fluorescence values in most cases, the latter 
values are higher for some samples. 

The results for minor and trace elements (Be, 
Co, Cr, Cu, La, Ni, V, Yb and Zn) in the 

EDTA-2Na fraction (solution A) and the re- 
sidual fraction (solution B) for the same four- 
teen samples of Tables 2 and 3 are given in 
Tables 4-6. In the absence of any reference 
sample of similar nature or trace element data 
on these samples by other methods, duplicate 
values of this work are found to compare well 
with each other in most cases. 
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APPLICATION OF CHEMICALLY MODIFIED 
PROBE-ATOMIC ABSORPTION SPECTROMETRY 

(CMPAAS)-I. DETERMINATION OF Bi IN COPPER 
ALLOY AND LEAD BY TRIOCTYLPHOSPHINE 

OXIDE-COATED TUNGSTEN PROBE-AAS 

Xv Bo-XING, SHENG MINGNENG, HUANG CHAO-BIAO* and FANG Yu-ZHI 
Department of Chemistry, East China Normal University, Shanghai, 200062, China 

(Received 4 October 1990. Revised 26 December 1990. Accepted 24 January 1991) 

Summar-A trioctylphosphine oxide (TOPO) coated tungsten probe has been prepared and used for the 
determination of Bi and the rg/g level in copper alloy and lead. Bismuth is preconoentrated on the probe 
which is placed in a graphite-cup furnace for AA determination of bismuth. The method has good 
sensitivity and minimises analysis time. Microgram per gram levels of Bi can be determined with good 
precision and accuracy. 

Trioctylphosphine oxide (TOPO) is a typical 
organic complexant which has been studied 
intensively as a chemical modification reagent 
for modified electrodes.‘-3 The TOPO-coated 
electrodes were used widely for determination of 
electroactive species by electrochemical strip- 
ping analysis, because the TOP0 film on the 
surface of the electrode could selectively ac- 
cumulate different ions, such as Bi(III), Au(III), 
U(VI), Cr(VI), etc. 2+6 In this paper, we attempt 
to combine the chemical modification technique 
with AAS to create a new microanalysis tech- 
nique. We coated TOP0 film onto a tungsten 
wire probe by adsorption, then directly deter- 
mined the Bi on the probe by GFAAS after 
preconcentration by soaking the probe in the 
test solution for a certain period. Since Bi was 
preconcentrated under optimal conditions, this 
method can be used for analysis of different 
samples having complicated matrices. Also, the 
W wire probe has the behaviour of a L’vov 
platform in a graphite cup during atomization. 
For the determination of Bi, the results show 
that the detection limit (concentration giving 
an absorbance equal to three times the stan- 
dard deviation of the background absorbance) 
is 0.3 ng/ml and the linear range covers 
0.5 ng/ml-20 ng/ml. The RSD for 15 determi- 
nations of 4 ng/ml Bi is 6.9%. 

*Department of Chemistry, ZheJiang Normal University, 
Jing Hua City, ZheJiang Province, China. 

EXPERIMENTAL 

Apparatus 

A Hitatchi 180-80 Zeeman AAS with pro- 
grammable heating unit and printer (Hitatchi 
Co., Japan), and an electromagnetic stirrer 
(Shanghai analytical instrumentation factory) 
were used. 

Chemicals 

Hydrochloric acid, TOP0 and ethanol were 
analytical reagent grade and used as received. 
Demineralized water was used throughout. 

Bismuth stock solution. Dissolve pure Bi metal 
in nitric acid and dilute it with dilute nitric acid 
solution. A bismuth working solution @g/ml 
level) is prepared by diluting the stock solution 
with 1M hydrochloric acid. 

Preparation of TOP0 coated tungsten probes 

Several researchers reported that preparation 
of a TOP0 modified film was very simple and 
easy, either by covalent attachment or by ad- 
sorption.3*5*6 We prepared the mod&d probe by 
adsorption. The tungsten probe was made by 
twisting a W wire of OS-mm diameter into a coil 
(Fig. 1). The W probe was held on the arm of 
an automatic sampler (Fig. 2) and immersed 
into O.lM TOPO-ethanol solution for 5 sec. 
Then the W probe was raised from the TOP0 
solution and moved into the graphite cup atom- 
izer by turning the arm towards the cup. The 
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Fig. 1. Tungsten probe. 1. Probe coil. 2. Metallic sleeve. 

probe was heated at 120” for 18 set to evaporate 
the solvent and make a thin film on the surface 
of- the W probe coil. 

Procedure 

Add 20 ml of hydrochloric acid acidified test 
solution to a 50-ml plastic beaker and stir the 
solution at about 300 rpm. Immerse the TOP0 
coated probe into the test solution for 1 min to 
extract trace Bi. Replace the test solution with 
a 0.1 M hydrochloric acid solution containing 
20 pgg/ml Ni2+ and allow the probe to soak for 
5 set to wash away the test solution drop which 
stuck onto the coil during the previous immer- 
sion. Turn the arm and move the probe directly 
into the graphite cup atomizer. Determine the 
Bi preconcentrated in the TOP0 layer under the 
following conditions: 

Dry 120” 20 set 
Ash 600” 25 set 
Atomize 2200 7 set (stop gas flow) 
Clean 2600” 3 set 
Ar gas flow rate 100 ml/min 

RESULTS AND DISCUSSION 

Effect of hydrochloric acid concentration 

The HCl concentration in the test solution 
has a significant effect on the preconcentration 
of Bi, because the interaction of metal ions with 
TOP0 is based on the formation of TOP0 

Fig. 2. Schematic diagram of the probe system. 1. W probe. 
2. Metallic sleeve. 3. Sampler arm. 

1 I I 

0 1.0 2.0 3.0 

D-Q. M 
Fig. 3. The effect of HCl concentration on the extraction 

of Bi. 

solvates of salts.2 The effect of hydrochloric acid 
concentration on the extraction of Bi is shown 
in Fig. 3. We chose 1M hydrochloric acid for 
an optimal acidity for Bi preconcentration. 

Concentration of TOPO-ethanol solution 

The thickness of the TOP0 film on the probe 
is a very important parameter during extraction 
of Bi. However, formation of the TOPO-film on 
the surface is based on immersing the probe into 
the TOP0 solution followed by other pro- 
cedures that include evaporation and finally 
atomization. Therefore, discussion of the thick- 
ness of TOP0 film is rather complicated. The 
concentration of the TOPO-ethanol solution is 
the most important factor. Experimental results 
indicated (Fig. 4) that the highest Bi extraction 
efficiency was given when O.Ol-O.lM TOP0 
solution was used. We used O.lM TOP0 
solution throughout. 

Accumulation time 

Lexa and Stulik noted that Bi was accumu- 
lated into the TOP0 layer very quickly without 
connection to a potentiostat.4 Our experiments 
show that a period of 60 set is practical and 
sufficient for enrichment of Bi at the ng/ml level 

0.300 

t 

8 0.200 
2 ‘-i, 

i 
9 

tY 

\ . 

0.100, 

-3 
log [TOPOI, M 

Fig. 4. The effect of TOPO concentration on the extraction 
of Bi. 
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8 0.100 - 

8 / 
0, 
2 0.060 - 

/ 
0.020 l - 

Time (mm) 
Fig. 5. The effect of preconcentration time on the extraction 

of Bi. Bi: 4 ng/ml, HCl: lM, TOP0 in ethanol: O.lM. 

(Fig. 5). At more than 3 min, the accumulation 
rate will be decreased under the experimental 
conditions. 

Charring temperature 

To avoid interference of smoke during the 
AAS measurement of Bi absorbance, the TOP0 
film on the probe coil must be destroyed by 
charring and needs to be swept out with Ar flow 
before atomization. The data show that the 
optimal charring temperature is 500-600” for 
25 sec. Under this charring temperature, the 
highest absorbance and lowest background were 
obtained (Fig. 6) and at a temperature over 
700”, Bi is seriously lost before atomization. In 
order to protect Bi from evaporation during the 
charring step, we used an acidic solution, in 
which 20 pg/ml Ni2+ was contained, as a wash- 
ing liquid. The probe was soaked in the liquid 
for 5 set before the AAS measurement to wash 

Temperature,“C 

Fig. 6. Effect of temperature. 1. Background signal. 2. Bi 
absorbance. 

Table 1. Effect of foreign ions on determination 
of 0.125 fig of Bi in 1M HCl solution 

Foreign 
ion 

Pb2+ 
Cd*+ 

co2+ 

Mn2+ 

Fez+ 

;$: 

Al’+ 
Sn2+ 

Added, Bi found, Error, 
w I@ % 

125.0 0.127 +I.6 
28.1 0.128 +2.4 
67.1 0.123 -1.6 
25.0 0.124 -0.8 
50.0 0.116 -7.2 
25.0 0.125 0 
50.0 0.128 +2.4 
50.0 0.123 -1.6 
31.3 0.117 -6.4 
13.0 0.123 -1.6 
62.5 0.114 -8.8 
25.0 0.118 -5.8 
13.0 0.108 - 13.6 

off the adsorbed test solution drop, at the same 
time Ni2+ is absorbed on the surface of the 
probe, which allows a higher charring tempera- 
ture without loss of Bi. 

Effect of foreign ions 

The effect of several ions on the determi- 
nation of Bi was examined by the addition 
method (Table 1). The foreign ions do not affect 
the signal appreciably at the levels studied, as 
the errors all seem to be within the precision of 
the method, with the possible exception of tin 
and iron(II1). 

Determination of Bi in samples and their 
recoveries 

To test the accuracy and precision of this 
method, we analysed two reference standards of 
copper alloy and a lead sample. The compo- 
sitions of the two copper references were for 
BY-1914-2: Cu 57.91%, Bi 0.00290%, Mn 
1.41%, Sb 0.0041%, Fe 0.86%, P 0.0093% and 
Pb 0.079% and for BY-1902-3: Cu 61.34%, Bi 
0.0013%, Sb 0.0043%, Fe 0.14%, P 0.0062% 
and Pb 0.066%. The procedure is as follows: 
Weigh a certain amount of copper alloy and 
lead sample. Dissolve the samples with 1: 1 nitric 
acid solution, evaporate to a small volume, 
transfer to a standard flask and dilute to 
the mark with water (BY-1914-2: 5.684 mg/ml, 
BY-1902-3: 5.139 mg/ml, lead sample: 5.430 

mg/ml). 
In hydrochloric acid solution, Cu2+ can be 

extracted into the TOP0 layer and hence inter- 
feres with the extraction of Bi. However, the 
amount of Cu ion extracted and retained in the 
TOP0 layer can be controlled by changing the 
HCI concentration. In 0.1-0.3M hydrochloric 
acid, up to 0.3 mg/ml Cu2+ did not interfere 
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Table 2. Results of determination for Bi in samth 

Bi content Bi content 
by this by ICP, 

Sample method, % Average RSD % 

BY-1914-2 0.00301 
0.00330 
0.00294 0.00303 6.4 0.00290 

0.00285 
BY-1902-3 0.00127 

0.00121 
0.00132 0.00132 9.1 0.00130 

0.00149 
Pb sample 0.00708 

0.00712 0.00720 2.4 - 
0.00740 

[HCll, M 

Fig. 7. Bffect of HCl concentration on the determination 
of Bi in copper alloy and lead sample. Curve 1. Copper 
test solution containing 0.3 mg/ml Cu and 6.0 ng/ml Bi. 
Curve 2. Lead test solution containing 0.25 mg/ml Pb and 

15 ng/ml Bi. 

Sample 

BY-1914-2 

BY-1902-3 

Volume of 
sample, ml 

1 
1 
1 
1 

1 
1 
1 
1 

Table 3. Addition recoveries 

Total volume of Added Bi, Found Average, Recoveries, 
solution, ml M Bi, pg pg % 

20.0 0 0.167 
20.0 

:.160 
0.177 0.172 

20.0 0.301 92.5 
20.0 0.160 0.339 0.320 

20.0 0 0.077 
20 0 0 0.059 0.068 
20.0 0.160 0.201 87.5 
20.0 0.160 0.215 0.208 

Pb sample 1 20.0 8 0.378 
1 20.0 0.406 0.392 1oo 

1 20.0 0.160 0.549 
1 20.0 0.160 0.555 0.552 

with the recovery of 120 ng of Bi (Fig. 7, Curve 
1). It seems that, at low hydrochloric acid 
concentration, the capability of Cu*+ to form a 
solvate with TOP0 is lower than that of Bi. For 
lead, in 1M hydrochloric acid containing 
0.25 mg/ml Pb**, the highest recovery of 300 ng 
Bi was obtained (Fig. 7, Curve 2). In order to 
obtain accurate results in the determination of 
Bi in real samples, we kept the Cu*+ and Pb*+ 
concentrations in the sample solution low. A 
I-ml volume of the above copper test solution 
was taken into a 50-ml plastic beaker and 
diluted with O.lM hydrochloric acid to 20 ml, 
and the trace Bi in the solution was determined 
by using the standard addition method. In the 
case of the lead sample, 1 ml of the sample 
solution was diluted by 1M hydrochloric acid 
and analysed by the same procedure, because 

in 1M hydrochloric acid coexisting Pb*+ had 
minimal interference in the determination of 
Bi. 

The results of Bi determinations are shown in 
Table 2 and are compared with the results from 
an ICP method. The addition recoveries of Bi in 
both copper and lead samples are shown in 
Table 3. 

1. 

2. 

3. 
4. 
5. 

6. 
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Summary-U(W) can be efficiently determined in the range 0.3-1OmM after its separation from Th(IV), 
Zr(IV), Al(III), Fe(III), lanthanides and other ions by ion-pair liquid chromatography on a 3 x 150 mm 
glass column packed with Separon SGX Cl8 modified with sorbed ammonium dodecyl sulphate. Traces 
of uranium can be preconcentrated directly on the analytical column from acidified water solutions and 
separated from Th, Zr, Al, Fe, lanthanides and other elements, with an enrichment factor of N 100 and 
recovery of 98 + 8%, by isocratic or pH or concentration gradient elution with ammonium 2-hydroxy-2- 
methylpropionate or ammonium citrate solution. Post-column derivatixation with 25pM Arsenaxo III in 
O.lM formate buffer at pH 2.7 is used for detection and quantification. 

The need for analytical methods capable of 
determining uranium at trace and ultratrace 
levels (from pg to mg per litre) has been 
steadily growing. Increased awareness of the 
risks associated with low-level emissions from 
uranium-handling operations or the storage 
of spent fuel from nuclear power stations 
has put increasing demands on uranium 
determination. 

Numerous spectrophotometric and fluori- 
metric methods based on a wide variety of 
organic analytical reagents have been developed 
for the purpose. Id Only some of these, in par- 
ticular those using hydroxytriphenylmethane 
dyes together with cationic surfactants as sensi- 
tizing agents,“’ offer the sensitivity needed but 
their selectivity is usually poor. The low 
uranium concentrations and large amounts of 
other dissolved species make existing direct pro- 
cedures unsuitable for these types of samples. 

Better selectivity can be attained by using 
masking agents or a step such as liquid-liquid 
extractions2*3 or ion-exchange’ to separate 
uranium from interferents and in some cases 
also to preconcentrate it. However, incomplete 
separation causes at least a significant impover- 
ishment of the limits of determination and often 
gives false results. 

*Author for correspondence. Present address: c/o Professor 
P. K. Dasgupta, Department of Chemistry and Bio- 
chemistry, Texas Tech University, P.O.B. 4260, Lub- 
bock, Texas, 79409-1061, U.S.A. 

For these reasons, liquid chromatographic 
methodsai6 have become attractive for the 
purpose. Metal ions can be separated with either 
bonded-phase ion-exchangers or dynamically 
modified reverse-phase (RP) sorbent systems. 
Among these techniques, ion-pair chromat- 
ography with dynamically modified alkylated 
silica gels has found use for the separation and 
quantification of a number of metal ions. 

U(W), Th(IV), Zr(IV) and lanthanides can be 
efficiently separated on Cl8 alkylated RP silica 
gel modified by octanesulphonate, pentane- 
sulphonate or butanesulphonate.**9 Slight modi- 
fication to the standard lanthanides procedure 
would allow quantification of uranium.%16 Simi- 
lar systems have also been used for determi- 
nation of uranium in natural ground waters 
after its preconcentration on a small (30 mm) 
Cl8 RP silica gel enrichment cartridge.‘* The 
uranium is back-flushed onto an analytical 
column where it is separated by elution with the 
ammonium salt of a-hydroxyisobutyric acid 
(HIBA). Arsenazo III has been used as a sensi- 
tive and selective post-column spectrophoto- 
metric reagent because the presence of HIBA in 
the eluent has little effect on the reaction, which 
can be performed in acidic so1ution.G’6 

During our studies of the ion-pair (IP) HPLC 
determination of lanthanides, we have found 
that U, Zr, Th and lanthanides can be efficiently 
determined in this way after preconcentration 
on an analytical column, U and Th giving very 
wide peaks in the region of the peaks for 
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Y~-Ho”*‘~ under the same experimental 
conditions. In the present paper, a modified 
procedure for preconcentration and direct de- 
termination of uranium in technological waters 
from uranium ore processing is presented. 

EXPERIMENTAL 

Reagents 

A stock solution of uranium (0.1734M) 
was prepared by dissolving analytical grade 
UOZ (N03)z*H20 in approximately O.lM nitric 
acid. Stock solutions of lanthanides and yttrium 
(m O.OlM) in ca. O.lM nitric acid were prepared 
from the nitrates (La, Ce, Pr, Nd, Tb, Ho), 
oxides (Sm, Er, Tm, Lu, Y) or carbonates (Eu, 
Gd, Dy, Yb) of reagent grade purity, supplied 
by Reakhim, Moscow, (except the Tm and Lu 
oxides, which were from Fluka). Stock solutions 
of the other metal ions were prepared by dis- 
solving their analytical grade nitrates in ap- 
proximately O.lM nitric acid. The solutions 
were standardized gravimetrically or by chelo- 
metric titration. Working solutions (O.Ol-1mM) 
were prepared by diluting the stock solutions 
with O.lM nitric acid. 

A 1mM Arsenazo III (AA3) solution was 
prepared by dissolving the chromatographically 
pure chemical in water. Working solutions of 
AA3 were obtained by diluting 5 ml of this 
solution and 20 ml of 1M formate buffer (pH 
2.7) to 200 ml. 

A l.OM solution of HIBA was prepared 
from the reagent grade chemical (m.p. 79.0” 
Lachema, Bmo, Czechoslovakia) and purified 
by passing it through a 10 x 200 mm column 
of Dowex 5OW x 8 cation-exchanger (So-100 
mesh) in the H+ form, at a flow-rate of 
1 ml/min. A 1M stock solution of reagent grade 
citric acid was prepared. Working solutions of 
the ammonium salt of HIBA (0.090 or 0.180M) 
or citric acid (0,060 or 0.090M) were obtained 
by neutralization of the stock solutions to 
the required pH with concentrated ammonia 
solution, followed by dilution with water. 

A O.lM solution of ammonium dodecyl 
sulpilate (ADS) was obtained by passing an 
appropriate sodium dodecyl sulphate solution 
(SDS, from BDH) at 1 ml/min through a 
10 x 200 mm column of the Dowex 5OW x 8 
cation-exchanger in the NH: form. The cation- 
exchanger columns were regenerated by passage 
of 200 ml of 1M hydrochloric acid (HIBA 
column) or 2M ammonium nitrate (ADS 
column) at the same flow-rate. 

MR 

Fig. 1. A block scheme of the chromatographic apparatus. 
M-mobile phase reservoir, LP-HPLC pump, PC-pre- 
column, V-injection valve, S-sample, A-analytical 
column, PR-post-column reactor, R-derivatization re- 
agent reservoir, MR-mixing and reaction coil, LI-spec- 

trophotometric detector, L-recorder, W-waste. 

Apparatus 

The chromatographic apparatus (Fig. 1) 
consists of a VCM 300 high-pressure chromato- 
graphic pump (Development Workshop of 
Czechoslovak Academy of Sciences, Prague), a 
3 x 50 mm glass precolumn packed with 
Silpearl silica gel sorbent for TLC (Lachema, 
Bmo), a Rheodyne 7125 six-port chromato- 
graphic valve (Rheodyne, Cotati, USA) with a 
20-~1 sample loop, a 3 x 150 mm glass analyti- 
cal CGC column, a home-made post-column 
reactor and a flow-through spectrophotometric 
detector. A six-way chromatographic switching 
valve with six inlet ports and a single central 
outlet port (Mikrotechna, Prague) was placed in 
front of the VCM 300 pump to create the 
stepwise concentration or acidity gradients in 
the low-pressure part of the system. 

A CGC glass chromatographic column 
(3 x 150 mm) packed with Separon SGX Cl8 
RP sorbent (5 pm particle size, Tessek, Prague) 
was washed with 10% v/v methanol-water 
mixture at a flow-rate of 0.01 ml/min for 1 hr 
and then with 0.00&U ADS at a flow-rate of 
0.1 ml/min for 2-3 hr. After two weeks of use 
(or if unused for a period of a week), the column 
was regenerated by a shortened procedure, the 
same solutions being passed through it for 30 
and 60 min, respectively, especially when the 
samples had very complex matrices. At the start 
of each day’s work the column was equilibrated 
with an HIBA solution of appropriate con- 
centration at a flow-rate of 0.4 ml/min for 
30-40 min. The precolumn served to trap impu- 
rities from the mobile phase before it entered the 
injection valve and analytical column. The use 
of this precolumn also prolongs the life-time of 
the analytical column. 

The post-column reactor consisted of a PTFE 
tee-screen type mixing chamber with a volume 
of -0.6 ~1, to which eluate and derivatizing 
reagent were both fed through Teflon capillaries 
(0.6 mm i.d.) at a flow-rate of 0.5 ml/min. The 
homogeneous reaction mixture then flowed 
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through a reaction coil (0.3 x 400 mm) to an 
18 ~1 flow-cell in the Zeiss Spekol 21 single- 
beam spectrophotometric detector, connected 
to a Zeiss K201 recorder. The analytical signal 
was measured at an absorption maximum of the 
AA3 chelates with the metal ions of interest, as 
either peak area or peak height. 

RESULTS AND DISCUSSION 

Chromatographic separation 

The two distinct absorption maxima at 660 
and 610 nm attained maximum intensity at pH 
2.7 in aqueous mixtures of AAS and U(W) 
(each 25@4) and their position and amplitude 
were not affected by the presence of 5OmiU 
HIBA or citric acid. The absorption band 
at 660 pm was chosen for the determination 
because of the higher sensitivity.’ 

The quality of the chromatographic separ- 
ation of uranium(W) from the other elements 
depends primarily on the concentration of com- 
plexing agent in the mobile phase and on the 
pH, because of the effect of the latter on the 
conditional stability constants of the metal 
chelates formed with the eluting agent in the 
mobile phase (cJ Fig. 2). Under otherwise iden- 
tical experimental conditions, the retention 
times increase with increasing acidity of the 
mobile phase and decreasing concentration of 
citric acid, over the pH range from 2.4 to 3, and 
remain constant at higher pH values because of 
the strong chelates formed with citric acid. The 
retention times increase with decreasing concen- 
tration of HIBA in the mobile phase and reach 
a minimum at -pH 3.5-3.8. In general, the 
uranium can be quantitatively separated from 
other elements under suitable experimental con- 
ditions by isocratic elution with either HIBA or 
citric acid. 

Sharper chromatographic peaks, and better 
and faster separation, were obtained by eluting 
with 0.090M HIBA at pH 3.5 or with 0.090M 
citric acid at pH 3.0, than with higher concen- 
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Fig. 2. Dependence of the retention time of U(V) on the 
concentration of eluting agent in the mobile phase and the 
pH of the latter. [ul 0.5mM; [AA31 25pM. [HIBA]: q 
0.O9OmM, W 0.18OmM; [tit]: A 0.O6OmM, 0 0.09OmM. 

trations of these elements (at the same pH). The 
repeatability of the retention time and peak area 
(see Table 1 for the statistical parameters)i7 for 
two different concentrations of U(W) were sat- 
isfactory (s, d 3%). Slightly better repeatability 
was obtained with HIBA as eluent, than with 
citric acid. Calibration graphs were linear for 
0.3-1OmM uranium, with detection limits of 
0.16 and 0.18mM for elution with HIBA and 
citric acid respectively (the detection limit being 
the concentration corresponding to a signal 10 
times the noise of the blank signal). 

Interferences 

Although only Th(IV), Fe(II1) and lan- 
thanides [besides U(W)] gave measurable peaks 
in the AA3 derivatization reaction,‘*i5*i6 possible 
interference from all elements giving a colour 
reaction with AA3 was studied. The retention 
times for uranium and the other elements varied 
only slightly with changes in the concentration 
ratios of the individual elements to uranium and 
with column aging. The separation of U(W) 
from the other elements was complete in all 
cases and no interference was observed over a 
wide concentration range of the elements (see 
Table 2). 

Table 1. Repeatability” of determination of a retention time and a peak area after 
elution of U(W) by 0.09OM HIBA at pH 3.5 or 0.09OM citric acid at pH 3.0: 

[AA31 = 25 JIM; n = 10 

HIBA Citric acid 

Wz;)l* G f W, WfW)l* G*s(r,X 
min Abode.)* min AfdA)* 

0.3 20.4 f 0.3 19.2 f 0.6 0.5 3.9*0.1 15.7 f 0.5 
0.7 12.4 f 0.2 38.2 f 0.5 1.0 4.0*0.1 32.3 f 1.0 

*A, is given in the scale units of the mechanical integrator of the IC201 recorder. 
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Table 2. Chromatographic separation of U(W) from interfering ions (M) by eluting with 0.09OM 
HIBA or citric acid at pH 3.5 and 2.5, respectively 

[Ml, +IBA), Wt), [Ml, r,(HIW, WIT), 
Ion WlM min min Ion mM min min 

U(vI) 0.5 12.4 9.3 Lu(II1) 0.3 11.6 - 
Th(IV) 0.5 15.8 3.8 LulIII)” 5.0 24.0 15.4 
ThiIvj 1.0 16.4 3.6 Yb(IIIj 0.3 13.8 - 
Th(IV) 5.0 25.1b 4.3’ TmlIII) 0.3 19.8 - 
Th(IV) 10.0 28.Sb _d Fe(II1) 2.0 6.2 4.3 
Ba(II) 100 - 29.6 Fe(III) 10.0 8.8 - 

U(W) 0.52 15.1 9.7 
Th(IV)’ 0.1 - 5.0 
Fe(W) 96 10.8 - 

‘r,(U) = 15.1 for HIBA at pH 3.3 and 9.4 min for citric acid at pH 2.5, br,(U) = 15.9 and 16.1 min 
at pH 3.3, ‘f,(U) = 9.4 min at pH 2.4, dno separation, ?, at pH 3.3 for HIBA and 2.5 for citric 
acid, for separation of an artificial sample solution [composition (mM): U(W) 0.52, Th(IV) 0.1, 
Fe(III) 96, Cu(II) 0.39, Ni(II), 0.49, Cr(III) 0.5,Zr(IV) 0.27, Be(H) 2.8, Mn(II) 0.01, Al(II1) 9.3, 
Ti(IV) 0.52, Cl- 270, NO; 31, SOi- 3.81. 

Al(II1) and Cr(II1) are eluted at shorter 
retention times and do not interfere with the 
elution when present in up to lOOO-fold concen- 
tration ratio to U(V1). Bivalent species such as 
Ca(II), Sr(II), Ba(II), Mg(II), also do not inter- 
fere at lOOO-fold concentration ratio. Pb(I1) in 
equimolar ratio does not interfere, and Cu(II), 
Ti(IV) and Zr(IV) ions do not interfere when 
present in up to 2-fold (Cu) or 4-fold (Ti, Zr) 
concentration ratio. 

Th(IV), Lu(II1) and Yb(III), which have re- 
tention times closest to that for U(VI), are 
efficiently separated from it when present in 1: 1, 
20: 1 or 10 : 1 concentration ratio to it, respect- 
ively. Other lanthanides do not affect the deter- 
mination of uranium unless they have a longer 
retention time than Lu(III), Yb(II1) and Tm(II1) 
and are present in > lOOO-fold ratio to U(R), 
because they are eluted after Tm(II1) (the reten- 
tion times increase with decreasing atomic num- 
ber of the element.15g’6 If required, the complete 
group of lanthanides can be efficiently separated 
from uranium by acidity gradient elution and 
determination simultaneously.” 

Uranium(V1) can be easily preconcentrated 
directly on the CGC Separon SGX Cl8 analyti- 
cal column from sample solutions at pH 
3.5-4.5, with an enrichment factor of up to 100. 
It is quantitatively sorbed on the analytical 
column from volumes of 0.1-12.5 ml. The 
sample solution (at pH 4) is introduced directly 
into the analytical column by time-controlled 
pumping (the precolumn and loop injector are 
not used) via a four-way stopcock. Before and 
after sorption of the analyte, the column is 
washed with 10% v/v methanol-water, mixture 
for 10 min to remove the mobile phase and to 
fill the column with a solvent that does not affect 

the sorption or desorption of uranium, and/or 
to wash out the rest of the sample solution with 
matrix before the chromatographic separation, 
The uranium is then eluted and effectively separ- 
ated from the other elements by isocratic or 
pH-gradient elution (depending on the matrix 
composition of the sample and the purpose 
of the analysis, see above). The repeatability 
of the method was found to be better than 5%, 
and the recovery 90-106% for O.Ol-O.lmM 
uranium. 

Determination of U(VZ) in water samples 

Before determination of U(V1) in real 
samples, the procedure was tested and opti- 
mized for an artificial sample containing a 
selection of elements, at the most probable 
concentrations (see footnote to Table 2). The 
best results were obtained by eluting the 
sample with 0.090M HIBA or citric acid at 
pH 3.3 and 2.5, respectively. All the peaks 
appearing in the chromatograms were identified 
by the standard addition method. Only the 
lanthanides, Fe(II1) and Th(IV) are potential 
interferents, giving measurable chromato- 
graphic peaks under the experimental con- 
ditions used, and only their peaks were found 
when eluting with HIBA or citric acid. None 
of the above-mentioned elements affects the 
determination of U(V1) when present at the 
given concentrations. A U(V1) concentration 
of 0.53mM (126 mg/l.) with s, = 1.9% was 
found by the standard addition method with 
linear regression of the function A, =f(c), for 
peak area (A,) us. U(W) concentration (c) 
for successive 1mM additions over the 
range l-8mM U(VI), with 5 replicates for each 
data-point. 
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Two real samples were analyzed by a 
similar procedure, and values of 93 and 75 mg/l. 
with s, = 2.2 and 2.5% were found by the 
standard addition method. These concen- 
trations agree very well with those obtained 
by the spectrophotometric method with 
liquid-liquid extraction,* 99 and 72 mg/l. A 
very simple in-line preconcentration on the 
analytical column has to be applied for 
samples with U(V1) concentrations below the 
determination limit (35 mg/l.). For l-20 mg/l. 
uranium the reproducibility was better than 
5% and the results were in good agreement 
with radiometric analysis (maximum difference 
89”). 

The proposed method gives precise and cor- 
rect results. It is relatively fast (around 20 min 
per analysis) compared to the liquid-liquid 
extractions,2,3*‘0 ion-exchanger’ and other 
methods. The advantage of the procedure over 
the extraction-photometric method is its sim- 
plicity and the quantitative separation of all 
interfering elements. 
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Summary-The uptake of the sulphonated azo dye [I-(tetrazolylaxo)-2-hydroxynaphthalene 3,6disul- 
phonic acid, or T-azo-R] by bovine serum albumin (BSA) in the pH range 14 was investigated by a 
spectrophotometric method, based on the fact that the absorption spectra of the free and bound dye are 
different. The effect of increasing concentration of sodium chloride and sodium perchlorate was 
considered, as well as the influence of the BSA on the protonation equilibria of the dye. The Scatchard 
model, which has been widely used previously to describe the interaction between small substances and 
proteins, was not helpful in the treatment of data obtained in the acidity range considered here. Instead 
a phase distribution model allowed a good quantitative treatment of the experimental findings. The 
distribution constant of the monoprotonated T-axe-R between aqueous solution and the albumin 
microphase was found to be log K&Y;~~ = 6.3, while the biprotonated form does not bind to BSA. As 
a consequence, the protonation constant of T-axoR is decreased in the presence of BSA, particularly at 
low salt concentrations in aqueous solution. An equation relating the observed protonation constant to 
the protonation constant of the dye in solution and to the ionic strength is proposed. It has been found 
that the effect of salts on the uptake of T-azo-R by BSA can be explained simply by considering the 
variation of the activity coefficients of the ionic species involved in aqueous solution. 

Among the many methods proposed for 
the quantitative determination of serum 
albumin, those based on dye binding, and 
spectrophotometric determination, are com- 
monly used when large numbers of speci- 
mens are to be analyzed. The most widely 
utilized reagents are probably Bromocresol 
Green (BCG) at pH = 4,’ or 3.8,* and HABA 
[2-(4-hydroxyphenylazo) benzoic acid] at 
pH = 3.2.3 However, no systematic investigation 
on the interaction between dyes and serum 
albumin at these acidities has been found in 
the literature. A study of the albumin-anionic 
dyes combination at these conditions should 
be interesting to improve the existing 
methods or to design new dyes with better 
performances. 

As a first approach, the pH range l-4 is 
interesting to investigate, because serum albu- 
min is completely protonated4 and is in its 
expanded conformation.’ According to Pinnell 
and Northam the best dyes for serum albumin 
determination are those having protonation 
constants around the working pH. So the 
sulphonated azo dye T-azo-R [ l-(tetrazolylazo)- 
2-hydroxynaphthalene-3,6-disulphonic acid]’ 
seemed particularly suitable for this investi- 
gation, because its second protonation reaction 
is as follows: 

OH 

N=N 

+H+ 

-0,s 
SOL? 

(1) 

$ 

-0-8 SO3,- 

and its protonation constant is log K, = 2.90 (in 
0.1 M sodium perchlorate). 

Therefore, this protonation takes place in the 
acidity range 2-4, which is that investigated in 
the present study. (In the text ion charges will be 
omitted for simplicity). 

The observations by Pinnell and Northam 
seem to indicate that the spectrum of the free 
dye and that of the dye bound to albumin are 
better differentiated at pH values at which the 
protonation reaction is at equilibrium. The ab- 
sorption spectra of T-azo-R bound to BSA at 
two different pH levels, registered against a 
solution of T-azo-R at the same conditions, 
are reported in Fig. 1. It is evident that it is 
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0.2000 r 

Wavelength, nm 

Fig. 1. Absorption spectrum of T-azo-R bound to albumin against free T-azo-R. cT__a = 2.16 x 10es 
moles/kg; cBSA = 1.54 x 10m5 moles/kg. Curve 1: 0.0050 moles/kg HCl (pH = 2.30). Curve 2: 0.0050 

moles/kg NaCl (pH = 4. IO). 

much higher at pH = 2.30, when reaction 1 is 
at equilibrium, than at pH = 4.50 when the 
deprotonation is complete. 

In the present paper it will be shown that this 
is because the monoprotonated form is bound 
to albumin much more strongly than the bipro- 
tonated one, which shifts the protonation equi- 
librium (1) to the left in the presence of albumin. 

Scatchard et al.* treated the reaction of small 
ions with albumin as a true combination of the 
ligand with specific sites on the macromolecule. 
Since then, this model has been widely employed 
to describe the combination of small ions 
or molecules with proteins.‘*” However, this 
model doesn’t seem appropriate for describing 
the combination of T-azo-R with BSA in the 
acidic solutions considered here, because the 
Scatchard plot [(n/[L])e* W’ZPrL US. n] obtained 
here is completely different from that expected, 
as will be discussed later on. 

Moreover, some previous observations 
showed that the effects of BSA on the spectrum 
and protonation constant of T-azo-R were simi- 
lar to that of cationic surfactant micelles,” in 
which evidently specific interaction sites could 
hardly be detected. Similar behaviour was ob- 
served in the case of sulphophthaleinic dyes.‘* 
Based on this similarity, an attempt was made 
to interpret the experimental findings with a 
model based on the assumption that BSA can be 
considered as a microphase distinct from the 
aqueous solution in which it is dispersed. Thus, 
a substance X is distributed between the two 
phases, according to the equilibrium: 

X*X’ 

(2) 

where ax and yx are respectively the activity 

(moles/kg) and the activity coefficient of X. 
Primed symbols refer to species bound to albu- 
min. Concentrations in albumin microphase are 
in mmoles per mmole of BSA (n). 

Kdcxj is expected to have a constant value only 
if the protonation and the conformation of 
serum albumin are constant, as it is in the pH 
range l-4 investigated in the present work. The 
combination of T-azo-R with albumin was stud- 
ied by a spectrophotometric method which is 
more rapid than the usual methods based on 
dialysis or ultracentrifugation and takes advan- 
tage of the fact that the spectra of the free and 
bound dye are quite different in the acidic 
solutions considered here, as can be seen from 
Figs 1 and 2. 

EXPERIMENTAL 

Reagents 

All reagents were of analytical reagent grade. 
Bovine Serum Albumin (BSA) 98-99%, virtu- 
ally free from fatty acids (O.OOS%), was ob- 
tained from Sigma Chemical Co. and used 
without further purification. All calculations 
reported for BSA are in terms of a molecular 
weight of 65,000. Concentrations of albumin 
ranging from 3.0 x lo-’ to 5.0 x lo-’ moles/kg 
were considered. At higher concentration, a 
turbidity was formed in the presence of T-azo- 
R. T-azo-R was synthesized as previously de- 
scribed’ and standard solutions were prepared 
by direct weighing of the solid. In the test 
solutions its concentration was in the range 
l-10 x 10m5 moles/kg. 

Apparatus 

A DMS 100 Varian spectrophotometer with 
l-cm quartz cells was used throughout. An 
Orion 901 potentiometer with a combined Ross 
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Fig. 2. Absorption spectrum of T-azo-R in HClO.0050 moles/kg in the presence of albumin (broken curve: 
csSA = 1.54 x 10e5 moles/kg), and in its absence (continuous line). cT__a = 2.16 x 10-5moles/kg. 

glass electrode (Orion) was used for pH 
measurements. The potentiometric cell was 
standardized by Gran’s method, as described 
previously.‘3 The presence of BSA doesn’t 
change the standard potential or the liquid 
junction potential of the cell. 

Spectrophotometric method 

The concentration of the bound and free 
ligand ([L’] and [L] respectively, moles/kg) 
was calculated on the basis of the following 
relationships 

so that 

A = EL[L’] + Q[L] (3) 

CL = [L] + [L’] (4) 

where 

[L’] = 
A - cLcL 

&--EL (5) 

[L’] = [HZ L’] + [HL’] 

and 

[Ll = [HZ Ll + M-1 (6) 

and A is the absorbance measured at a fixed 
wavelength (A = 510 nm, where T-azo-R com- 
bined with albumin absorbs more than the free 
dye), .c; is the mean molar absorptivity of the 
dye bound to albumin (moles-’ kg cm-‘), and 
cL is the mean molar absorbance of the free dye 
(moles-’ kg cm-‘). 

The mean molar absorptivities of the bound 
and free T-azo-R were determined from the 
absorbance of solutions containing known 
amounts of T-azo-R, in the presence of an 

excess of BSA, and with no BSA. They can be 
evaluated from the spectra reported in Fig. 2. In 
the considered acidity range, T-azo-R can be 
monoprotonated or diprotonated, depending on 
the acidity. The two forms absorb differently, so 
that the mean molar absorbances also depend 
on the acidity of the solution. In 0.0050 
moles/kg hydrochloric acid, an acidity at which 
many determinations of the present research 
were done, the two mean molar absorbances are 
respective1 y 6 t = 6.1 x lo3 and 6L = 7.5 x lo2 
mole-’ kg cm-’ (standard deviation: 2 x lo2 
mole-’ kg cm-‘). 

RESULTS AND DISCUSSION 

Combination of T-azo-R with BSA at constant 
ionic strength and test of the Scatchard model 

A set of experiments was performed, keeping 
the T-azo-R concentration constant and in- 
creasing the BSA concentration. As an example, 
Fig. 3, reports the absorbance, at 510 nm, of 
solutions with different concentrations of T-azo- 
R, with increasing BSA concentration at a pH 
of 2.5. The absorbance increases linearly with 
the albumin concentration, according to the 
Beer-Lambert law, up to cBSA < ~~_,_~/30. At 
T-azo-R concentration higher than about 
10 x 10m5 moles/kg a turbidity was observed at 
the considered conditions, so that only lower 
concentrations can be used for spectrophoto- 
metric determinations. As a consequence, the 
linear range is extended only up to 2.7 x 10m6 
moles/kg. 

At sufficiently high albumin concentration the 
absorbance reaches a steady value indicating 
that the dye is completely bound. c; can be 
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Fig. 3. Absorbance of solutions containing increasing 
concentration of BSA, I = 510 nm. Curve 1: cr__a 
= 3.36 x lO-5 moles/kg; 0.0030 moles/kg HCl. Curve 2: 
crUO_a = 7.38 x 10m6 moles/kg; 0.0030 moles/kg HCl. Curve 
3: ~r_~,,_a = 3.36 x 10e5 moles/kg; 0.0018 moles/kg H,SO,. 
Curve 4: +._a = 1.80 x lo-> moles/kg; 0.0018 moles/kg 

H,SO,. 

obtained from this absorbance and Ed from the 
absorbance at the same wavelength in the ab- 
sence of BSA. Thus, [L’] and [L] are calculated 
from equations (4) and (5). 

At first, an attempt was made to treat these 
data according to the Scatchard model.* It states 
that if there were only binding sites of one kind 
for T-azo-R on serum albumin, with the same 
intrinsic constant KL, but electrostatically influ- 
enced by other ions already linked to BSA, the 
observed binding coefficient KL should not be 
constant as the combination proceeds, but 
should depend on the total charge which is 
actually present on the protein molecule (z,), 
according to the relationship. 

Kt = K”L e-2 W’ZPZL 
(7) 

where zp = 93-3n, and 93 is the protonation 
degree of albumin at the considered pH. The 
term 2 w zpzL kT is the electrostatic work of 

bringing the ion L with charge zL to the surface 
of the protein molecule. At the considered 
acidity, 80% T-azo-R is in the biprotonated 
form H,L, which bears a charge of - 2 

(ZL = - 2). However, in the presence of albumin 
the deprotonation is enhanced as will be shown 
later. In this case, T-azo-R is almost completely 
deprotonated, so that zL = -3. 

According to Scatchard, w in a solution at Z 
ionic strength can be evaluated at 25” according 
to the relationship 

w/2.303 = 0.0517 - 0.5085 I”‘/(1 + 10.663 Z”2) 

From equation (7) the following relationship 
can be derived 

-If_e2 wrPrL = KLyLN - KLyLn 
PA 

(8) 

where N is the maximum number of interaction 
sites on serum albumin. Thus by plotting 
ne2 WLPZL/[L] US. n a straight line with negative 
slope should be obtained. If more than one kind 
of interaction site were present on serum albu- 
min, the function should be a curve with nega- 
tive slope.9 

As an example, the values obtained for n 
and ne2 weZL/[L] in one experiment are reported 
in Table 1. In contrast to what is expected on 
the basis of equation (8) when n decreases, 
ne 2 wb*L/[L] decreases too. This could be at- 
tributed to an incorrect evaluation of the ionic 
radius of albumin in the expanded form which 
prevails in the acidity range considered here. 
However, even by assuming a radius 20 times 
higher for albumin, the trend of the curve 
n e2wrPrL/[L] us. n is opposite to that expected on 
the basis of the Scatchard model. For this 
reason, it is impossible to make use of the 
Scatchard model in the present case. 

Table 1. Effect of increasing concentration of BSA on the absorbance of 
T-azo-R at 510 nm, in 0.0050 moles/kg hydrochloric acid. T-azo-R: 
1.08 x 10m5 moles/kg; V = 25.0 cm’. e = e2 r*zP2zL; w = 0.0718; zp = 93-311; 

Z”, = - 3 

CBSA A(5lO)[L’] n M-1 0 el WI 
6.16 x 10-n 0.015 7.88 x lo-’ 12.8 1.28 x lo6 7.87 x lO-5 
1.23 x lo-’ 0.021 1.97 x lo-6 16.0 1.81 x lo6 6.98 x 1O-3 
1.85 x IO-’ 0.026 2.95 x lO-6 16.0 2.04 x 106 7.73 x 10-r 
2.46 x lo-’ 0.031 3.94 x 10-h 16.0 2.33 x lo6 8.92 x lo-’ 
3.69 x IO-’ 0.037 5.12 x lO-6 13.9 2.44 x 106 5.92 x lO-4 
4.92 x lo-’ 0.040 5.71 x lo-6 11.6 2.28 x lo6 2.95 x lO-5 
7.38 x lo-’ 0.044 6.49 x lO-6 8.80 2.04 x 106 7.10 x to-7 
9.84 x IO-’ 0.046 6.89 x lO-6 7.00 1.79 x 106 6.07 x lo-* 
1.23 x lO-6 0.048 7.28 x lO-6 5.92 1.68 x 106 1.41 x 10-s 
1.85 x IO-” 0.049 7.48 x lO-6 4.04 1.22 x 106 9.04 x lo-‘o 
3.08 x 1O-6 0.052 8.07 x 1O-6 2.62 9.59 x 105 1.13 x lo-‘0 
6.03 x lO-6 0.054 8.46 x lO-6 1.40 6.00 x 10’ 1.47 x lo-” 



Interaction of serum albumin with a sulphonated azo dye 1103 

“.“J 
4 

I I I I I I I 

000 QO5 a10 0.15 0.20 025 030 0.35 

NaCl concentration, m&s/kg 

Fig. 4. Effect of increasing concentration of sodium chloride 
on binding of T-azo-R to BSA in 0.0050 moles/kg HCl. 
cr_a = 5.00 x 10e5 moles/kg. Curve 1: cm,, = 4.62 x lo-’ 
moles/kg. Curve 2: cssA = 1.54 x 10es moles/kg. Curve 3: 
cssA = 1.54 x 10M6 moles/kg. Curve 4: cm,, = 3.69 x lo-’ 

moles/kg. 

However, it can be seen from Table 1 that 
the ratio n/[L] is practically constant, as 
predicted by the phase distribution model, ac- 
cording to equation (2) at constant acidity and 
ionic strength of the solution and if yHL is 
constant. 

Indeed the following relationships hold: 

[Ll = D-b Ll + WI = WI (I+ K, [HI) 

[L’] = [HZ L’] + [HL’] = [HL’] (1 + K: [HI) 

&(Hl., 
aHL nyH,. 1+ KM =-=- 
aHL tLhL1 +Kiml 

= K 1 + &WI YHL 
- (9) 

dc 1 + K:tHl YHL 

where Kd(HL) is the distribution constant of the 
dye in the monoprotonated form, and ydc is the 
global distribution coefficient (& = n/[L]). K, 
and K: are the protonation constants of T-azo- 

R in aqueous solution and T-azo-R bound to 
albumin, respectively, defined as: 

D-4 Ll 
K”=[HLl[Hl 

F-U’1 
K’ = [HL’] [H] 

The average value of the distribution coefficient 
of T-azo-R at the conditions considered here is 
log lydc = 5.61. 

Influence of the salt composition of the solution 

Some experiments were carried out by adding 
increasing concentrations of sodium chloride to 
solutions with different BSA and T-azo-R con- 
centrations at constant acidity (5 x 10V3 
moles/kg hydrochloric acid, equal to that inves- 
tigated above). 

The absorbance of the solution at 1, = 5 10 nm 
was recorded. Some results are reported in 
Fig. 4. Increasing salt concentration causes a 
diminution of the absorbance at 510 nm. This 
is due to a partial release of T-azo-R from 
BSA, as demonstrated by a few dialysis exper- 
iments (Table 2). The concentration of free dye 
is greatly increased in 0.5 moles/kg sodium 
chloride. 

This effect was also observed in the case of 
sulphophthaleinic dyes at acidities around neu- 
trality’ and was interpreted as competition be- 
tween anions and dyes for the same binding sites 
on serum albumin. The ionic strength variations 
were not taken into account but are, however, 
important and can justify the observed be- 
haviour according to the phase distribution 
model. 

Table 2. Dialysis of T-azo-R in the presence of BSA at 0.0050 moles/kg HCl and different 
sodium chloride concentration. HCl and NaCl are at the same concentration inside and outside 
the bag. T = 25”. Dialysis time: 48 hr; bag: SPECTRA/POR molecular membrane; tubing: 

18 mm x 50 ft; Vol: 1.0 cm’; m.w. cut-off: 3500. Concentrations are in moles/kg 

Composition of the solution 

inside the bag outside 
D-1 

cT-m-, (free) n 1% h-c 

P(a)1 

cNnC, CBS.4 cT-,R 
0 6.15 x 1O-6 5.00 x 10-5 

(V = 10 cm)) 

0 6.15 x 1O-6 8.97 x lo-’ 
(V = 10 cm4 

0.50 6.15 x 1O-6 5.00 x 10-r 
(V = 15.2 cm3) 

0.50 6.15 x lo+’ 6.17 x 10-r 
(V = 15.2 cm)) 

0.50 6.15 x 1O-6 1.17 x 10-4 
(V = 15.2 cm’) 

P(b)1 

5.00 x lo-’ 1.02 x 10-S 6.46 6.39 
(V = 10 cm’) 

5.00 x 1o-5 2.16 x 1O-5 15.72 6.15 
(V = 10 cm9 

5.00 x 1o-5 4.58 x 1O-5 2.60 6.30 
(V = 42 cm3) 

492 
1.52 x 1O-s 0.73 6.22 

(V = cm’) 

2.25 x lo-’ 1.66 x lo-’ 5.42 6.05 
(V = 43 cm3) 
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From equation (9), and by estimating the 
activity coefficient in the aqueous phase on the 
basis of the specific interaction theory,14 the 
following relationship is obtained 

log [L] 

0.51 ZiL 11’2 L=‘mGr ’ +’ 5z,,* 

+ W, Na)m,, (10) 

where zuL is the charge of the dye (-3 in the 
case of the monoprotonated T-azo-R), and 

Kd' = Kd(HL) (1 + &[Hl)/b’~~(l + &[Hl)) in- 
cludes all the terms of equation (9) which are 
practically independent of the ionic strength of 
the aqueous solution. The term b(L, Na) is 
the coefficient of specific interaction of the 
monoprotonated dye with sodium which is pre- 
sent at a concentration of mN, (moles/kg). 

To test the dependance of the conditional 
distribution constants Kd’ on the acidity, an 
experiment was carried out in more dilute hy- 
drochloric acid 1 x 10e3 moles/kg, by adding 
increasing concentrations of sodium chloride. 
The results are reported in Table 3. A higher 
value of Kd’ is obtained, showing that K, > K,,. 
An evaluation of KdcHLb/yHL’ can be made by 
assuming that K,.[H]<. 1. A value of 5.7 x lo6 
is obtained at this acidity, in good agreement 
with the value in 0.0050 moles/kg hydrochloric 
acid (6.3 x 106). 

The parameters of equation (10) can be esti- 
mated by a least square procedure. Good values 
for Rz were obtained. The interaction coefficient 
is not significantly different from 0, and a mean 
log Kd’ value of 6.10 + 0.17 was obtained, in 
agreement with the value of log Kd’ = log 
Kd(uL)/YnV + log J+.,~ which can be calculated 
from the experiments reported above where the 
solution was 5 x low3 moles/kg hydrochloric 
acid so that log yL = -0.29, and log K& = 5.90. 

The coefficient of the independent variable 

According to equation (lo), a different anion 
must have the same effect on T-azo-R binding 
to BSA. Some results at increasing concen- 
trations of sodium perchlorate are reported in 
Table 4. The data, treated according to the 
phase distribution model, gave the same results 
as in the case of sodium chloride: log Kd’ = 6.06, 
and 0.512; = - 5.71 (R* = 0.991). Perchlorate 
was chosen to test the effect of an anion having 
a much higher lipophilic character than 
chloride, hence supposedly competing with 
the dye more than chloride for binding to a 
hydrophobic environment. 

Protonation of T-azo-R in presence of BSA 

I”*/(1 + Z’/*) has an average value of It is well known that macromolecular par- 
-5.O( + 1.2), in fair agreement with -4.5, cor- ticles have an influence on the protonation 
responding to the charge (- 3) of the monopro- equilibria of indicator dyes.6 The same is ob- 
tonated species HL. It is interesting to notice served in the BSA/T-azo-R system. This point 
that the log Kd’ values obtained from the dialysis was investigated here by considering solutions 
experiments, shown in Table 2, are in agreement with fixed concentrations of T-azo-R and BSA, 
with the values found spectrophotometrically. at a ligand to albumin molar ratio of 3.25, and 
Thus, the effects of the increasing salt con- by changing the acidity by small additions of 
centration can be well explained on the basis concentrated acid or base. The free proton 
of the phase distribution model, without any concentration was measured with the glass elec- 

hypothesis on competition of different anions 
for the same binding sites. 

Table 3. Effect of increasing concentrations of sodium chloride on binding of 
T-azo-R to BSA. 0.0010 moles/kg hvdrochloric acid. T-azo-R: 5.00 x 10m5 
moles/kg; V = 25.0 cm’; casA = 1164 x iOms moles/kg. rad I = I”*/(1 + 1.5 P)) 

cNaCl A(510) [L’] n rad I log nlL1 
6.00 x lO-3 
1.10 x IO-2 
1.62 x lo-* 
2.13 x lO-2 
3.14 x IO-2 
4.16 x lO-2 
6.19 x lO-2 
8.20 x IO-2 
1.02 x 10-I 
1.23 x 10-l 
1.63 x lo-’ 
3.68 x lo-’ 
6.15 x 10-l 

0.316 4.80 x lo-’ 3.12 0.069 6.19 
0.311 4.69 x lO-s 3.05 0.091 5.99 
0.306 4.58 x lo-’ 2.98 0.107 5.85 
0.304 4.53 x 10-S 2.95 0.120 5.80 
0.296 4.35 x 10-s 2.83 0.140 5.64 
0.289 4.20 x lo+ 2.13 0.156 5.53 
0.274 3.87 x IO+ 2.52 0.181 5.35 
0.260 3.56 x lo-’ 2.31 0.200 5.21 
0.247 3.27 x lo-’ 2.13 0.216 5.09 
0.236 3.02 x lO-s 1.96 0.230 4.99 
0.220 2.67 x lO-5 1.74 0.251 4.87 
0.182 1.82 x IO+ 1.18 0.318 4.51 
0.170 1.53 x 10-S 0.99 0.360 4.46 

Regression: log K.,. = 6.50(0.08); 0.51 zhL = -6.15(0.27); R2, 0.978. 
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Table 4. Effect of increasing concentrations of sodium perchlorate on binding of 
T-azo-R to BSA. Perchloric acid 0.0050 moles/kg. T-azo-R: 5.00 x IO-’ moles/kg; 

v = 25.0 cm’; cm = 1.54 x 10m6 moles/kg. red I = I”*/(1 + 1.5 I’/*) 

CNKiO4 A(510) L1 n rad I loI3 ml 

5.09 x 10-4 0.185 2.76 x lo-’ 18.4 2.18 x lo-’ 5.91 
1.02 x lo-’ 0.182 2.70 x lo-’ 18.0 3.05 x lo-* 5.89 
2.04 x lo-’ 0.175 2.57 x lo-’ 17.1 4.23 x IO-* 5.85 
4.07 x 10-j 0.157 2.23 x IO-’ 14.9 5.82 x lo-* 5.73 
1.04 x 10-Z 0.137 1.86 x lo-’ 12.4 8.85 x 10-r 5.60 
1.68 x 10-Z 0.118 1.51 x lo-$ 10.1 1.09 x 10-I 5.46 
2.95 x IO-* 0.089 9.63 x lO-6 6.42 1.37 x 10-l 5.20 
8.04 x lo-* 0.066 5.33 x lo-6 3.55 1.99 x IO-’ 4.90 
1.06 x 10-l 0.059 4.02 x lO-6 2.68 2.19 x 10-l 4.77 
1.57 x 10-I 0.057 3.64 x lo-6 2.43 2.49 x IO-’ 4.72 

Regression: log Ki = 6.06(0.05); 0.51 zi = -5.71(0.19); R*, 0.991. 

trode standardized as described previously.” 
The pH range 1-4 was studied and absorbances 
recorded at 510 nm (Fig. 5). Curve 1 corre- 
sponds to the deprotonation of T-azo-R in 0.1 
moles/kg sodium chloride without albumin. The 
molar absorptivities of the species Hz L and HL 
at 510 nm are 4.2 x lo2 and 3.9 x lo3 moles-’ kg 
cm-‘, respectively. In the presence of BSA and 
at sodium chloride concentrations lower than 
0.05 moles/kg the molar absorptivity of the 
monoprotonated form is much higher, 7.0 x lo3 
moles-’ kg cm-‘. A large effect of increasing salt 

I I I I I 
1 2 3 4 5 

PH 

Fig. 5. Protonation of T-azo-R in aqueous solution without 
BSA (curve l), and in the presence of BSA. Abscissa: pH; 
Ordinates: A/c, (A = 510 nm). cr_.a = 5.00 x IO-’ 
moles/kg; cssa = 1.54 x 10-r moles/kg; cont. of HCl in- 
itially present. Curve 2: 0.50 moles/kg; Curve 3: 0.10 
moles/kg; Curve 4: 0.050 moles/kg; Curve 5: 0.010 moles/kg; 

Curve 6: 0.8010 moles/kg. 

concentration is observed, which agrees with the 
effect reported above of inorganic salts on dye 
binding. 

The data were treated on the basis of the 
following relationship: 

A = Q.,+, [H, L’] + cHL. [HL’] 

+G2~[H~L] + cHLIHLl 

= ~H~L([Hz L'l + [Hz Y) 

+ CHL (W’l + D-U (11) 

where &.hL and &L are the mean molar ab- 
sorbances of the free and bound dye, respect- 
ively in the biprotonated and monoprotonated 
form. 

Thus the observed protonation constant of 
T-azo-R in the presence of albumin is 

([Hz L’l + D-b I-1) 
Km = ([HL’] + [HL]) [H] = (A 

(Cl.cHL-A) 

- LH2LC~) WI 

K,, , $.,L and 6n2L have been determined by a least 
square procedure and the results are reported in 
Table 5, for the solution of Fig. 5. 

According to the phase distribution model, 
the following relationship should correlate the 
protonation constant observed in the presence 
of albumin K,, with the protonation constant in 
aqueous solution K, : 

Km = & 
1 •t &(H~LJYH~LC-BSA/YH~L 

1 + Kd(HL)YHLCBSA/YHL' 
(13) 

The activity coefficients in albumin microphase 
were assumed to be constant and those in 
aqueous solution were evaluated by the specific 
interaction theory. I4 The parameters in equation 
(13) can be transformed into a linear equation 
and their best values can be found by a multiple 
linear regression. 

TAL 36/W-D 
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Table 5. Apparent protonation constants of T-azo-R in the 
presence of BSA at different sodium chloride concen- 
trations. T-azo-R: 5.00 x 10m5 moles/kg, BSA: 1.54 x 10-r 
moles/kg. csL: mean molar absorbance of the biprotonated 
T-azo-R; fuL: mean molar absorbance of the mono- 

vrotonated T-azo-R 

CNaCl CHZL 6HL K, n. obser. R2 

0.01 410 7138 39 3 
0.05 208 5792 87 7 0.982 
0.1 490 5636 146 8 0.999 
0.5 327 4219 298 14 0.986 

The following results were obtained: 

number of observations = 10; RZ = 0.878; log 
K;= 2.72; log K,+,,cBSA/~nL’ = 1.41, and log 
K,,&yHL’ = 6.22. KdtHZLj is not significantly 
different from 0. Thus the biprotonated form 
H,L does not seem to be significantly dis- 
tributed in the albumin microphase. & is in 
acceptable agreement with the value found in 
aqueous solution. Also log Kd&yHL’ agrees 
with the values found in the two completely 
independent experiments described above. 

CONCLUSIONS 

The uptake of T-azo-R by BSA in the pH 
range l-4 cannot be described with the 
Scatchard model. Instead it has been demon- 
strated that a phase distribution model is able 
to describe the dye/BSA combination under 
different conditions. This does not require 
any hypothesis about the nature of the inter- 
action of T-azo-R with albumin (for instance 
hydrophobic, electrostatic, at a specific site). 

The proposed model seems to be useful in 
practice, because it describes the interaction on 
the basis of only one parameter, the distribution 
constant. It allows the prediction of the effects 
of the ionic strength on the uptake of the ligand 
by BSA [equation (lo)], and the effect of serum 
albumin on the protonation equilibrium of 

the indicator dye under different conditions 
[equation (1311. An important point of the phase 
distribution model is that it is implicitly 
assumed that the global structure of albumin 
does not sensibly change when T-azo-R com- 
bines. This is supported by the observation that 
the electrokinetic potentials of albumin and of 
albumin in the presence of T-azo-R, at a dye to 
albumin molar ratio equal to 30: 1 at pH = 2.3, 
and in 0.1 moles/kg sodium chloride are 
+ 38( + 6) mV and + 35(+ 2) mV, respectively 
(practically identical). 
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Summary-A simple, selective and sensitive spectrophotometric method has been developed for the 
determination of microgram quantities of warfarin sodium (K’S), nicoumalone (NIC) and acebutolol 
hydrochloride (ACBH), either in pure form or in pharmaceutical preparations. This method is based on 
the haloform reaction with a known and excess of standard iodine solution under alkaline conditions. The 
excess of iodine is determined at pH 3.0 with metol-INH. The absorbance of the resulting p-N-methyl- 
benzoquinonemonoimine-INH charge-transfer complex is measured at 620 nm. 

Coumarin derivatives such as warfarin sodium 
(WS) and nicoumalone (NIC) are extensively 
used as anticoagulants and the butanamide 
derivative acebutolol hydrochloride (ACBH) is 
widely used as an anti-arrhythmic agent. They 
have been officially determined by U.V. spectro- 
photometry.‘,’ Acebutolol hydrochloride is not 
yet official in any pharmacopoeia. A study of 
the literature revealed that visible spectrophoto- 
metric methods for their determination are 
scarce. There are none for WS, one for NIC3 
and three for ACBH.ti Even these methods 
require some preliminary treatment (reduction 
or hydrolysis) and are time consuming, tedious 
and have low sensitive. The methylketone group 
existing in all three drugs has not been exploited 
so far. It is well known that methylketones 
react with iodine under alkaline conditions 
leading to the formation of iodoform.’ Sastry 
et ~1.~3~ suggested a coloured charge-transfer 
complex (n,,, 620630 nm) formation at pH 3.0 
involving two molecules of p-N-methylbenzo- 
quinonemonoimine (formed in situ from metol 
and iodine) and one molecule of isonicotinic 
acid hydrazide (INH). The drug (WS, NIC or 
ACBH) is treated with standard iodine in 
excess under alkaline conditions. The con- 
sumed iodine corresponding to the drug content 
in the sample is obtained by estimating the 
excess of iodine spectrophotometrically at pH 
3.0 with metol and INH as the chromogenic 
agent. 

*Author for correspondence. 

EXPERIMENTAL 

Apparatus 

A Systronics model 106 digital spectropho- 
tometer with l-cm matched glass cells was used 
for absorbance measurements. An Elico model 
LI-120 digital pH meter was used for pH 
measurements. 

Reagents 

All the reagents were of analytical or pharma- 
copoeial grade and all solutions were freshly 
prepared in doubly distilled water. 

Aqueous solutions of iodine [O.O035M IZ (E. 
Merck) in 0.05M potassium idodide (Loba)], 
metol (BDH, 0.3%), INH (Wilson, 0.15%), 
sodium hydroxide (E. Merck, IM), hydro- 
chloric acid (Sarabhai, 1M) and potassium hy- 
drogen phthalate+hydrochloric acid buffer (pH 
3.O)‘O were prepared. 

Standard drug solutions 

Standard stock solutions of WS and ACBH 
were prepared by dissolving 20 mg of drug in 
100 ml of distilled water. A stock solution of 
NIC was prepared by dissolving 20 mg of drug 
in 30 ml of O.OlM sodium hydroxide and dilut- 
ing to 100 ml with distilled water. The working 
standard solutions were prepared by suitable 
dilution of the stock solution with distilled 
water. 

Procedure for bulk samples 

Aliquots of standard solution of WS or NIC 
(0.25-3.0 ml; 100 pg/ml) or ACBH (0.25-2.0 ml; 
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200 pg/ml) were transferred into a series of 
25ml graduated test tubes. Then 1.5 ml of 
iodine and 1 ml of sodium hydroxide were 
added and the volume was adjusted to 6 ml 
with distilled water. The mixture was set aside 
for a designated period at 25-30” (15 min 
for WS or NIC and 60 min for ACBH) or 
45-50” (2 min for WS or NIC and 5 min 
for ACBH) for completion of reaction. Later 
1 ml of hydrochloric acid, 15 ml of pH 3.0 
buffer and 2.0 ml of metol solution were added. 
After 2 min, 1 ml of INH solution was 
added. The absorbances were measured at 620 
nm after 5 min and before 20 min against 
distilled water. In the same way a corresponding 
reference solution was prepared simultaneously, 
containing the sample, but with 1.0 ml of 
distilled water instead of 1.0 ml of sodium 
hydroxide solution. The absorbance of the 
sample solution was subtracted from that of the 
reference. The difference in absorbance 
corresponds to the iodine consumed by the 
drug. The amount of drug present in each 
pharmaceutical preparation was computed from 
the corresponding calibration graph or re- 
gression equation. 

Analysis of pharmaceutical preparations 

Tablet powder equivalent to 10 mg of 
drug was treated with 20 ml of water 
(ACBH) or O.OlM sodium hydroxide (WS or 
NIC) and filtered. The filtrate was neutralised 
with alkali (ACBH) or acid (WS or NIC) and 
extracted with 3 x lo-ml portions of chloro- 
form. The combined chloroform layers were 
extracted with 3 x lo-ml portions of O.OlM 
hydrochloric acid (ACBH) or sodium hydrox- 
ide (WS or NIC) and diluted to 100 ml with 
distilled water. These solutions were analysed 
as described under the procedure for bulk 
samples. 

RESULTS AND DISCUSSION 

Since the drugs under investigation have a 
methyl ketone group, the suitability of the halo- 
form reaction has been examined. In the 
proposed method, the iodine consumed during 
the haloform reaction is indirectly determined 
spectrophotometrically with metol and INH. 
The experimental conditions have been estab- 
lished through control experiments. The Beer’s 
law limits, molar absorptivity, regression 
equation, correlation coefficient obtained for 
each drug by a linear least-squares treatment of 
the results are given in Table 1. The precision of 
the method was tested by measuring six 
replicate samples of the drug within Beer’s law 
limits (2 ml, 100 pg/ml for WS and NIC; 1.5 ml, 
200 pg/ml for ACBH). The relative standard 
deviation and range of error at 95% confidence 
level are also given in Table 1. 

Commercial tablets containing each drug 
were successfully analysed by the proposed 
method. The values obtained by the proposed 
method and reference (WS or NIC)* or reported 
(ACBH)4 method for pharmaceutical prep- 
arations are listed in Table 2. In the t- and F 
tests, there were no significant differences be- 
tween the calculated and theoretical values 
(95% confidence limit) for comparison of the 
proposed and reference methods, indicating 
their similar accuracy and precision (Table 2). 
Recovery experiments indicated the absence of 
interference from the active ingredient hy- 
drochlorothiazide. 

The excipients such as magnesium stearate, 
talc, gumacacia and sodium phosphate do not 
interfere. Carbohydrates such as glucose, lac- 
tose and starch which are usually present in 
combination with the drug in pharmaceutical 
preparations interfere with the determinations 
of the latter by the proposed procedure. This 
interference was avoided by extracting the drug 

Table 1. Optical characteristics, precision and accuracy 

Parameters ws NIC ACBH 

Beer’s law limits bg/ml) l-12 l-12 2-16 
Molar absorptivity (litre mole-’ cm-‘) 1.367 x lo4 1.70 x 104 1.268 x lo4 
Sandell’s sensitivity 0.0243 0.0208 0.0294 

@g/cm2/0.001 absorbance unit) 
Regression equation (Y)+ 

Slope (n) 0.04074 0.04778 0.03383 
Intercept (m) 0.003584 0.000992 0.000789 

Correlation coefficient (r) 0.9999 0.9999 0.9999 
Relative standard deviation? (%) 0.74 0.50 0.33 
Range of error? (%, 95% confidence limit) ho.80 f 0.53 k 0.36 

*Y = m + nC where C is the concentration @g/ml). 
tSix replicate samples. 



Micro-determination of WS, NIC and ACBH in pharmaceutical preparations 1109 

Table 2. Determination of tablets by the proposed and official methods 

Proposed method 
Nominal Found by 
content, Added, Referencet 

Drug mgltablet Found, % * mgltablet Recovery, %* method %* . 

WS-5 TY mg, 5 99.6 f 0.54 5 100.3 f 0.74 99.5 + 0.33 
NIC-1 SYFCF mg, I 98.3 k 0.98 5 100.6 f 0.49 98.8 f 0.64 
NIC4 mg 4 100.2 + 0.60 5 99.6 + 0.53 99.2 f 0.74 
ACBH-200 mg 200 99.4 f 0.47 50 99.9 f 0.40 99.3 f 0.43 
ACBH-200 HCT-12.5 mg; mg 200 99.7 + 0.54 50 99.3 & 0.65 100.2 f 0.52 
ACBH-400 mg 400 99.6 + 0.45 50 99.7 f 0.49 100.1 f 0.72 

*Average f standard deviation of 6 determinations. 
tB.P. method for WS2 and NIC’, reported method for ACBH.4 
TY = Tartrazine Yellow; SYFCF: Sunset yellow FCF. 

into chloroform from aqueous solution either in 
slightly acid (WS or NIC) or alkaline (ACBH) 
conditions. Further, the potential interference 
of other chloroform soluble reducing com- 
pounds, if any, in the determination of the drugs 
mentioned can be avoided by subtracting the 
amount of iodine consumed by the drug under 
neutral or acidic conditions from that consumed 
under alkaline conditions. 

The proposed method is simpler, more accu- 
rate and highly sensitive when compared to 
reported visible spectrophotometric methods 
for the assay of WS, NIC or ACBH in bulk 
samples and its dosage forms. It is selective to 
compounds containing a methyl ketone portion 
in their molecules. 
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Summary-The intluence of nutrient level, hours of light and the flux of air by volume of solution on 
uptake of lead has been examined from batch growth experiments carried out with the alga Selenusrrum 
capricornutum Prinrz. The organic matter released by the alga has been characterized in terms of 
absorbance at 285 nm, dissolved organic carbon and maximum intensity of fluorescence at the excitation 
peak. The lability of lead complexes formed with the alga exudates has been investigated in terms of 
differential pulse anodic stripping voltammetry @PAW). It has been noticed that lead inhibits the 
division of the cells which become bigger in size but with less pigment per cell. 

The unicellular green alga Selenastrum cupricor - 
nutum Printz, a chlorophyceas of the order of 
chlorococcales, has been used because it is a 
non-mobile, quite resistant species, which allows 
easy enumeration in the tests. Although the 
behaviour of the algae in laboratory cultures 
can be slightly different from that of the natural 
phytoplankton,’ cultures normally serve as good 
models. Selenastrum capricornutum has been 
chosenbecauseitisconsidered bytheU.S. Environ- 
mental Agency to be a standard for assaying 
algae growth potential in natural water samples. 

The absorption of heavy metals by unicellular 
alga is of great importance because they are a 
primary link in food chains contaminating the 
organisms that depend directly or indirectly on 
them, and also are useful in terms of treatment 
of polluted water. 

Following our work about the toxicity of 
cadmium to the alga Selenastrum capricornutum 
Printz2 a study has been undertaken on the 
influence of nutrients, light and flux of air by 
volume of solution on the toxicity of lead at 
different levels. The effect on the growth rate, 
percentage of pigments and uptake of lead has 
been analysed. 

In order to have a better insight into the type 
of organics released by the alga at different 

experimental conditions, dissolved organic car- 
bon (DOC), absorbance at 285 nm and maxi- 
mum intensity of fluorescence at the excitation 
peak (F) have been determined and compared 
with those obtained in natural freshwaters.3+4 

The lability of formation of lead complexes 
with the exudates in terms of differential pulse 
anodic stripping voltammetry (DPASV) for 
different conditions has also been analysed. The 
results have been interpreted in terms of a 
possible mechanism to decrease toxicity; this 
trpe of mechanism has already been proposed 
by Williamss 

EXPERIMENTAL 

Chemicals and solutions 

The reagents used were of analytical grade 
and the content of heavy metals was tested by 
differential pulse anodic stripping voltammetry 
(DPASV) and found to be negligible. The stan- 
dard solution of lead nitrate was prepared from 
Merck p.a. salt and checked with a standard 
solution of EDTA. 

The distilled and demineralized water used 
had conductivity values 60.1 psec. In the 
voltammetric experiments the pH was adjusted 
with acetate buffer to pH between 4 and 5. 
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Procedure 

The alga Selenastrum Capricornutum was iso- 
lated from fish ponds at Azambuja, Portugal. 
The stock monoculture for the experiment is 
maintained at “Instituto National de Investiga- 
r$o das Pescas”. (Fisheries Institute), according 
to our previous paper.* The average cellular 
volume was determined by measuring twenty 
cells from each experiment and considering 
them to have the form of two cones. 

For the biological cultures, flasks of Pyrex 
were used with distilled and demineralized water 
with concentrations of essential nutrients of 
26.5 ppm potassium nitrate (3.67 ppm N) and 
2.65 ppm sodium dihydrogen phosphate 
(NaH,PO,. H20) (0.60 ppm P) for the cultures 
with “more nutrients” and with 5.65 ppm pot- 
assium nitrate (0.78 ppm N) and 0.56 ppm 
NaH,PO,. H,O (0.13 ppm P) for those with 
“less nutrients”. 

The concentration of iron(II1) was always 
~10-~M and pH -6. The flasks with the 
medium were sterilized at 125” for 30 min before 
inoculation with the alga from a stock culture 
containing a final value of N 8 x lo9 cells/l. The 
air bubbled through the flasks was previously 
passed through activated charcoal. Lead was 
added two days before inoculation of the algae. 
Cultures were incubated in a Lab-Line chamber 
with days and nights simulated. During daytime 
the temperature was 20” and at night 15”. In the 
set of experiments with “more light” there were 
11 hours of daylight and for those with “less 
light” the cells were subjected to 8 hours of 
daylight. The growth curves (number of cells per 
litre of solution us. time) were determined from 
counts of cells under the microscope in Burker 
Chamber Resistance L/W, Tiefe 0.100 mm, 
0.0025/0.04 mm*. Aliquots for counting were 
sampled at intervals of one day until the station- 
ary phase was obtained, generally within 7-8 
days. 

All the samples of the solution of the growth 
media were passed through a 0.45~pm filter. For 
determination of dissolved organic carbon 
(DOC), absorbance at 285 nm (Azss), maximum 
intensity of fluorescence at maximum excitation 
of 340 nm (F) (calibrated at 100% for a concen- 
tration of 0.2 mg/l. salicylic acid solution ac- 
cording to Buffle and co-workers3*4) and lead 
concentration without decomposition of the or- 
ganic matter by DPASV, the samples were kept 
in the refrigerator at -4” between 1 and 5 days. 
For the determination of the pigments the pro- 

cedure indicated by Similes Goncalves et al.* 
was followed. 

Instruments 

The voltammetric experiments were done 
with a PAR 174 A polarograph under potentio- 
static control, with three electrodes: hanging 
mercury drop electrode, platinum electrode and 
saturated calomel electrode. A deposition po- 
tential of -0.5 V has been used. 

The spectrophotometric experiments were 
done in a Lambda 5 Perkin-Elmer spectropho- 
tometer. The determination of molecular fluor- 
escence was performed with a Perkin-Elmer 
MPF-3 fluorimeter with a xenon lamp. DOC 
was determined with a Dohrmann carbon 
analyser DC-85 A. 

The whole procedure was similar to that of 
our previous work.* 

RE!SULT!S AND DKHXJSSION 

From Fig. 1 it can be seen that the growth 
curves of the uncontaminated cells are not 
significantly influenced by the number of hours 
of exposure to light between 11 and 8 hr (curves 
B and D). 

However, from curves A and C it is apparent 
that in the presence of a concentration of lead 
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Fig. 1. Growing curves of the alga Selenastrum capricornu- 
rum with time. Curves B, D without lead with more nutrients 
and more or less light. Curve G-with lead 3 x IO-*M, 
more light and less nutrients. Curve F-l x IO-“M lead, 
more light and less nutrients. Curve C-9 x IO-‘M lead, 
more light and more nutrients. Curve A-lead 1 x 10-6M, 
more nutrients, less light. Curve E-lead 2.5 x 10W6M, more 
nutrients, more light. The flux of air by volume of solution 
was always 1.9 x IO-3/set. For more details see Experimen- 

tal. 
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of w 10v6M the light has influence, the number 
of cells per litre in the stationary phase being 
significantly smaller when there is a shorter time 
of exposure to light. In this situation the in- 
crease of lead from 1 x 10e6 to 2.5 x 10m6M 
in the cultures with 11 hr of exposure to light 
(by day), causes an effect similar to that which 
is caused by the decrease of hours of light (by 
day) from 11 to 8 hr for lead concentrations of 
1 x IO-6M. 

Experiments with 11 hours of light by day 
and “less nutrients” have also been done and it 
can be seen from curve G that even with a small 
concentration of lead (2.7 x IO-‘M) the grow- 
ing curve decreases significantly, which may 
indicate that for cells not too much affected, or 
even without lead, the decrease of the concen- 
tration of the nutrients from 3.67 ppm N and 
0.60 ppm P to 0.78 ppm N and 0.13 ppm P has 
more influence than the reduction of hours of 
light (by day) from 11 to 8 hr. 

However this effect is not so clear in the 
presence of 1 x 10m6it4 lead (curves F and C). 

Figure 2 shows the influence of the flux of air 
(Q) divided by the volume of the culture (V) on 
the growing curve of the cells. In fact, it can be 
seen for both cultures, not contaminated (curve 
A) and contaminated with -2 x 10e6M (curve 
B), that after attaining the plateau a new expo- 
nential phase can occur after an increase of the 
ratio Q/V and the response is not instantaneous. 
As the solution is always saturated with oxygen 
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Fig. 2. Influence of the ratio of the flux of air by volume of 
solution in the growing curve of Selenostrum capricornutum. 

Curve A without lead, “more nutrients” and “more light”. 
Curve B 2 x 10w6M lead, “more nutrients” and “more 
light”. Q/V changed on the 3rd day from 2.5 x 10-3/sec to 

3.5 x IO-‘/sec. For more details see Experimental. 

Table 1, Influence of nutrients, lead concentration, light and 
the ratio of flux of the air by the volume Q/V in the growth 
rate of the alga Selenastrum capricornutum (In i& = a + pt) 

Experimental conditions CPb phr-’ 

more nutrients 
more or less light 

- 
(12 * 1) x 10-r 

Q/V = 1.9 x 10-3/sec 

more nutrients 
less light 1 x lo+ (3.8 kO.5) x lo-’ 
Q/V = 1.9 x lo-‘/set 

more nutrients 
more light I x 10-6 (8 f 1) x IO=’ 
Q/V = 1.9 x 10-3/sec 

more nutrients 
more light I x 10-h (14 f 1) x 10-r 
Q/V = 3.2 x 10-3/sec 

and carbon dioxide from the air, this is probably 
due to the fact that highly stirred cells are more 
exposed to light and nutrients. In fact CO, is 
generally not a limiting step in well aerated 
cultures according to Goldman et aL6 

If we linearize the exponential growth phase 
in the form In N = a + ,ut, it can be seen from 
Table 1 that for the cells contaminated with lead 
N 1 x 10e6M the ratio Q/V induces a change of 
the rate constant p from 8 x 10e3 to 14 x 10e3 
hr-‘. For the smaller value of Q/V the decrease 
of hours of light by day from 11 hr to 8 hr leads 
to a change of ,u from 8 x 10m3 hr-‘. The 
increase of Q/V causes a significant increase in 
p, even in the presence of lead. 

Table 2 summarizes the total values of lead 
in the alga and in the water together with 
the labile lead in terms of DPASV, i.e., lead 
determined directly in samples without the 
destruction of organic matter (complexes disso- 
ciated within a time scale of a few milli- 
seconds’). From this table it can be seen that for 
the experimental conditions of “more nutri- 
ents”, “more light” and flux of air by volume 
of solution Q/V = 3.2 x 10e3 set-‘, the percent- 
age of labile lead is about 70% for the concen- 
tration of lead 8 x lo-‘M and about 80% for 
C,, = 2.5 x 10e6M from the beginning until the 
last day of the experiment (9th day). This means 
that in the presence of less lead the cation is 
complexed with the exudates in the form of 
more inert complexes in terms of DPASV. These 
species can be physically (due to the size of 
the molecule) and chemically inert. So in an 
environment with less lead the alga may have 
the possibility of releasing organics that can act 
as a protection. 

This has been checked from the results of 
the last day of the experiment (last column of 
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Table 2) where it can be seen that for the same 
experimental conditions the percentage of up- 
take of lead by the cells increases with the level 
of contamination. 

In the experiment with “less nutrients” and 
higher flux of air by volume Q/V = 4.7 set-’ 
with C pb = 10m6M the percentage of labile lead 
between the first and the 9th day is about 70%, 
which means that the level of nutrients and the 
charge of Q/V probably compensate each other 
in terms of a detoxification mechanism, which is 
checked by the percentage of lead uptake by the 
alga. 

For the concentration of lead N 10M6M, 
“more nutrients” and “more or less light” 
but with a smaller flux of air by volume 
Q/V = 1.9 x 10-3/sec it can be seen that on the 
last day %Pblab = 95% for both cases. So this 
probably means that the mechanism of detoxifi- 
cation is less efficient in this case when the 
value Q/V is smaller. The protection of algae 
by organics has already been noticed in 
experiments with the alga Selenastrum capricor- 
nutum with natural waters contaminated with 
heavy metals, where it is apparent that the 
sensitivity of the organism increases with the 
dilution of the growth medium with distilled 
water.8 

We have already noticed in similar exper- 
iments with cadmium that the alga Sefenastrum 
capricornutum takes more heavy metal and re- 
leases a higher percentage of organics forming 
inert complexes when in more adequate con- 
ditions of nutrients, light and temperature.2 

In Fig. 3 the evolution of total lead in the 
culture medium divided by the number of cells 
vs. time is presented for experiments with differ- 
ent concentrations of nutrients, lead and flux of 
air by volume of solution. From these plots it 
can be seen that the evolution of the curves is of 
the same type, the concentration of lead by cell 
in the medium decreases exponentially with 
time. It can also be noticed that for the same 
order of contamination of lead the effect of the 
decrease of nutrients from 3.67 ppm N and 0.66 
ppm P to 0.78 ppm N and 0.13 ppm P is similar 
to the decrease of Q/V form 4.7 x 10d3 sect’ to 
3.2 x 10e3 set-‘. 

The peaks obtained in DPASV generally have 
potentials that are slightly more negative in the 
presence of organics than in their absence with 
a positive shift during the addition of lead. This 
probably means that the complexes are labile (in 
terms of formation) within the time scale of the 
technique. 
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Fig. 3. Plot of the concentration of lead dissolved in the 
water versus time. @-experiments with “more nutrients*‘, 
“more light”, C, = 8 x lo-‘M, Q/V = 1.9 x IO-‘/sec. 
O-experiments with more nutrients, more light, 
C, = 2.5 x IOe6M, Q/V = 3.2 x IO-“/see. *-experiments 
with less nutrients, more. light, Cpb = 1 x 10e6A4, Q/V = 

4.7 x IO-‘/SK’. For more details see Experimental. 

It was checked that the peak current (i,) was 
proportional to the deposition time between 1 
and 15 min, indicating that there was no distor- 
tion of the peak due to possible surface effects.9 

For all experiments it was noticed that both 
chlorophyll a and b as well as vegetal caroten- 
oids decrease with the increase in lead concen- 
tration on the last day of the experiment 
(8th-9th day). 

On the other hand from Fig. 4 it can be seen 
that the concentration of pigments divided by 
the number of cells decreases with the level of 
lead in the alga, which means that lead accumu- 
lated in each cell influences the level of pigments 
existing in each unit. Once more it can be 
noticed that the effect of the decrease of nutri- 
ents from 3.67 ppm N and 0.60 ppm P to 0.78 
ppm N and 0.13 ppm P was compensated by the 
increase of the value of Q/V from 3.2 x 10m3 
set-’ to 4.7 x 10T3 set-‘. 

From the results obtained with the exper- 
iments with cadmium,* it is also apparent that 
a decrease of l/3 of nutrients is roughly com- 
pensated (in terms of pigments in the cells) by 
an increase of 6” of temperature and 4 hr of 
light. 

From the experiments with the highest value 
of Q/V (4.7 x 10m3 see-‘) and in the presence of 
lead (cont. w 10e6), it was very clear that the 
cells, although small in number, had a much 
higher volume (V = 31.68 pm)) than those in 

the absence of lead (V = 19.95 pm3) (as can be 
seen in the photograph in Fig. 5). So, in fact, 
this heavy metal inhibits the division of the cells 
but increases their size, as already noticed by 
Christensen et ~1.‘~ However, the level of pig- 
ments per cell decreases in the presence of lead, 
which probably means that although bigger, the 
cells are not so healthy. 

In Table 3 the influence of nutrients, light, 
concentration of lead in the contaminated 
medium and flux of air by volume of solution 
has been analysed in terms of DQC, intensity of 
fluorescence at 400440 nm at the excitation 
maximum of 340 rnn and intensity of absorb- 
ance at 285 nm. This has been done to give a 
better insight into the organics released by the 
alga contaminated or not with lead and to 
compare with the values obtained in natural 
waters.3*4 

From this table it is apparent that the DOC 
is about -20 mg/l. and the effect of the change 
of concentration of lead, Q/V, nutrients or 
number of hours of light is not clear. 

The values of A,,,/DOC and F/DOC are 
always within l-2, of the same order as for 
cadium,* and as expected, since the concen- 
tration of benzenecarboxylic and phenolic com- 
pounds for the same DQC is generally smaller 
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Fig. 4. Plot of chlorophyll a and vegetal carotenoids divided 
by the number of cells US. the concentration of lead in the 
alga divided by the number of cells. *--Vegetal carotenoids 
in experiments with more nutrients, more light and Q/V = 
3.2 x IO-' s-l. O-Vegetal carotenoids in experiments with 
less nutrients, more light and Q/V = 4.7 x IO-’ s-l. A-- 
Chlorophyll a in experiments with more nutrients, more 
light and Q/V = 3.2 x 10-j s-‘. O-Chlorophyll a in exper- 
iments with less nutrients, more light and Q/V = 4.7 x lO-3 

s-‘. For more details see Experimental. 
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Fig. S(a) 

Fig. S(b) 

Fig. 5. Photograph of the alga in the presence and absence of lead. (a) With lead (b) no lead. 

in biological models than in natural waters culture medium, particularly at the end of the 
where there are fulvic and humic acids, es- growth phase where higher concentrations of 
pecially of the pedogenic type. In the alga exudates are being produced,“,” the dominant 
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Table 3. Influence of nutrients, light, concentration of lead and the ratio of the flux of air by the 
volume of the solution in the type of organics released by the alga Sefenasfrum cupricornutum 

DGC A,,,/DGC F/MK: 
Experimental conditions CA mg/l. 1 /log F% 1 l~og 
more nutrients, more light - - - - - 
1.5 Q/V 
1.5 Q/V 2 x lo-’ 2436* -2 32-39 1 
1.5 Q/V 8 x lo-’ 17-26 -1 l&22* 1 
1.5 Q/V 2.5 x lO-6 12-17* -1 16-19* 1 
more nutrients, more light - 8 -3 25 3 
Q/V 
Q/V 1 x 10-e 10 0.5 18 2 
more nutrients, less light - 16.5 -1.5 37.5 2 
Q/V 
QW I x IO-6 20 0.8 

:_723+ 
1 

less nutrients, more light - - 

3 QiV 
3 QiV 1 x 10-b - blot 

When not mentioned the values are at the end of the experiment. 
*Evolution during the last two days. 
tEvolution from the 1st until the 8th day. 

organics are low-absorbing aliphatic organic 
compounds such as carbohydrates, organic 
acids such as glycollic acid, aminoacids, 
polypeptides, lipids and organic phosphates. 

However, from Fig. 6 it is clear that the 
fluorescence of the organics released by the 
non-contaminated cells during the several days 
is higher than for the alga with lead. Therefore, 
as noticed with cadmium,’ it seems that the 
organics released by the cells in healthier con- 
ditions have a higher fluorescence. 

0 2 4 6 6 
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Fig. 6. Plots of the fluorescence intensity of the solution at 
400-440 nm (after excitation at 340 nm) divided by the 
number of cells versus time. @-experiments with less 
nutrients, more light, without lead and Q/V -4.7 x lo-’ 
s-l. O-experiments with less nutrients, more light 
1 x 10e6M in lead and Q/V = 4.7 x lo-) s-l. For more 

details see Experimental. 

CONCLUSIONS 

As a result of the investigations the following 
conclusions were drawn: 

(a) The reduction of the number of hours of 
light from 11 hr to 8 hr has little influence on the 
growth curves without lead but clearly affects 
the cultures with lead. 

(b) An increase of the ratio of flux of air by 
volume of solution (Q/V) at the ;tationary 
phase may produce another exponential phase. 

(c) The increase of the ratio of Q/V and of 
nutrients and the decrease of contamination 
with Pb*+ led to a release of exudates by the alga 
that form more inert complexes in terms of 
DPASV, with a smaller relative uptake of this 
heavy metal by the alga. 

(d) Although lead inhibits the division of the 
cells, the average cell volume increases consider- 
ably, which is clearer at higher Q/V values. 
However, the number of pigments by unit de- 
creases in the presence of lead. 

The organics released by the alga not con- 
taminated with lead have more fluorescent 
groups. 
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Summary-A flow analysis system involving the on-line configuration of an anion-exchange column has 
been examined to enrich and determine trace concentrations of zirconium of several ppm to hundred ppm 
levels in silicate rocks and minerals. About 100 mg of sample is decomposed by fusion with a mixture 
of boric acid and lithium carbonate and taken up with 1M hydrochloric acid to a total of 100 ml. 
Depending upon the concentration of zirconium, either a l- or 4-ml aliquot is introduced into an aqueous 
carrier stream, merged with sulphuric acid and passed through a small volume anion-exchange column. 
The enriched zirconium is then back eluted with hydrochloric acid, &our-developed with Arsenaxo III, 
and detected spectrophotometrically at 665 nm. 

Flow-injection analysis of silicate rocks for 
major, minor and trace constituents has been 
reported. For major elements specific spec- 
trophotometric or atomic-absorption spectro- 
metric methods’-’ are used for detection. For 
minor6*’ and trace**’ determination, off-line and 
on-line enrichment techniques have been used. 
On-line separations are preferable to off-line 
techniques in view of the obvious advantages of 
rapidity, reproducibility and elimination of in- 
volved manipulation. Continuous on-line pre- 
cipitation-dissolution techniques coupled with 
conventional atomic-absorption spectrometric 
instruments have been developed for preconcen- 
tration and determination of trace cobalt* and 
copper’ in silicate rocks. Scant information is 
available for other trace and minor elements in 
silicate rocks. 

Many spectrophotometric methods for zirco- 
nium have been reported in combination with 
time-consuming ion-exchange chromatographic 
techniqueP” or with use of masking agents 
and sample-simulated standard solutions.” In 
this work, a flow analysis method for on-line 
anion-exchange preconcentration and determi- 
nation of a few ,ug/g to hundreds of pg/g 
quantities of zirconium in silicates has been 
developed in conjunction with selective spectro- 
photometry with Arsenazo III. Though the de- 
composition step is the most labour-intensitive 
and has the lowest throughput, the flow analysis 
preconcentration/measurement developed in 
this work for the treated samples takes 17-34 
min, depending on the concentration level of 
zirconium. 

EXPERIMENTAL 

Reagents 

The stock solution of zirconium (1.004 mg Zr 
per ml of 1M nitric acid) was obtained from 
Kanto Chemical Co., Tokyo. A working stock 
solution (100.4 pg Zr per ml of 3M hydrochloric 
acid) was prepared from this solution. 
The working standards were made by serial 
dilution of the working stock solution with 1M 
hydrochloric acid. Arsenazo III [2,7-bis(2-ar- 
sonophenylazo)-1-8-dihydroxynaphthalene-3,6- 
disulphonic acid] of notified reagent grade 
(Notification no. 850004) was purchased from 
Dojindo Laboratories, Kumamoto, Japan) and 
was used as received. From an Arsenazo III 
stock solution (0.25% aqueous solution), the 
working reagent solution was prepared by 
dilution with 4M hydrochloric acid to yield 
0.005% solution. All other chemicals used were 
of reagent grade. 

Apparatus 

A schematic of the flow system is shown in 
Fig. 1. A Shimadzu Model W-180 double 
beam spectrophotometer with a 20-mm flow cell 
(62.8 ~1) was used as the detector, the output 
being fed to a Hitachi Model 561 strip chart 
recorder. 

The ion-exchange column (IC) for on-line use 
was prepared by packing a strongly basic anion- 
exchange resin Bio-Rad AGl-X8 (lw200 
mesh in the chloride form), into a 9-cm length 
of l-mm bore Teflon tube and was plugged with 
polyester fibre at both ends. The flow channel 
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60°C 

Fig. 1. Block diagram of FIA system. C: carrier (water, 0.2 
ml/min); Rl: O.lM sulphuric acid (2.0 ml/min); S: sample 
(0.945 or 4.13 ml); Cm1 and Cm2: mixing coil (200 cm and 
100 cm, respectively); IC: ion-exchange column; W: waste; 
PI and P2: double plunger type pump; R2: 4M hydrochloric 
acid, R3: Arsenazo III solution (see the text for the flow 
rates of R2 and R3); D: damper coil (1 mm x 500 cm); B: 
bypass (0.25 mm x 100 cm); SP: spectrophotometer; Cb: 

back pressure coil (200 cm). 

was assembled from OS-mm bore Teflon tubing 
and Daiflon connectors except for the ion-ex- 
change column, damper and bypass tubings. 
Six-way loop injection valves were used for 
sample injections and switching of the flow 
path. A reciprocating pump of the double 
plunger type (Kyowa Seimitsu Model KHU-W- 
104) (Pl) was used for pumping the carrier (C) 
and O.lM sulphuric acid solutions (Rl). The 
ion-exchange column eluent (R2) and chro- 
mogenic solution (Arsenazo III solution, R3) 
were propelled by a Sanuki Kogyo Model 
DM3M-2044 double plunger pump (P2). The 
ion-exchange column (IC), eluent (R2) and Ar- 
senazo III solution (R3) were heated to 60” in a 
thermostat to accelerate the elution and indi- 
cator reaction. 

Procedure 

Preparation of sample solution. Place a lOO- 
mg powdered sample in a platinum crucible, 
add 600 mg of 1: 1 lithium carbonate-boric acid 
mixture and mix. Fuse the mixture for 15 min 
at 1000”. Dissolve the cooled melt in lit4 hydro- 
chloric acid and dilute accurately to 100 ml with 
the same acid. Subject the solution to FIA 
measurements within 24 hr. 

Flow analysis measurement. Introduce the 
sample solution into the carrier (C), at point S 
with the six-way rotary injection valve. Use a 
sample aliquot of 1 ml (0.945 ml in the valve 
used) for usual silicate rocks (> 50 pg Zr/g) and 
of 4 ml (4.13 ml in the valve used) for low 
zirconium minerals. Allow the sample slug to 
merge with (Rl) to form the sulphatocomplex of 
zirconium. Then, pass through the ion-exchange 
column (IC), where it is sorbed. By switching 
the valve at 6 (or 23) min from the start of 1 (or 
4) ml sample introduction, place the column 

into the eluent flow path (R2) to strip the 
zirconium in the reverse direction. Merge the 
stripped zirconium with the chromogenic sol- 
ution (R3) to develop the colour. Read the 
absorbance in the flow-through cell at 665 nm. 
Take measurements three times for each sample. 
Use the peak height or peak height times band 
width at the half peak height as a measure of the 
signal. 

RESULTS AND DISCUSSION 

In order to separate the zirconium from the 
complicated matrix in silicate rock and mineral 
samples, the anion-exchange was carried out in 
sulphuric acid media because of the high sorp- 
tion and high selectivity for zirconium of this 
medium.‘9~20 Major elements in silicate rocks do 
not exhibit any tendency to sorb on the resin 
over a wide concentration range of sulphuric 
acid. The sorbed zirconium can be eluted by 4M 
hydrochloric acid, which leaves uranium on a 
conventional anion-exchange resin column as 
chlorocomplexes.*’ 

Recorded signals for zirconium in the flow 
system are illustrated in Fig. 2 as a function of 
sulphuric acid concentration in the on-line 
anion-exchange column. In these runs the flow- 
rate of carrier (C) and sulphuric acid (Rl) was 
kept at 0.2 and 2.0 ml/min, respectively, and the 
concentration of the acid was varied in the range 
0.05-0.25M. The sharp peak to the left is a 
refractive index peak and the subsequent 
skewed peak is due to the zirconium-Arsenazo 
III complex. As can be seen, the peak height of 
the complex increases with decreasing concen- 
tration of sulphuric acid, not reaching a plateau 
under the conditions tested. Owing to a small 
volume of the ion-exchange column used 
(0.0707 ml), the retention (elution) volume for 
the column is low, being calculated to be ap- 
proximately 9.7 ml for the eluent 0.25M sul- 
phuric acid and 32 ml for O.lM sulphuric acid 
by assuming KD I9 of 211 (k-prime ca. 390) and 
of 704 (k-prime ca. 1309), respectively. (See note 
for the calculation of elution volume at the end 
of this section.) 

During the 6-min sample loading period, 13 
ml of sample/the reagent stream Rl (sulphuric 
acid solution of varying concentration) is forced 
to pass through the column. Therefore, the 
zirconium sorbed at the earlier stage of the 
sample loading period may be removed from the 
column partially or to a significant extent, de- 
pending on the concentration of sulphuric acid 
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(a) (b) (d) 

Fig. 2. Signals as a function of concentration of H,SO,(M) in reagent stream RI. Zr concentration: 
0.10 pg Zr/ml. Concentration of H,SO,: (a) 0.25A4, (b) O.l5M, (c) O.lOM, (d) O.OSM. Sample loading: 

0.945 ml. 

solution (R2), yielding insufficient recoveries, as 
reflected by the varying peak height (Fig. 2). 
However, neither homogeneous mixing during 
chemical reaction nor attainment of chemical 
equilibrium are essential conditions for flow-in- 
jection analysis to be performed successfully. 
In the present ion-exchange enrichment, the 
reproducible quantitation of zirconium is poss- 
ible with production of a coloured complex. 
We used O.lM sulphuric acid as the reagent 
stream (Rl). Stripping of zirconium is feasible 
by elution with 4M hydrochloric acid (R2) in 
the opposite direction to reduce band broaden- 
ing. The temperature of the column, the eluent 
(R2) and the chromogenic solution (R3) was 
kept at 60” to avoid the occurrence of ghost 
peaks and to enhance the sensitivity of detec- 
tion; in actual fact, heating resulted in a signal 
with twice the peak area as that obtained at 
room temperature. 

Since the flow-rate of the eluent (R2) affects 
the detection sensitivity of zirconium with Arse- 
nazo III, we examined the effect of flow-rates of 
the eluent and chromogenic solution on the 
peak height, keeping both rates the same, over 
the range 1.45-2.50 ml/min [0.90 to 1.70 ml/min] 
in the case of 1 ml [4 ml] sample loading. The 
peak height decreased a little with increasing 
flow-rate, reaching a constant level at 1.95 

ml/min for the 1 -ml loading. A similar trend was 
observed for the 4-ml loading, but the peak 
height decreased rather rapidly with increasing 
flow-rate. From the aspect of sensitivity and 
avoidance of the presence of a neighbouring 
ghost peak, the flow-rate of 1.70 ml/min and 
0.90 ml/min were chosen for 1 and 4 ml sample 
loadings, respectively. 

The effects of other metal ions in the present 
system is given in Table 1. Actinides and lan- 
thanides are known to interfere seriously with 
the determination of zirconium with Arsenazo 
III. However, lanthanides do not sorb on the 
anion-exchange resin from sulphuric acid 
media. The distribution coefficients” of 
uranium and thorium on Bio-Rad AGl at 0. 1M 
sulphuric acid are 248 and 2 1, respectively, but 
their sorptions are not always quantitative, par- 
ticularly for thorium during the loading of a 
large volume of sample + reagent solution (Rl) 
relative to the column volume in the present 
anion-exchange system. The low sensitivity of 
Arsenazo III reaction with uranium(V1) also 
helps to reduce the interference from urani- 
um(V1). 

Zirconium becomes hydrolysed at low acid 
concentrations. The time dependence of stab- 
ility of the ion-exchangeable zirconium in 1M 
hydrochloric acid of the boric acid-lithium 
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Table 1. Effect of foreign ions 

Amount present 
Zr amount, &ml 

Found Found 
Ion Added as nglml Added (peak area) (peak height) 

I@+ chloride 0.012 0.120 0.121 0.121 
Th(IV) chloride 0.034 0.120 0.123 0.121 
Ti(IV) sulphate 9.9 0.120 0.122 0.118 
Fe(II1) chloride 118 0.120 0.119 0.116 
Al(II1) chloride 100 0.120 0.121 0.119 
Ca(I1) chloride 80 0.120 0.118 0.120 
Mg(II) chloride 40 0.120 0.121 0.117 

Conditions: sample (0.945 ml) and sulphuric acid were passed through the column for 6 min at 
a flow rate of 2.2 ml/min (see Procedure). 

carbonate fusion case was studied. The mea- 
suieable zirconium decreased relatively rapidly 
with time (0.5, 2 and 8% decrease after 1, 2 and 
8 days respectively), so that the prompt determi- 
nation of zirconium after the decomposition of 
sample is of importance. We subjected the 
sample solution to flow analysis measurements 
within 24 hr. 

The proposed procedure was applied to the 
analysis of practical silicate samples. The results 
of two independent determinations for a num- 
ber of different types of reference rocks and 
minerals of the Geological Survey of Japan are 
given in Table 2. As indicated, cu. 4-140 ppm of 
zirconium in these samples can be determined. 
Comparison with data for the reference samples 
that have been assigned working values2’ shows 
that there is reasonable agreement. At the pre- 
sent time, no recommended values are given to 
these reference samples, partially because of 
lack of adequate data for these rocks. Users of 

Table 2. Determination of zirconium in rock refer- 
ence samples 

Proposed value, 
Sample Found, ppm* ppm*’ 

JG-2 98, 103 97 
JG-la 115, 127 115 
JG-3 143 137 
JR-l 98, 99 102 
JR-2 87, 90 98.5 

JA-1 87, 91 87 
JA-2 112, 113 119 

JGb- 1 27, 28 33 
JB-2 46, 45 52 
JB-la 131, 135 144 
JB-3 82, 94 99.4 
JP-1 5.2, 5.2 6 

JF-1 36, 37 41 
JF-2 3.7, 3.7 7 

*Values obtained by the peak height. 
JG-2: Granite; JG-la, JG-3: Granodiorite; JR-l, 

JR-2: Rhyolite; JA-1, JA-2, JA-3: Andes&e; JGB- 
1: Gabbro; JV-2, JB-la, JB-3: Basalt; JP-1: Peri- 
dotite, JF-1, JF-2: Feldspar. 

geostandards are solicited to contribute more 
data, particularly on trace elements.2’ The re- 
producibility obtained for the individual sample 
solutions (RSD, n = 3) ranges from 0.27 to 
9.6%, averaging at 3.4%. 

Note: Calculation of the retention (efution) 
volume of a column 

For any ion-exchanger, k-prime is defined by 
the ratio of the amount of material in the 
exchanger phase to the amount of material in 
the solution (mobile) phase. The k-prime value 
is related to the distribution coefficient &, by 
the equation: 

k’ = KD VR/Vs (1) 

where VR and Vs refer to the volumes of the 
resin and solution phases in the column. For a 
column packed with spherical resins, the 
stationary phase occupies roughly 65% of the 
column volume, so that the ratio V, / V, is about 
1.86 (65/35). 

k’ = 1.86 KD (2) 

The retention volume V of the sorbed species is 
related to k-prime by the equation 

V= Vs(l +k’) (3) 

where Vs of the present column is 0.0247 ml. 
Knowing KD for a species under the conditions 
used, we can estimate roughly the retention 
(elution) volume, where the sorbed species elutes 
at a maximum concentration. 
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SUPERCRITICAL FLUID EXTRACTION OF HIGH SULFUR 
SOILS, WITH USE OF A COPPER SCAVENGER 
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Summary-Supercritical fluid extraction @FE) of sulfur-containing soils and sediments was hindered by 
deposition of elemental sulfur in the restrictor stopping the flow of carbon dioxide. It was found that a 
copper scavenger column placed after the sample cell removed the elemental sulfur, making SF extraction 
and quantification possible. Conditions are described for SFE and analysis of two standard reference 
materials (SRM), with use of a copper scavenger column. Quantification was performed by gas 
chromatography with mass spectrometric detection and the results were compared with the certified SRM 
values. 

Supercritical fluid extraction (SFE) is a promis- 
ing method for removing organic chemicals from 
solid matrices without the use of toxic solvents. 
Past environmental applications of SFE have 
used carbon dioxide, which exhibits a viscosity 
and density intermediate between those of a gas 
and liquid when at above its critical temperature 
(31.0”) and pressure (73 atm).ld Off-line SFE 
is accomplished by placing a solid matrix (e.g., 
fly-ash, soil, sludge) in a high-p&sure cell and 
then passing carbon dioxide, pressurized to 
above its critical point, through the sample with 
a syringe pump. A post-cell fused-silica restrictor 
maintains the supercritical pressure within the 
cell and leads the carbon dioxide containing 
dissolved organics into an appropriate solvent 
or cryogenic trap for subsequent analysis by gas 
chromatography. SFE has been shown to be 
cheaper and faster than classical methods of ex- 
traction (ultrasonication and Soxhlet extraction) 
for small samples (ca. 1 g). 

Because the solubility of dissolved materials 
decreases at lower fluid pressure, the fused-silica 
restrictor may become plugged with extracted 
material as the supercritical carbon dioxide is 
decompressed along the’length of the restrictor. 
Lowering the carbon dioxide pressure reduces 
the plugging but reduces the extraction rate and 
the solubility of organics in the supercritical fluid. 
Heating the restrictor reduces precipitation, 
thus minimizing obstruction of the restrictor. 
Unfortunately, neither technique is appropriate 
when the sample contains appreciable amounts 

*Author for correspondence. 

of elemental sulfur (S,). Two recent studies9*‘0 
have dealt with the presence of elemental sulfur. 
The more recent’ analyzed the cyclohexane- 
soluble extracts of three sediments and found 
that lo-20% of the elemental content was 
sulfur. Restrictor clogging by sulfur is therefore 
a potential limitation of the use of SFE for 
environmental applications. 

In this note, we describe a technique for using 
granular copper to remove elemental sulfur from 
supercritical carbon dioxide extracts of soils. The 
results of the analysis of a standard reference 
material (SRM) are compared with the certified 
value. The use of an SFE scavenger column 
was developed from a concept by Muragaverl 
and Vorhees.’ This paper is intended to inform 
the scientific community of a potentially useful 
solution to the problem of extracting samples 
containing sulfur. It is by no means a complete 
validation of the technique. 

EXPERIMENTAL 

Supercritical fluid extraction was performed 
with a Suprex (Pittsburgh, PA) Model 50 
Superoritical Fluid Extractor. SFE-grade carbon 
dioxide was obtained from Scott Specialty Gases 
(Plumstead, NY) and passed through a sample 
cell at 400 atm pressure and 60” for 10 min. The 
COZ flow was estimated to be 3.3 ml/min during 
extraction, from measurement of the flow of 
gaseous CO, (with a bubble meter) as it left the 
restrictor at the temperature and pressure of the 
extraction. This flow-rate was converted into 
ml/min for liquid CO2 by dividing it by the 
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ratio of the density of liquid COr (0.849 g/ml) to 
that of gaseous CO, (0.00198 g/ml). The sample 
cell, consisting of an empty 10 cm x 4.6 mm i.d. 
stainless-steel tube, was made from an HPLC 
column cartridge (Brownlee, Santa Clara, CA) 
by removing the inlet frit and column packing. 
The scavenger column consisted of 2.0 g of gran- 
ular copper in a 3 cm x 4.6 mm i.d. Brownlee 
HPLC guard column with the inlet frit removed. 
The extraction and scavenger cartridge columns 
were fitted into the Brownlee holders for easy 
installation and removal. A 0.5 pm by i-in. o.d. 
frit was placed in the inlet of the cell holder to 
prevent the cell contents from leaving the cell 
during depressurization. The 50 pm i.d. x 10 cm 
fused-silica restrictor was connected to the exit 
of the scavenger column and passed through a 
Valco Tee into a length of stainless-steel tubing 
so that the restrictor remained entirely within 
the oven. As the CO2 expanded at the end of 
the restrictor, the Joule-Thompson effect cooled 
the stainless-steel (SS) tubing and empty 7.4ml 
sample vial and cold-trapped the eluted organics. 
A piece of 0.53 pm i.d. fused-silica tubing carried 
the spent gaseous carbon dioxide to a molecular 
sieve/activated charcoal trap, which ensured 
that no toxic volatiles were released into the 
laboratory. Figure 1 shows the SFE apparatus. 

The sediment used in this work was a commer- 
cially available certified standard. SRM 1941 is 
a marine sediment from the National Institute 
of Standards and Testing (NIST), Gaithersburg, 
MD, which contains a high concentration of 
sulfur and less than 1 pg/g of several polynuclear 

Fig. 1 
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aromatics (PNAs). Non-oxidized granular 
copper was purchased from Mallinckrodt. 

A l-g portion of sediment was placed in the 
cell and extracted for 10 min. Organic com- 
pounds extracted were deposited on the inside 
of the stainless-steel tubing and the empty 
7.4-ml sample vial as the CO2 was decompressed 
inside the SS tubing during the extraction. Or- 
ganics were washed into the sample vial by 
replacing the plug in the Valco Tee (Valco part 
# ZTl) with an HPLC injector fitting (Valco 
screw hub nut; part # ZNl) and injecting 250 
~1 of hexane through the injector fitting. The vial 
was removed and capped for subsequent mass 
spectrometric analysis. 

Gas chromatographic/mass spectrometric 
analysis was performed with an HP 5890 gas 
chromatograph equipped with an on-column 
injector and a 30 m x 0.25 pm DB-5 fused silica 
capillary column (J and W Scientific, Folsom, 
CA). The initial linear velocity of the helium 
carrier gas was 45 cm/set; the linear temperature 
program started at 60” and ended at 300”, with 
a total run time of 29 min. A 1 m x 0.53 pm 
fused-silica retention gap was connected to 
the head of the analytical column to facilitate 
injection and to protect the analytical column. 
The gas chromatograph was connected to a 
Finnigan Incas 50 mass spectrometer which 
scanned from m/z 64 to 650 in 0.5 sec. Quantifi- 
cation was by the method of external standard- 
ization, based on the average response factor for 
four replicate injections. 

RESULTS AND DISCUSSION 

The SFE system shown in Fig. 1 was designed 
for speed and ease of use. An initial,design, with 
a 30 cm x 50 pm restrictor, was tested by spiking 
the empty cell with an appropriate amount of 
PNA standards and performing the extraction 
in triplicate under the specified conditions. The 
resulting SF extracts were compared with PNA 
standards of equal concentration, and the recov- 
eries calculated. These recoveries were poor (14- 
65%) for the lighter, more volatile PNAs (naph- 
thalene-fluorene). However, for the remaining 
PNAs, the recoveries ranged from 68 to 100% 
with an average recovery of 82.5%. This demon- 
strated that physical trapping of the less volatile 
eluting organics was possible with this initial 
design. 

For the SRM 1941 samples, which contain 
-25% sulfur, the restrictor was shortened to 
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Table 1. Results of SF extraction of SRM 1941 
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Certified valw, Recovery*, 
Compound mlz Found, pglg pglg % 

d8-naphthalene 136 1.2; 1.2 4.0t 30* 
dlO-acenaphthene 164 2.4; 3.0 4.0t 67 
d lO-phenanthrene 188 2.8; 3.4 4.ot 78 
phenanthrene 178 0.29; 0.32 0.577 52 
anthracene 178 0.098; 0.103 0.202 50 
fluoranthene 202 0.74; 0.80 1.22 63 
pyrene 202 0.72; 0.78 1.08 70 
benz(a)anthracene 228 0.28; 0.36 0.55 55 
dl2-chrysene 240 3.8; 5.0 4.07 110 
benzo(b)fluoranthene 252 0.30; 0.42 0.78 46 
benzo(k)fluoranthene 252 0.37; 0.38 0.444 85 
benzo(a)pyrene 252 0.23; 0.25 0.67 36 
dl2perylene 264 2.7; 5.0 4.0t 96 
perylenel 252 0.08; 0.09 0.422 21 
benzo@i)perylene 276 0.16; 0.18 0.569 30 
indeno( 1,2,3-cd)perylene 276 0.18; 0.14 0.516 31 

*Recovery = 100 x mean value/certified value. 
$Spike value. 
$No standard available; the dl2perylene response factor was used. 

4 cm to increase the flow and improve recoveries, 
since our experience has demonstrated a “matrix 
effect” when working with soil samples. That is, 
spiked soil samples show greater recoveries than 
weathered samples. 

The dimensions (length and i.d.) of the 
restrictor determine the flow of CO* and, there- 
fore, the rate of extraction of the organics in the 
sediment sample. If the restriction is too great 
(long length and/or narrow i.d.), the extraction 
recoveries will be low and clogging will tend to 
occur. However, if the restriction is too little 
(short length and/or wider i.d.), the pressure may 
be difficult to maintain and the fast flow of CO*, 
along with aerosol generation, will make trap- 
ping of the organics more difficult. Since SRM 
1941 did not contain any of the more volatile 
PNAs, the restrictor length was reduced to 4 cm 
for faster flow of CO, and, therefore, could 
increase recoveries in the 10 min extraction 
period. 

The certified sediment, SRM 1941, was spiked 
with five deuterated PNAs (each at 410 pg/g 
level) and duplicate samples were extracted, 
with use of the copper scavenger column. The 
recoveries of the PNAs as a fraction of the 
certified or spike values are provided in Table 1. 
The recoveries ranged from 21 to 85% for the 
native PNAs and from 30 to 110% for the 
deuterated spikes. The recoveries of the heaviest 
two spikes were quantitative (110 and 96%) 
compared to those of the other PNAs. This is an 
indication that the lower PNA recovery was due 
to the “matrix effect” and not the copper scav- 
enger. No extraction was possible without the 
copper scavenger column, since the elemental 

sulfur deposited during extraction plugged the 
restrictor and stopped the flow of carbon dioxide. 
No flow-interruptions were experienced during 
the two extractions. After the two SF extractions 
the 2.0 g of copper in the scavenger column had 
increased in weight by 9 mg and was also totally 
blackened. The color change and weight gain 
are consistent with formation of copper sulfide. 

Though the recoveries obtained in this study 
were not quantitative, they were in agreement 
with the average recoveries reported in a U.S. 
EPA round robin study of SFE.” 

CONCLUSION 

The presence of elemental sulfur (S,) in soil 
and sediments can degrade the performance of 
supercritical fluid extraction, by slowing the flow 
of carbon dioxide or completely plugging the 
restrictor. A copper scavenger column placed 
between the extraction column and the restrictor 
has been shown to effectively remove or reduce 
sulfur, from the supercritical carbon dioxide, 
apparently without adversely affecting the 
recoveries. 
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EXTRACTION OF COPPER WITH THE APCD/DIBK 
SYSTEM FROM CONCENTRATED HYDROCHLORIC AND 
NITRIC ACID MEDIA: ESTIMATION OF TRUE LIMIT OF 

ACIDITY FOR THE EXTRACTION 

MASAHIKO MURAKAMI and TAKEO TAKADA 
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(Received 10 December 1990. Revised 26 February 1991. Accepted 6 March 1991) 

Summary-The extraction of copper(I1) from strongly acidic solution (0.01-8M hydrochloric and 
O.Ol-5M nitric acid) with ammonium I-pyrrolidinecarbodithioate in di-isobutyl ketone has been studied. 
Compared with the hydrochloric acid system, a considerably larger amount of the reagent is needed for 
complete extraction of copper chelate from nitric acid solution as the extract is more unstable in the nitric 
acid system. The decomposition of copper chelates extracted from nitric acid is based on the oxidation 
of the reagent and the chelate; the spectral change of the extract from nitric acid suggests that the 
copper(I1) chelate is initially oxidized to copper(I1) and then decomposes. The upper limit of the acidity 
of both acids from which the copper chelate can be quantitatively extracted strongly depends on the 
reagent concentration; the limit with 8 x 10V2M APCD (3%fold reagent: metal molar ratio) was taken 
as 8 and 4M for hydrochloric and nitric acid, respectively. 

The extraction of various elements into isobutyl 
methyl ketone (IBMK) with ammonium l- 
pyrrolidinecarbodithioate (APCD) is widely 
used for increasing the sensitivity of atomic- 
absorption spectrometry (AAS). Although it is 
known that APCD is relatively stable in very 
low pH (< 1) media and has sufficient ability for 
formation of the chelate with some elements 
even in such a media, a study of the use of the 
APCD/IBMK system in strongly acidic media 
had not been attempted. There are only two 
reports that suggest the possibility of using this 
system at very low pH (< 1) or that mention the 
effect of hydrogen ion concentration on the 
extraction of various elements,‘** and neither 
show any positive intention to use this system in 
such a region. 

From a practical point of view, extraction of 
the metal chelates from such an acidic region 
has significant advantages. It allows metals to be 
directly extracted from a sample dissolved in 
concentrated acid, without pH adjustment, and 
only requires minimum dilution of the sample 
solution. Such a direct extraction saves time and 
is free from contamination by impurities in the 
buffer. We have investigated the extraction of 
copper(I1) from very acidic solution,s6 based on 
this concept. 

In preceding papers4s5 we studied the extrac- 
tion of copper(I1) from 0.01-844 hydrochloric 
acid into IBMK with APCD in order to apply 
this system to the extraction of some elements 
from very acidic solution. It was found that 
IBMK was less suitable for the extraction in 
strongly acidic media, because a considerable 
part of the IBMK phase was dissolved into the 
acidic aqueous phase, and a large amount of 
free acid contaminated the extract and caused 
decomposition of the copper chelate. We there- 
fore studied the use of di-isobutyl ketone 
(DIBK) as an alternative to IBMK and found 
it to be a more suitable solvent for extraction of 
the Cu(II)-PCD chelate from strongly acidic 
media.6 In contrast to IBMK, DIBK is virtually 
insoluble in up to 10M hydrochloric acid, and 
the copper chelate extracted into DIBK exhibits 
excellent stability. Copper can be quantitatively 
extracted from up to 8M hydrochloric acid with 
the APCD/DIBK system. 

In this paper, to estimate the optimum con- 
ditions and true limit of acidity for copper 
extraction, we have systematically investigated 
the extraction of copper(I1) from O.Ol-8M hy- 
drochloric acid and O.Ol-5M nitric acid. From 
the standpoint of practical analysis, the applica- 
bility of this extraction system to nitric acid 
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media is of interest. Nitric acid is often used for 
the decomposition of solid samples due to its 
oxidizing ability. In our earlier work,3 it was 
suggested that the chelate extracted from nitric 
acid solution is oxidatively decomposed. Hence, 
the decomposition behaviour of the copper 
chelate extracted from nitric acid solution with 
this system was also studied. 

EXPERIMENTAL 

Reagents 

All chemicals used were of reagent grade. 
Water was redistilled from an all-glass appar- 
atus. A standard copper stock solution 
(1000 lg/ml) was prepared from 99.99% pure 
metal. All solvents were used without further 
purification. 

Procedures 

Extraction. A 20-ml volume of hydrochloric 
or nitric acid of desired concentration and 
2.5 ml of a lo-pgg/ml copper solution were 
transferred to a lOO-ml separating funnel. DIBK 
(10 ml) and 2.5 ml of APCD solution were 
added. The mixture was vigorously mechani- 
cally shaken. 

Washing of the extract. Immediately after the 
aqueous phase had been withdrawn a 25-ml 
volume of water was added to the separating 
funnel and the mixture was mechanically shaken 
for 180 sec. 

Measurements. The absorbance of the DIBK 
phase was measured at 433.5 nm in a lo-mm 
silica cell against DIBK as reference. For the 
kinetic study, the sample was kept in the cell 
compartment of the spectrophotometer at a 
constant temperature of 25”. Timing was started 
when the reagent was added to the mixture. 

RESULTS AND DISCUSSION 

Extraction of CU(PCD)~ in hydrochloric acid 
media 

The effect of hydrochloric acid concentration 
on the shaking time and the reagent concen- 
tration needed for quantitative extraction were 
studied at O.Ol-8M hydrochloric acid. The 
amount of copper left in the aqueous phase was 
also checked by using flame atomic-absorption 
spectrometry to estimate the degree of copper 
chelate extraction. 

Shaking time. In the extraction of copper- 
PCD chelate from strongly acidic solution, use 
of a large excess of reagent is recommended 

since the kinetic stability of the copper chelate 
is highly dependent on the concentration of 
reagent! Hence, 8 x IO-‘M APCD (corre- 
sponding to a 500-fold reagent: metal molar 
ratio in this system; close to the limit of solubil- 
ity of APCD) was used in this study. 

Figure 1 shows that the shaking time needed 
for completing the extraction depends on the 
acidity. The minimum shaking time needed for 
quantitative extraction decreased as the acidity 
was increased: 120 set for O.OlM, 90 set for 1 M 
acid, and 60 set for 4M and 8M acid. These 
findings disagree with the generally accepted 
acidity dependence of the rate of the metal 
chelate formation and of its extraction; Irving 
and Williams’ reported that the rate at which 
the metal chelates are formed and extracted 
decreases as the pH is reduced. However, the 
same tendency as that observed in this study was 
also obtained in the copper extraction with the 
APCD/IBMK system.’ 

It can be considered that this difference in the 
acidity dependence of the extraction rate be- 
tween these two systems and others was based 
on the difference in the methods of adding the 
reagent. In the general metal chelate extraction 
system, the reagent is previously dissolved in the 
organic phase whereas in the APCD/IBMK and 
APCD/DIBK systems, the reagent is added to 
the system as an aqueous solution since it is not 
very soluble in these solvents. T’he facts suggest 
that the rate of copper chelate extraction is 
dependent on the rate of extraction of the 
reagent into the organic phase. It is expected 
that the rate of the reagent extraction increases 
as the acidity is increased since only an acid 
form of PCD ligand can be extracted and it 
seems that copper is mainly extracted by the 
ligand extracted in the organic phase. 

0 I 2 3 4 5 6 7 8 9 IO 

Shokrg tme, n-m 

Fig. 1. Effect of shaking time on extraction of Cu(PCD), 
in DIBK from hydrochloric acid: HCl O.OlM(O), 
4&f(A), 6,%4(O), 8M(.); [Cu] 1.6 x lo-‘M; [AF’CD] 

1.6 x 10-3M(HCl O.Ol-6M), 8.0 x IO-‘M(HC1 8M). 
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After extraction the absorbance remained 
constant, even after a 20-min shaking period, 
for all concentrations of hydrochloric acid ex- 
cept 8M for which the absorbance gradually 
decreased above 300 set of shaking. This indi- 
cates that the cooper chelate was decomposed 
by the contact with the acid solution during the 
period of shaking. Over all the acidities used, 
the copper chelate could be extracted quantitat- 
ively in the range 120-300 set shaking. Hence, 
this range was taken as optimum. 

APCD concentration. Figure 2 shows the de- 
gree of extraction of copper chelate from hydro- 
chloric acid as a function of the reagent 
concentration. As the acidity is increased the 
minimum concentration of the reagent needed 
for complete extraction increases: 4.0 x IO-‘it4 
(2.5-fold ratio to copper) for O.OlM, 
6.4 x lo-‘M (Cfold) for 4M, 2.6 x 10m4M (16- 
fold) for 6M acid and 2.2 x 10e3M (140-fold) 
for 8M acid. 

For each acidity (except O.OlM), copper 
chelate was not extracted at all up to a certain 
concentration of the reagent, and this threshold 
concentration of the reagent increased as the 
acidity was increased: 3.2 x IO-‘M (2-fold ratio 
to copper) for 4M, 1.3 x 10e4M (&fold) for 6M 
acid, and 1.6 x 10e4M (IO-fold) for 8M acid. 
Both of these findings indicate that there is 
appreciable decomposition of the chelate during 
the shaking period, and it becomes more 
marked as the acidity is increased and the 
concentration of the reagent is decreased. 

Kinetic stability of the extract. The kinetic 
stability of the chelate extracted from hydro- 
chloric acid into DIBK was studied at various 
APCD concentrations. As previously reported, 
the Cu(PCD), chelate extracted into IBMK or 
DIBK from strongly hydrochloric acid media 

0 m I6 2CJ 0 40 80 I20 160 200 

Cone of APCD ( x cone of Cu2+= I6 x IO-“Ml 

Fig. 2. Effect of APCD concentration on extraction of 
Cu(PCD), in DIBK from hydrochloric acid solution: [HCl] 
O.OlM (O), 4M (A,, 6M(lJ), 8M(.); [Cu] 1.6 x 10-sM; 

shaking time 300 set (O.Ol-6M), 120 set (8M). 

0 30 60 90 120 150 160 210 240 270 

Standmg tme, mm 

Fig. 3. Kinetic stability of Cu(PCD), extracted in DIBK 
from 4M hydrochloric acid solution: [APCD] 
7.0 x l0-5M(0), 1.6 x lo-‘M(A), 2.9 x l0-4M(n), 
4.2 x IO-‘M(A), 1.6 x IO-‘M(O); [Cu] 1.6 x 10-5M; 

shaking time 300 sec. 

shows the characteristic behaviour of decompo- 
sition.s*6 Figure 3 shows the variation in ab- 
sorbance of copper chelate extracted into DIBK 
from hydrochloric acid solution with time; the 
absorbance was constant for a certain time and 
then suddenly dropped. 

Sufficient stability for the determination 
could be obtained by using a large amount of 
the reagent. Table 1 gives the time (t,J needed 
for the absorbance of the extract to decrease to 
half its original value. The kinetic stability of 
copper chelate is strongly dependent on the 
concentration of the reagent added; the de- 
composition time (tllz) increases as the concen- 
tration of the reagent is increased. It was noted 
that when 1.6 x 10e3M (IOO-fold to copper) or 
more of the reagent was added, the absorbance 
of the extract remained constant for more than 
48 hr. 

When the IBMK and DIBK extracts are 
washed with water or are filtered with dry filter 
paper, the stability can be considerably in- 
creased.‘,‘j In these extraction systems, it was 
observed that the free hydrochloric acid trans- 
ferred into the extract by dissolution and by 

Table 1. Decomposition time (r,,r) of 
Cu(II)-PCD chelate extracted from 

4M HCl 

[APCD], M I,,r min 

7.0 x 10-S 25.0 
1.6 x lo-’ 86.0 
2.9 x lO-4 164.5 
4.2 x lO-4 244.7 
1.6 x IO-’ >48 hr 
1.6 x lO-2 >48 hr 

With washing or 
filtration 
1.6 x lO-4 >48 hr 

[Cu2+] 1 6 
5 min.’ 

x IO-‘M, shaking time 
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very fine droplets of the aqueous phase causes 
the copper chelate to decompose. The effect of 
the washing is due to almost complete removal 
of the free acid contaminated into the extract. In 
the case of filtration, a large part of the free acid 
can be removed, and it is considered that the 
fine droplets of the aqueous hydrochloric acid 
remaining in the extract can be removed.6 
Therefore, the free acid is effectively removed by 
the washing and filtering of the extract. How- 
ever, in the case of DIBK extraction, the extract 
exhibited sufficient stability without these treat- 
ments, if a large excess of APCD (about lOO- 
fold or more to copper) was added (Table 1). 

Acidity range. To estimate the acidity range 
which can be used for copper extraction, the 
percentage extraction of copper chelate was 
studied as a function of concentration of hydro- 
chloric acid, with various concentrations of the 
reagent. Figure 4 shows the change in the 
percentage extraction of copper chelate with 
hydrochloric acid concentration of the aqueous 
phase, with 1.6 x 10e3, 3.2 x 10-j, 8.0 x 10V3 
and 8.0 x lo-*M of APCD solution. The acidity 
range depends on the concentration of the re- 
agent added; for example, although copper 
chelate can be extracted from 8M acid with 
8.0 x 10-*&f APCD (500-fold ratio of copper), 
it is not extracted at all above 7M acid with 
0.0016M APCD. The limiting acidities of quan- 
titative extraction of copper chelate were taken 
as follows: 5M with 1.6 x 10W3M APCD (lo- 
fold ratio to copper), 6M with 3.2 x 10W3M 
(20-fold) and 8.0 x 10e3M (50-fold) APCD, 7M 
for 1.6 x lo-*M APCD (loo-fold) and 8M for 
8.0 x IO-*M APCD (500-fold). 

These findings suggest that the range of 
acidity which can be used for the extraction is 
determined by the concentration of the reagent 
added; however, this point has been missed in 
several reports which have commented on these 

Fig. 4. Extraction range of Cu(II) with APCD/DIBK system 
in hydrochloric acid media: [APCD] 1.6 x 10-3M(@), 
3.2 x lo-‘M(O), 8.0 x 10-3it4 (A), 8.0 x lo-2M(O); [Cu] 

1.6 x 10-SM; shaking time 300 sec. 

Shoklng time, llwn 

Fig. 5. Effect of shaking time on extraction of Cu(PCD), 
in DIBK from nitric acid: [HNO,] 0.01&f(0), 2M(O), 

4M(A); [Cu] 1.6 x lo-‘M; [ACPD] 8.0 x lo-‘M. 

acidity ranges. ‘**J,’ Hence, it seems that the 
range of acidity for the extraction of various 
metals with APCD must be re-examined: 

Extraction of CU(PCD)~ in nitric acid media 

The extraction behaviour and the optimum 
conditions of copper extraction from O.Ol-5M 
nitric acid solution were studied. 

Shaking time. The shaking time needed for 
completing the extraction of copper chelate was 
studied with 8.0 x lo-*M APCD. Figure 5 
shows the results in nitric acid media. The 
minimum shaking time for quantitative extrac- 
tion decreases as the acidity is increased, simi- 
larly to the case in hydrochloric acid media. For 
0.01-4M acid, the minimum shaking time for 
each acidity was the same as that for hydro- 
chloric acid media: 120 set for O.OlM, and 60 
set for 2 and 4M. 

However, in 4M acid copper chelate was 
decomposed and was not extracted when the 
period of shaking exceeded 420 sec. It was also 
observed that the decomposition of copper 
chelate occurred during the shaking period and 
that the chelate was not extracted for any 
shaking time at concentrations above 4M. This 
suggests that the kinetic stability of copper 
chelate in nitric acid media is lower than that in 
hydrochloric acid media, although the for- 
mation of the chelate is not dependent on the 
kind of acid. Hence, the range 120-180 set was 
taken as the optimum shaking period. 

APCD concentration. The concentration of 
reagent needed for complete extraction of cop- 
per chelate was studied at 2 and 4M nitric acid. 
Figure 6 shows the results with 120 set of 
shaking. In nitric acid media, a considerably 
higher concentration of the reagent was needed 
for complete extraction compared with that for 
the same acidity in hydrochloric acid media. To 
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0 40 80 120 160 200 

Core of APCD (x cot-c. of C”‘+= I6 x ICi’M, 

Fig. 6. Effect of APCD concentration on extraction of 
Cu(PCD), in DIBK from nitric acid solution: [HNO,] 
2M(O), 4M (A); [Cu] 1.6 x lo-‘it4; shaking time 120 sec. 

complete the extraction, more than 3.2 x 10e4M 
(20-fold ratio to copper) and 1.3 x lo-‘M (80- 
fold) reagent concentrations were needed for 2 
and 4M nitric acid, respectively. In contrast to 
that of the hydrochloric acid system (Fig. 2), it 
is noted that copper chelate was not extracted at 
all with less than these reagent concentrations, 
suggesting that the decomposition of copper 
chelate is considerably more rapid when shaken 
with nitric acid than with hydrochloric acid. 

The concentration of the reagent needed for 
completing the extraction apparently increases 
with increasing shaking time. When copper 
chelate was extracted with 300 set of shaking, 
1.6 x lo-*M APCD was needed. On the other 
hand, copper chelate could be completely ex- 
tracted with 9.6 x 10e4M APCD, if the shaking 
period was reduced to 60 sec. These facts 
suggest that the kinetic stability of copper 
chelate when shaking with nitric acid solution is 
not so good as that with hydrochloric acid 
solution, due to oxidative decomposition of 
copper chelate and the reagent with nitric acid. 

Kinetic stability. The decomposition be- 
haviour and the kinetic stability of the chelate 
extracted from 2M nitric acid into DIBK were 
studied. Figure 7 shows the variation in the 
absorbance of copper chelate extracted into 

,*t.L 
0 7 8 9 10 II 12 13 14 IS 16 

Standing time, mu) 

Fig. 7. Kinetic stability of Cu(PCD), extracted in DIBK 
from 2M nitric acid solution: [APCD] 1.6 x 10m3M; [Cu] 

1.6 x l0-5M; shaking time 120 sec. 

DIBK from 2M nitric acid solution, with time. 
The absorbance was constant for a certain time, 
similarly to the case of hydrochloric acid media; 
however, beyond this time the absorbance 
jumped to about twice as much as its original 
value, and then exponentially decreased with 
time. 

The spectral changes with the decomposition 
of copper chelate extracted from 2M nitric acid 
are shown in Fig. 8. The initial absorption 
spectrum is the same as that of Cu(PCD), 
chelate extracted from hydrochloric acid media 
in its shape, wavelength of absorption maxi- 
mum and molar absorption coefficient. The 
initial peak at 434 nm [Fig. 8(a)] is enlarged with 
a shift in the peak wavelength to about 420 nm 
[Fig. 8(b)], with the isosbestic point at about 460 
nm; then the peak gradually disappears without 
shift in the wavelength [Fig. 8(c)]. 

Such a spectral change strongly resembles 
that observed in the spectrophotometric moni- 
toring of the electrochemical oxidation process 
of some bis-dithiocarbamato Cu(I1) complexes 
[Cu(dtc),]. Hendrickson et al.” reported that 
Cu(dtc), underwent a single one-electron 
oxidation step at a platinum electrode: 
Cu(dtc), + e- * [Cu(dtc),]+, and the progress 
of this process was followed by the change in the 
absorbance spectrum from that of Cu(dtc), to 
[Cu(dtc),]+ with two isosbestic points at 464 
and 328 nm. This report slso noted that there 
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Fig. 8. Change in spectra of Cu(PCD), in DIBK from 2M 
nitric acid solution: (a) standing time 7 min, (b) 12.5 min, 
(c) 13.3 min; [APCD] 1.6 x IO-)M; [Cu] 1.6 x 10vsM; 

shaking time 120 sec. 
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was an absorption maximum of [Cu(dtc),]+ at 
about 420 nm, and its absorbance was several 
times larger than that of Cu(PCD),. This 
suggests that Cu(PCD), extracted from nitric 
acid solution is oxidized, and a trivalent com- 
plex, [Cu(PCD), ] + , is formed as an intermediate 
which then decomposes. 

Table 2 gives the period of time when the 
absorbance of the extract remains constant, a 
so-called “decomposition time”, under various 
conditions. The decomposition time of the 
chelate increased linearly with increasing con- 
centration of the reagent up to 9.6 x 10e3M 
(60-fold); however, above this, it did not depend 
on the reagent concentration. In contrast to the 
case of the hydrochloric acid system, the kinetic 
stability of the chelate is not very dependent on 
the concentration of the reagent added in the 
relatively higher range of the reagent concen- 
tration, such as up to 9.6 x 10w3M. It seems that 
this is due to the oxidative decomposition of 
copper and the reagent. 

Similar to the situation in hydrochloric acid 
media, the washing of the extract contributed to 
stabilizing the copper chelate. When it was 
washed with water, the chelate exhibited suBi- 
cient stability for its determination; the ab- 
sorbance of the extract remained constant for 
more than 60 min. However, the absorbance of 
the extract dropped within 15 min when no 
washing of the extract was done, even though 
a considerable amount of the reagent (about 
500-fold ratio to copper) was added. 

When the chelate was extracted from 4M 
nitric acid, it was observed that the absorbance 
of the extract increased with time due to scatter- 
ing of light caused by the suspended particle in 
the formation of the extract with time, even if 
the extract had been washed with water. The 
absorbance of the extract could be returned 

Table 2. Decomposition time of Cu(II)-PCD 
chelate extracted from 2M HN03 

IAPCDI, Decomposition time,* 
M min 

3.1 x IO-4 5.8 
4.7 x 10-d 7.4 
6.3 x 1O-4 9.2 
7.9 x 10-4 10.5 
9.4 x lo-4 12.0 
1.6 x lO-3 12.8 
3.1 x 10-X 12.2 

With washing 
1.6 x lo-) 21 hr 

[Cu*+] 1.6 x 10w5M, shaking time 2 min. 
*Determined by the time at which the absorbance. 

jumps (see Fig.7). 

0 I 2 3 4 5 6 7 6 

Cont. of HNO:, , M 

Fig. 9. Extraction range of Cu(II) with APCD/DIBK 
system in nitric acid media: [APCD] 3.2 x IO-jM(O), 
1.6 x lo-*M(A), [Cu] 1.6 x lo-‘M; shaking time 120 sec. 

to its original value by filtering it through a 
dry filter paper. It was observed also that the 
formation of suspended particles could be pre- 
vented by washing the extract twice, immedi- 
ately after its extraction. This suspension is 
perhaps caused by decomposition of free PCD 
ligand in the extract due to its reaction with the 
free nitric acid contaminated in the extract. 
When the chelate was extracted from 4M nitric 
acid, the absorbance remained constant for over 
60 min provided that the extract was washed 
twice. Hence, the washing of the extract is 
recommended for the extraction from nitric acid 
solution. 

Acidity range. The range of nitric acid concen- 
tration which can be used for copper chelate 
extraction is shown in Fig. 9. Similar to the 
hydrochloric acid system, the acidity range de- 
pends on the concentration of the reagent, but 
the extent of this dependence is smaller than 
that observed in the hydrochloric acid system. 
The copper chelate could be extracted from 4M 
nitric acid with 1.6 x lo-‘M APCD; however, 
the acidity range was not extended when the 
concentration of the reagent was increased to 
8.0 x 10s2M. Such a saturation of the effect of 
the reagent concentration on extending the 
acidity range in nitric acid system can be ex- 
pected from the kinetic stability of copper 
chelate in this system. 

At concentrations above 4M, it was observed 
that copper chelate was decomposed during 
a shaking period of 120 set, even with 
8.0 x 10b2M APCD. If the shaking period is 
reduced to 60 set, copper chelate can be quanti- 
tatively extracted from up to 5M nitric acid, 
with 8 x 10e2M APCD; even in this case, pro- 
vided that the extract was separated from the 
aqueous phase before the chelate decomposes 
and was washed twice with water, the ab- 
sorbance was kept constant for 60 min or more. 
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However, such an extraction condition is too 
critical for practical use, and it was observed 
that at a concentration greater than 5M, The 
chelate was decomposed during a shaking 
period even with any extraction conditions. 
Hence, about 4M was taken as the practical 
acidity limit for copper chelate extraction in the 
nitric acid system. 

CONCLUSIONS 

With the APCD/DIBK extraction system, 
copper can be quantitatively extracted from 
up to 8M hydrochloric and 4M nitric acid. In 
the nitric acid system, extraction of copper 
chelate shows “all or nothing” behaviour. Be- 
cause the decomposition of the chelate when 
shaken with nitric acid solution is rapid, the 
chelate is not extracted at all during the shaking 
period. 

On the other hand, when the extract separates 
from the aqueous phase before the chelate de- 
composes, the chelate can be completely ex- 
tracted. The kinetic stability of the chelate in the 
extract is also not so good as that in the 
hydrochloric acid system, which is thought to be 
due to oxidative decomposition of both reagent 
and copper chelate. However, sticient kinetic 
stability can be obtained for its practical use, 
provided that the extract is washed with water. 

It is worth noting that the kinetic stability of 
Cu(II)-PCD chelates and the acidity range are 
determined by the amount of the reagent added; 
hence, the use of a large excess of the reagent is 
recommended for copper extraction in strongly 
acidic media. Although several reports have 
commented on the kinetic stability and the 
acidity range for their extractions, it seems that 
they have not accurately estimated them, since 
they have missed this point. Therefore, in order 
to estimate the proper acidity range of extrac- 
tion for these elements, the re-examination of 
the extraction conditions for each element is 
required. 
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!Gmmary-Molybdenum(I) increases signals in the determination of arsenic after reduction by 
tetrahydroborate(II1). An increase in the signal by up to two-and-a-half fold is observed when arsenic@) 
is determined in the presence of sulphuric and hydrochloric acid concentrations of 0.01-0.02M. The 
enhancement effect disappears at higher acid concentrations and is eliminated by the presence of 
L-cysteine. Signals from other hydride-forming elements (antimony, bismuth and tin) were reduced in the 
presence of molybdenum(W). Reduction of interferences in the hydride-forming reaction from nickel and 
cobalt is observed, so that the range of tolerance of these elements is extended by one and two orders 
of magnitude, respectively. The interference reducing effect is not as profound as that observed with 
L-cysteine. 

A number of papers have been published over 
recent years which describe interferences in the 
determination of hydride-forming elements 
by various ions in solution.14 Although most 
papers report that interferences reduce the sig- 
nal from the hydride-forming element, several 
describe enhancement of the signal. Thus 
Kirkbright and Taddia reported that the pres- 
ence of copper(I1) gave rise to enhanced signals 
from arsenic.’ Tin signals have been reportedly 
increased by the presence of beryllium, thallium 
and titanium.3 We have reported that peroxo- 
disulphate enhances recovery of germanium.4 

Enhancement or depression of signals from 
ions which could be present in solution from the 
sample or dissolution matrix is an effect which 
must be taken into account when determining 
hydride-forming elements. The search for 
reagents which will eliminate these variations 
has led to the use of a number of compounds 
which have some measure of efficacy in reducing 
interferences. The use of iron(II1) as a releasing 
agent in the determination of selenium by 
hydride generation has been reported.5*6 Brindle 
et al. have reported the use of L-cysteine and 
L-cystine to reduce interferences from various 
metal ions in the determination of arsenic, 
germanium and tin.‘-lo 

*Author for correspondence. 

Interference from molybdenum(V1) has been 
reported to reduce the signal from arsenic in 
concentrated hydrochloric acid,“*‘* while other 
authors have found the effect to be insignifi- 
cant.’ In recent investigations into the determi- 
nation of arsenic, where L-cysteine was used to 
reduce As(V) to As(III)13 in dilute acid solution, 
the presence of Mo(V1) significantly increased 
the signal from the reduction of As(II1) by 
sodium tetrahydroborate(II1) in the absence of 
L -cysteine. 

In this paper, we report on our investigations 
into the effect of molybdenum(V1) and other 
oxyanions on the enhanced production of arsine 
by the hydride transfer reaction and on the 
reduction of interferences in reaction of arsenic 
with tetrahydroborate(II1). 

EXPERIMENTAL 

Instrumentation 

Data were acquired with a Spectraspan V d.c. 
plasma atomic-emission spectrometer equipped 
with a Beckman hydride generator modified 
as described elsewhere.’ Signals were recorded 
on a Fisher Recordall Series 5000 chart 
recorder. A Brinckman variable volume Macro- 
Transferpettor was used for all analyte injec- 
tions with the volume fixed at 5.0 ml. 

TAL 38110-F 1137 
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The arsenic emission line at 193.7 and 228.8 
nm were measured with entrance and exit slit 
widths of 50 and 100 pm, respectively. The slit 
heights were matched at 300 pm. Photomulti- 
plier voltage and gain settings were used to 
provide convenient signals and to minimize 
noise. 

Reagents 

Argon of welding grade (Union Carbide, 
Canada) proved to be sufhciently pure for use 
without further treatment. All inorganic chemi- 
cals were analytical reagent grade or better. 
LCysteine was obtained from Sigma (Sigma 
grade) and BDH. Sodium tetrahydroborate(II1) 
solutions was prepared in 0.2M sodium hydrox- 
ide and were filtered before use. Ammonium 
molybdate [(NH& Mo,0z4. 4H20] was obtained 
from Fisher Scientific, Toronto. Arsenic(V) 
solutions (1000 pg/ml) and arsenic(III) 
(1000 pg/ml) solutions were prepared from 
Na, HAsO,. 7Hz0 and AsrO, respectively. Since 
the As(V) solution was prepared from a non- 
standard reagent, the concentration was verified 
by comparison with the As(II1) solution, pre- 
pared from standard arsenic(II1) oxide, in the 
d.c. plasma spectrometer. Solutions for the 
determinations were subsequently prepared by 
dilution with the appropriate reagents. 

RESULTS AND DISCUSSION 

A preliminary survey of oxyanions was car-’ 
tied out to determine which, if any, enhance 
signals from arsenic(II1). Ions were tested in 
0.02 and 0.2M hydrochloric acid and the results 
are shown in Table 1. At the lower acid concen- 
tration, molybdenum(V1) at a concentration of 
100 p g/ml gave a two-and-a half fold increase in 
signal. This enhancement was observed at both 

of the arsenic wavelengths. A small (30%) signal 
enhancement was observed with vanadium(V) 
in 0.02M hydrochloric acid, while tungsten(W) 
had no observable effect on the signal. Of the 
strongly oxidizing ions, dichromate and peroxo- 
disulphate gave reduced signals while per- 
manganate eliminated the signal completely. At 
higher acid concentration (0.2M), the enhance- 
ment effects disappeared. 

Not only acid concentration, but the acid type 
has a significant effect on the enhancement effect 
produced by molybdenum. Hydrochloric, nitric, 
sulphuric and phosphoric acids were investi- 
gated over the range of concentrations from 
0.01 to 0.2M. Higher concentrations of acids 
used in the hydride generator produced instabil- 
ity in the plasma and were not investigated. The 
results of the study are shown in Fig. 1. For all 
acids, the enhancement effect is most significant 
at low concentrations and becomes insignificant 
at a concentration of 0.08M for hydrochloric 
and nitric acids, and 0.06M for sulphuric acid. 
The effect was most significant with hydro- 
chloric and sulphuric acids and was somewhat 
reduced by the nitric acid. Phosphoric acid did 
not increase the signal from arsenic as much as 
hydrochloric acid. The most likely reason for 
this is the formation of the phosphomolybdate 
complex ion. Evidence for the formation of the 
ion was the formation of the characteristic blue 
colour when molybdenum(VI) solution was 
added to the solution of arsenic(II1) in phos- 
phoric acid in the reaction vessel, which retains 
some reducing capacity even after washing with 
distilled water. The colour could not be repro- 
duced when sulphuric or hydrochloric acids 
were used. 

Figure 2 illustrates the relationship between 
peak height and molybdenum(V1) concen- 
tration for the generation of arsine from 

Table 1. Interference of oxyanions on arsenic(II1) signals from tetrahydroborate(II1) 
reduction 

Anion 

MOO:- 
vo, 

Cr@- 
wo:- 

MnO; 
s,o:- 

Arsenic* recovery % 
Concentration, 

Added as pgglml 0.02M HCl 0.2M HC1 

(NH4)2Mo,024. 4H,O loo 246 101 
NH,VO, 50 129 - 

loo 143 101 
loo 80 85.3 K&O, 

Na,WO, loo 101 107 
200 98 104 

KMnO, loo n.d.t - 
OIJH.)&OS 100 76 - 

*A 5 ml aliquot of 200 ng/ml arsenic(II1) solution was treated with 1 ml of 1% w/v sodium 
tetrahydroborate(II1) solution. 

tnd. = not detectable. 
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Fig. 1. Molybdcnum(VI) interference with arsine generation at diRerent acid concentrations: 
l -100 ng/ml As(III) + 50 &ml INo(VI), x-100 ng/ml As@) (a) Hydrochloric acid, (b) nitric acid, 

(c) sulphuric acid and (d) phosphoric acid. 

arsenic(II1). It is clear from the figure that, in 
0.2M hydrochloric acid, molybdenum(VI) has 
no effect on the peak height over the range of 
concentrations used. At the lower concentration 

I I I I I 11 I I I 

0 20 40 60 80 100 120 140 160 180 200 

MoWILN@‘~ 

Fig. 2. Influence of molybdcnum(VI) on the arsenic signal. 
O-5 ml of 200 q/ml /b(III) in 0.2M HCl, x -5 ml of 200 
ng/ml As(III) in 0.02M HCl, O-5 ml of 50 q/ml Aa(III) 
in 0.02M HCl with 0.5% w/v L-cysteinc (Note: the concen- 
tration of arsenic is l/4 of the concentration compared with 

the other curves). 

of 0.02M hydrochloric acid, the effect is quite 
striking. Thus the peak height increases almost 
linearly with molybdenum(W) concentrations 
of o-80 pg/ml, after which the signal remains 
constant up to a molybdenum(W) concen- 
tration of 200 rg/ml, the limit of these exper- 
iments. Although molybdenum(VI) increased 
the height of the peaks from arsenic, the peak 
width at half maximum remained the same, 
suggesting that molybdenum(W) increases the 
yield of arsine from the reduction process. The 
presence of L-cysteine in solution, however, 
served significantly to increase the signal from 
arsenic(III), while eliminating any effect from 
the presence of molybdenum(V1). The enhance- 
ment of the signal by molybdenum(V1) is only 
one quarter of that produced by Lcysteine. 

The relationship between acid concentration, 
molybdenum(W) and arsenic(V) is also quite 
significant. Thus in O.OlM hydrochloric acid, 
arsenic(V) gives no observable signal whereas in 
the presence of 20 pg/ml MO(W), a substantial 
peak was obtained. Unfortunately, MO(W) does 
not give similar recoveries for As(V) as it does 
for As(II1). Typically, arsenic(V) gives signals 
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% NaBH, 

Fig. 3. The effect of tetrahydroborate(II1) concentration on 
the molybdenum(W) interference. x-5 ml of 200 ng/ml 
As(III) in 0.02M HCl, A-5 ml of 200 ng/ml As(II1) + 20 

pg/ml MO(W) in 0.02M HCl. 

that are only 20-30% of the signals obtained 
from similar concentrations of arsenic(II1). 

The effect of tetrahydroborate(II1) concen- 
tration is also significantly altered by the pres- 
ence of molybdenum(V1) in the generation of 
arsine from arsenic(II1). From Fig. 3, it is clear 
that the presence of 20 pg/ml molybdenum(VI) 
created a different response as the concentration 
of tetrahydroborate(II1) is increased. Thus, in 
the absence of molybdenum(VI), a relatively 
constant signal is obtained over the range 
of concentrations studied. In the presence of 
20 pg/ml molybdenum(VI), the signal increases 
over the same range and starts to level off at a 
concentration of approximately 4% w/v sodium 
tetrahydroborate(II1). 

Welz and Melcher have reported that 
iron(II1) has a releasing effect on nickel(I1) in 
the determination of arsenic and selenium by 
hydride generation.5 Bye has also commented 
on the same effect in the determination of 
selenitun6 In both cases, the releasing effect was 
ascribed to the reduction of iron(II1) to iron( 
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prior to the reduction of nickel(I1) to metallic 
nickel which, the authors suggest, is the agent 
responsible for the decomposition of the hy- 
dride, before it can be stripped from the sol- 
ution. The releasing effect of molybdenum(VI) 
on nickel(H) and cobalt(I1) was evaluated, and 
the results are shown in Fig. 4. It is clear that 
the presence of 50 pg/ml molybdenum(V1) 
increased the interference-free level by one to 
two orders of magnitude. 

Evidence for the formation of intermediate 
oxidation states of molybdenum is supported by 
the observed colour changes in the reduction 
reactions. Thus, when tetrahydroborate(II1) sol- 
ution was added to molybdenum(VI) solution in 
0.02M hydrochloric acid solution, in the pres- 
ence or absence of arsenic(III), the colourless 
solution turned yellow-brown. If the concen- 
tration of molybdenum(V1) was greater than 
100 pg/ml, a small amount of brown precipitate 
appeared on the frit of the generator. It has been 
reported that molybdenum(V1) reacts with 
tetrahydroborate(II1) in O.OOlM sulphuric acid 
to form a blue solution of molybdenum(IV).‘4 
It has also been reported that reduction of 
the colourless molybdenum(V1) solution by a 
strong reducing agent in dilute hydrochloric 
acid turned first blue, then green, and finally 
brown, due to the formation of molyb- 
denum(111) chloride.15 Crouthamel and Johnson 
reported that molybdenum(V) is brown in dilute 
hydrochloric acid, and that freshly formed 
molybdenum(V) is unstable.16 These obser- 
vations lead us to conclude that the reduction 
of interferences by molybdenum(V1) is most 
likely due to the formation of lower oxidation 
states of molybdenum by the tetrahydrobo- 
rate(III), and that this reaction competes with 

Fig. 4. The releasing effect of molybdenum(W) on the interference from (a) Co(H) and (b) Ni(I1). 
x = 5 ml of 200 ng/ml As(III) in O&W HCl, 0-S ml of 200 q/ml As(II1) + 50 be/ml MO(W) in 

0.04M HCl. 
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the reduction of Ni(I1) and Co(I1) to the metals. 
We have argued elsewhere that intermediate 
hydrides may be formed that are more efficient 
hydride transfer reagents than tetrahydrobo- 
rate(III).‘* Whether this is the case with molyb- 
denum is not clear at this point. 
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Summary-A new thiazolylazo reagent, 2-(2-benzothiazolylazo)-S-dimethylamino-4-tolylarsonic acid, has 
been synthesized and found to be a good chromogenic reagent for palladium. A 1: 1 blue chelate 
(,I_ = 718 nm) is formed in a sulphuric or nitric acid medium. The molar absorptivity is 6.65 x 10’ 
1. mole-‘. cm-‘. Beer’s law is obeyed in the range O-l .6 pg/rnl Pd. Relatively large amounts of co-existing 
elements, including noble metals, can be tolerated. 

The selectivity and stability of the chelates of 
palladium with many of the thiazolylazo reagents 
have attracted much attention by analytical 
chemists. These properties are conferred by the 
functional group, (-NH,, -COOH, etc.) ortho 
to the azo group.‘*2 To improve the selectivity, 
introduction of an arsenic group ortho to the 
azo group is proposed, and a new compound, 
2 - (2 - benzothiazolylazo) - 5 - dimethylamino - 4 - 
tolylarsonic acid (BTADMTA) has been 
synthesized and the photometric properties 
of its chelate with palladium have been studied. 
A blue 1: 1 chelate with palladium can be 
formed even in strongly acidic medium. The 
absorption maximum is at 718 nm and the 
molar absorptivity is 6.65 x lo4 1 .mole-’ . cm-‘. 
Beer’s law is obeyed in the concentration range 
O-l.6 pgg/ml Pd. Relatively large amounts of 
vanadium, chromium, manganese, copper, iron, 
nickel, zinc, molybdenum, silicon, silver, 
cadium, and even noble metals such as 
platinum, gold, ruthenium and iridium can be 
tolerated. This new reagent is comparable 
both in sensitivity and selectivity with thiazoly- 
lazo compounds reported earlier.%13 A simple 
and rapid spectrophotometric method for 
determination of palladium is proposed and 
has been tested in the analysis of industrial 
samples. 

EXPERIMENTAL 

Apparatus 

Spectra were obtained with a Hitachi Model 
557 double-beam dual wavelength spectropho- 
tometer equipped with l-cm cells. The pH 
measurements were made with a Model pHS-III 
pH-meter. 

Reagents 

Pd standard solution A. Pure palladium 
(99.9% pure, 0.1000 g) was dissolved in aqua 
regia. Sixteen ml of sulphuric acid (1 + 1) were 
added and the solution was heated till fuming 
strongly. It was cooled to room temperature, 
about 30 ml of water were added and the 
solution was cooled, transferred into a loo-ml 
standard flask, and diluted to volume with water. 

Pd standard solution B. Prepared just before 
use, by transfer of 1.00 ml of Pd standard 
solution A into a lOO-ml standard flask, 
addition of 1 ml of sulphuric acid (1 + l), and 
dilution to volume with water. One ml of this 
solution contains 10 pg of Pd. 

BTADMTA solution, 0.1 mg/ml in ethyl 
alcohol. 

Synthesis of BTADMTA 

Dissolve 1.5 g (0.01 mole) of 2-aminobenzo- 
thiazol in 2 ml of formic acid and 5 ml of 
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Table 1. Infrared spectrum data for 
BTADMTA 

Table 3. Elemental analysis of 
BTADMTA (C,,H,, AsN,O,S) 

Group v, cm-’ C, % H, % N, % 

XH, 2930 
Ar-H 3030 
>C=C: 1600-1400 
-N(CH,), 28 15-2805 
-AsO,H, 300&2300 

concentrated sulphuric acid and add 8 ml of 
water. Add a solution of 0.72 g of sodium nitrite 
in 20 ml of water dropwise to this solution at 
O-5”. Dissolve 2.6 g (0.01 mole) of 3-dimethy- 
lamino-4-tolylarsonic acid in 25 ml of acetic 
acid plus 100 ml of methyl alcohol, and cool the 
solution to O-5”. Add the diazotized solution 
dropwise to this solution, with vigorous stirring, 
and let the mixture stand overnight. Adjust the 
pH to about 4 to precipitate crude BTADMTA 
and purify the red product by recrystallization 
from dimethylformamide (DMF) and water. Its 
m.p. is 214”, and the yield is about 47%. Its 
structure has been verified by infrared and 
NMR spectroscopy. (Tables 1 and 2). 

Elemental analysis confirmed its purity 
(Table 3). The pure product is easily soluble in 
polar organic solvents, e.g., DMF, dimethyl- 
sulphoxide, chloroform, acetone, ethanol and is 
also soluble in dilute acidic or alkaline solution. 
It is only slightly soluble in water. It is red in 
weakly acidic or alkaline solution, and green in 
strongly acidic solution. 

General procedure 

In a 25-ml standard flask, place 5 ml of 
sulphuric acid (1 + 1) and a sample containing 
not more than 40 lg of Pd, mix well and cool 
if necessary. Add successively 10 ml of 95% 

Table 2. NMR data for BTADMTA 

‘H NMR 
‘)C NMR 

No. of 
Position 5, pp* H atoms Position 6, ppm 

: 2.30 2.98 3 6 2 1 119.1 156.3 
: 8.10 3.78 2 1 4 3 124.4 138.4 

d 8.12 1 5 123.0 
e-f’ 1.52-7.58 4 6 137.5 

‘-‘-3’2 11 128.0 
I2 131.2 

161.5 
141.3 
130.7 
126.0 

Found 45.8 4.1 13.9 
Theory 45.7 4.05 13.3 

ethanol and 3 ml of 0.1 mg/ml BTADMTA 
solution, mix, dilute to the mark with water, 
mix, and let stand for 10 min. Measure the 
absorbance at 718 nm, in a l-cm cell, against 
water as reference. 

RESULTS AND DISCUSSION 

Efect of acidity 

The colour reaction can be performed in 
either nitric or sulphuric acid medium. The 
optimum acid concentrations are 0.14.8 and 
0.32-3.2M respectively. Perchloric acid medium 
can also be used but the sensitivity is lower. 
Since chloride forms a fairly strong complex 
with palladium, hydrochloric acid medium 
should not be used. At high nitric acid concen- 
tration, e.g., 6M, the sensitivity is even higher 
than in sulphuric acid medium, but the blue 
chelate is soon destroyed. A 2M sulphuric acid 
medium is recommended. 

E$ect of organic solvents 

Addition of appropriate amounts of ethanol, 
acetone or dimethylformamide increases the 
solubility of BTADMTA and thus favours 
the reaction with palladium, and increases the 
absorbance. Ethanol is the best to use, and 
the increase in absorbance is constant when 
more than 8 ml of ethanol is added. Maximum 
absorbance is attained after 10 min and is stable 
for at least 24 hr. In the absence of ethanol the 
reaction system achieves maximum absorbance 
after 5 min, but the absorbance decreases gradu- 
ally upon standing. The addition of non-ionic 
surfactants, e.g., Triton X-100, can also improve 
the stability but cannot increase the sensitivity 
(Fig. 1). 
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Fig. 1. Effect of organic solvent (20 pg of Pd. 3 ml of 0.1 
mg/ml BTADMTA, 2M HN03). 
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Fig. 2. Absorption spectra (20 pg of Pd, 2M HNO,, 10 ml of ethanol, I= 1 cm). 1, Reagent US. H,O; 
2, Pd-chelate vs. H,O; 3, Pd-chelate vs. reagent blank. 

Effect of BTADMTA concentration 

For up to 40 pg of Pd, the addition of more 
than 0.30 mg of BTADMTA is enough for 
complete reaction. Hence 3 ml of O.l-mg/ml 
reagent solution is specified in the general 
procedure. Beer’s law is obeyed in the 
concentration range O-l.6 pgg/ml Pd, and the 
apparent molar absorptivity is 6.65 x lo4 
l.mole-‘.cm-‘.For >1.6pg/mlPd,additionof 
a greater amount of BTADMTA will extend the 
linear range. 

Absorption spectra 

The absorption spectra of BTADMTA and 
its Pd-chelate under the optimum conditions are 
shown in Fig. 2. The absorption maximum of 
the reagent lies at 514 nm, and the chelate has 
two maxima, at 660 and 7 18 nm, the latter being 
chosen for measurements, as the reagent itself 
has no absorption. 

Composition of the chelate 

The mole-ratio and continuous variation 
methods show that a 1: 1 chelate is formed, 
which may have the structure: 

r 

EJSect of diverse ions 

Under the specified optimum conditions, a 
200-fold ratio of Mg(II), Al(III), Cr(III), 
Mn(II), Co(II), Ni(II), Cu(II), Zn(II), Cd(II), 
Ag(I), Zr(IV), and Si(IV) to Pd(I1) does not 

interfere; lOO-fold ratio of V(V), Fe(III), 
MO(W), Pt(IV), Au(III), Ru, Ir can be toler- 
ated. Fluoride, borate, citrate and a few 
drops of 3% hydrogen peroxide solution do 
not interfere. Chloride forms a stable complex 
with Pd(II), and ascorbic acid destroys the 
BTADMTA, thus causing serious interference. 

Applications 

The proposed method has been applied to the 
determination of palladium in an Ni-Al catalyst 
and an active carbon concentrate. 

For the Ni-Al catalyst, a SO-mg sample is 
dissolved in a mixture of nitric acid and hydro- 
chloric acid, 10 ml of concentrated sulphuric 
acid are added and the mixture is heated until 
fuming. For complete oxidation of organic 
matter in the sample, the addition of a few ml 
of concentrated nitric acid may be necessary 
during the fuming. The solution is cooled, the 
salts are taken up in water, and after cooling the 
solution is transferred to a 50-ml standard flask, 
and diluted to the mark with water. An appro- 
priate aliquot is analysed as described in the 
general procedure. 

For the active carbon concentrate, a 
50-mg sample is ignited in a porcelain crucible 
in a muffle furnace at 850” until the carbon 
is completely oxidized. The residue is dissolved 
in 2 ml of aqua regia and the solution is 
heated to fuming after addition of 2 ml of 
concentrated sulphuric acid. The solution is 
cooled, 10 ml of water are added to dissolve the 
salts, and the solution is diluted to volume in a 
50-ml standard flask with water. An appropriate 
aliquot is then analysed by the general 
procedure. 

The results obtained for some industrial 
samples are consistent with those obtained by 
the I-nitroso-Znaphthol photometric methodI 
(Table 4). 
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Table 4. Results for industrial samples 

Sample 

Proposed method 

Std. devn, 
Pd, % K, % % 

I-Nitroso-2-naphthol 
method 

Pd, % I+, % 

Ni-Al 0.185 0.182 
catalyst 0.187 

0.190 0.186 0.004 0.190 0.183 
0.180 
0.186 0.178 

Active carbon 0.501 0.510 
concentrate 0.497 

0.503 0.500 0.003 0.498 0.506 
0.498 
0.502 0.510 

1. 

2. 

3. 

4. 

5. 

6. 

7. 
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Summary-A kinetic-photometric method for the determination of Hg(I1) over the range lo-80 ng/ml is 
proposed. It is based on the accelerating effect of this ion on the reaction between hexacyanoferrate(I1) 
and 1, IO-phenanthroline which is monitored via the ferroin complex formed. Anionic sodium dodecyl 
sulphate (SDS) micelles, which catalyse the reaction, allow the ferroin complex to be formed under more 
acidic conditions. Combination of this pH shift and the development of the reaction in the vicinity of 
micelles results in improved selectivity in the determination of Hg(I1) compared to the reaction occurring 
in an aqueous medium. Some observations on the effect of SDS on the reaction are reported. 

Reactions in micellar media have aroused much 
attention in the last two decades.‘” Experiments 
on a variety of systems have shown that remark- 
able kinetic advantages can be gained upon 
confining a chemical reaction to a micelle and, 
more recently, these advantages have begun to 
be exploited in analytical kinetic methods.“7 
Two types of physico-chemical factors are re- 
sponsible for the efficiency of micellar catalysis 
on reactions of second and higher orders, 
namely, the concentration of reactants inside 
the micellar phase and the change in the reac- 
tant reactivities on transfer from water to the 
micellar phase. 

Micellar systems are known* to have a 
marked effect on the acid-base equilibria of 
compounds with different ionization states. 
Changes in the apparent pK, values can be 
caused and the direction in which equilibrium 
will displace depends essentially on electrostatic 
interactions between one of the species involved 
and the micelle surface. If both forms of the 
compound involved in the equilibrium have a 
charge of the same sign, specific factors such as 
hydrophobic and micro-solvent interactions and 
electrostatic forces will determine the displace- 
ment direction. As a result the complexes 
formed between these compounds and metal 
ions occasionally occur at lower pHs: this 
phenomenon has been exploited in analytical 
chemistry to increase the selectivity of metal 
ion determinations based on complexation 
reactions with chelometric indicators.’ 

In this work we applied the concept of mi- 
celle-induced changes in the pK, to analytical 
kinetic methods in order to improve their selec- 
tivity. For this purpose, at least one reactant 
taking part in the reaction must have acid-base 
properties and one of the forms involved in the 
equilibrium must concentrate preferentially on 
the micellar surface. Thus, if a change in the pK, 
value is observed and the reaction (complexa- 
tion, redox or precipitation) is affected by the 
pH, changes in the pH region where it takes 
place will be produced. The reaction between 
hexacyanoferrate(I1) and 1, IO-phenanthroline, 
which is acelerated by mercury(II), was selected 
for this study.” 

EXPERIMENTAL 

Apparatus 

Kinetic measurements were made on a 
Perkin-Elmer Lambda 5 spectrophotometer 
fitted with a Perkin-Elmer C570-0701 digital 
controller to keep the cell compartment at con- 
stant temperature. All measurements were 
recorded by using slits of 2-nm spectral band- 
pass. A classical stalagmometer was used for 
surface tension measurements in order to deter- 
mine the critical micellar concentrations (cmc) 
of the surfactants. 

Reagents 

All reagents used were of analytical grade and 
utilized as purchased, without further purification. 
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A stock Hg(I1) solution (4.98 x 10a3M) was pre- 
pared by dissolving mercury(I1) oxide (Merck) in 
20 ml of 1: 1 hydrochloric acid and making up 
to one litre with doubly distilled water. Working 
solutions (4.98 x 10-6M) were prepared daily by 
appropriate dilution with doubly distilled water. 
A 5.0 x 10m3M aqueous solution of potassium 
iron cyanide [K,Fe(CN),* 3Hz0] (Merck) was 
also prepared daily. A 1.0 x 10w3M aqueous 
solution of 1, lo-phenanthroline was made from 
1 , 1 0-phenanthroline chloride monohydrate 
(Merck). A sodium dodecyl sulphate (SDS) 
solution (6.94 x lo-‘M) (Aldrich) was prepared 
by dissolving the surfactant in doubly distilled 
water. The other surfactants tested, viz sodium 
dioctylsulphosuccinate (Aerosol OT) (Aldrich), 
cetyltrimethylammonium bromide (CTAB) 
(Sigma), dodecyltrimethylammonium bromide 
(DTAB) (Sigma), cetylpyridinium chloride 
(CPC) (Serva), Triton X-100 (Serva), Brij-35 
(Merck) and N-dodecyl-N,N-dimethylammo- 
nium-3 propane-sulphonate (SB-12, sulphobe- 
taine) (Serva) were prepared in a similar way. Less 
soluble surfactants were dissolved with warming. 

Procedure for the kinetic photometric determi- 
nation of mercury 

In a lo-ml standard flask were placed, in 
sequence, 1 ml of K,Fe(CN), (4.997 x 10w3M), 
2 ml of 1,lO phenanthroline (1.0 x 10F3M), 
0.7 ml of SDS (6.94 x IO-‘M), the volume of 
hydrochloric acid (0.2M) required to obtain a 
final pH of 2.0 and appropriate volumes of 
mercury(I1) standard solution (4.98 x 10e6M) 
to give a mercury(I1) final concentration between 
10 and 80 ng/ml. The stopclock was started 
immediately after mercury(I1) was added and the 
solution was then diluted to the mark with 
doubly distilled water. An aliquot of the reaction 
mixture was transferred to a cell kept at 60 f 0.1” 
and the absorbance (2 = 500 nm) was recorded 
as a function of time. Measurements were started 
exactly 3 min after the addition of mercury(I1). 
The reaction rate was calculated by the tangent 
method from the absorbance-time curves and 
the rate corresponding to a blank solution, 
containing no mercury(II), was subtracted. 

RESULTS AND DISCUSSION 

Selection and influence of the micellar system on 
the mercury(II)-accelerated reaction between 
hexacyanoferrate(II) and I,IO-phenanthroline 

The ligand-exchange reaction between hexa- 
cyanoferrate(I1) and 1, IO-phenanthroline, which 

is accelerated by mercury(II), was used to deter- 
mine this ion by measuring the rate of formation 
of ferroin spectrophotometrically”-‘2 according 
to the following system: 

Fe(CN)r4 + 3( 1, lo-phenanthroline) 

+ferroin2+ + 6CN- 

The 1, IO-phenanthroline reagent has acid- 
base properties, so it yields a typical uniequiva- 
lent titration curve on titration with strong 
acids.i3 The acid dissociation constant of the 
phenantrolium ion in aqueous solutions has been 
measured by several different methods and pK, 
values of ca. 5 have been reported. Although, the 
W spectra obtained from concentrated sul- 
phuric acid solutions reveal the formation of the 
diprotic species, the pK,, values reported for 
phen.2H+ (about - 1.6)14 indicate that the 
phen.2H+ concentration is negligible at the pH 
where the above reaction takes place. Therefore, 
only the phen.H+/phen. equilibrium will be 
considered. This can be displaced to the acid 
form by anionic micellar systems, which can alter 
the pH at which the reaction develops. 

The effect of surfactants of different nature 
[anionic (SDS, Aerosol OT), cationic (DTAB, 
CTAB, CPC), nonionic (Brij 35, Triton X-100) 
and zwitterionic (SB-12)] on the analytical reac- 
tion was tested at three surfactant concentra- 
tions, namely, below, close to and above their 
cmc, and at different pH values. Micellar catal- 
ysis was found to occur in the presence of anionic 
and zwitterionic micelles at pH values where the 
aqueous reaction hardly developed. The most 
significant rate increase was due to SDS, which 
was thus chosen for subsequent experiments. 
Nonionic micelles had no effect on the reaction 
rate and the influence of cationic micelles could 
not be established because a precipitate was 
formed on addition of the cationic surfactant. 

Figure 1 shows the effect of the SDS concen 
tration on the rate of the non-catalysed hexa- 
cyanoferrate- 1, lo-phenanthroline system (curve 
a) and that catalysed by different mercury(I1) 
concentrations (curves b and c) at pH 2. The 
rate was scarcely affected by surfactant concen- 
trations below the cmc (5 x 10V4M, calculated 
under our reaction conditions), but, close to the 
cmc, the rates started to rise sharply to a 
maximum value, above which they decreased 
with increasing SDS concentration, the final 
rate decrease being the effect of dilution of the 
reactants over the increasing concentration 
of micelles in the solution. Sodium dodecyl 
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Fig. 1. Influence of the SDS concentration on the rate of the 
non-catalysed (curve a) and the mercury(II)-catalysed (curve 
b, c) reaction between hexacyanoferrate(I1) and l,lO- 
phenanthroline. Mercury(H) concentration: (h) 0.05 &ml; 
(c) 0.1 pg/ml. The concentrations of the other reactants are 

given under Experimental. 

sulphate enhances the accelerating effect of mer- 
cury, as can be inferred from Fig. 1 by compar- 
ing the reaction rate increments of the different 

curves at the SDS concentrations 0 and 
4 x 10m3M. Therefore, the kinetic determination 
of mercury(I1) in the presence of this surfactant 
will be more sensitive at the working pH 
(pH = 2). 

Study of the optimum reaction conditions 

The effect of different variables affecting the 
reaction rate was studied in the presence and 
absence of SDS in order to compare the be- 
haviour of the reaction in micellar and aqueous 
media and optimize the conditions for the deter- 
mination of mercury(I1). The optimum con- 
ditions chosen were those yielding a minimum 
relative standard deviation for the initial rate 
measurement under conditions in which the 
reaction order was zero, or as close to zero as 
possible, with respect to the variable concerned. 

Figure 2 shows the variation of the initial rate 
as a function of different variables [temperature 
(A); pH (B); l,lO-phenanthroline (C) and hexa- 
cyanoferrate(I1) (D)] for the SDS + Hg-(curve 
2) and Hg(II)-accelerated (curve 1) reactions. 
The initial rates yielded by the blanks [without 
Hg(II)] were subtracted prior to plotting. 

The dependence of the initial rate of the 
SDS-Hg(I1) accelerated reaction [Fig. 2(A), 

w 20 CO 60 60 PVC) 2 4 6 6 PH 

4 6 12 2 4 

[l,lO phcnanthrolinc] x 10‘ (M) [Fe (CN$-] X 10‘ (M) 

Fig. 2. Influence of (A) temperature, (B) pH, (C) l,lO-phenanthroline concentration and (D) hexacyano- 
ferrate(I1) concentration on the rate of the Hg(II)- (curve 1) and H&II) + SDS-accelerated (curve 2) 
reaction between hexacyanoferrate(I1) and l,lO-phenanthroline. The concentrations of reactants are given 

under Experimental. 
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curve 21 on the temperature was exponential 
over the range tested (2040°) and was greater 
than that corresponding to the Hg(II)-acceler- 
ated reaction. Temperatures above 60” were 
not advisable for the determination of mercury 
because of the decreased precision of the 
measurements. 

The presence of anionic micelles of SDS 
allowed ferroin to be formed under more acidic 
conditions. As can be seen from Fig. 2(B), this 
complex is optimally formed at pH 24 and 
3.5-4 in the presence and absence, respectively, 
of the anionic micellar system. Its analytical 
advantage lies in the fact that it allows the 
complex to be formed over a wider pH region, 
which increases the possibility of choosing a pH 
allowing the reduction or elimination of inter- 
ferences. The pH selected for the determination 
of mercury(I1) in the presence of SDS micelles 
was the minimum value which resulted in the 
maximum reaction rate in order to improve the 
selectivity. The optimum pH (2.0) was adjusted 
with hydrochloric acid; none of the buffers 
tested (tartrate, glycine and phthalate) was effec- 
tive at this working pH. 

The curves in Fig. 2(C) show the variation of 
the initial rate of the aqueous (curve 1) and 
micellar (curve 2) reaction with the phenanthro- 
line concentration. The reaction reaches pseu- 
dozero order with respect to this variable at 
lower phenanthroline concentrations. 

The influence of the hexacyanoferrate(I1) 
concentration is illustrated in Fig. 2(D). The 
curves corresponding to the Hg(II)- and 
SDS + Hg-accelerated reactions show a first- 
order dependence on hexacyanoferrate(I1) at 
low concentrations of this ion. As the hexa- 
cyanoferrate(I1) concentration increases, this 
dependence tails off to zero for the Hg(II)- and 
SDS-Hg(II)- accelerated reactions rapidly and 
gradually, respectively. The concentration of 
hexacyanoferrate(I1) corresponding to a zero- 
order dependence is a function of both the 
absolute concentrations of 1, lo-phenanthroline 
and hexacyanoferrate(I1) and of the ratio be- 
tween the two (a hexacyanoferrate(I1) : 1 ,lO- 
phenantroline ratio above 2: 1 is required). 

The reaction rate remained maximal on vary- 
ing the order of addition of reagents and the 
ionic strength (adjusted with potassium chloride 
or potassium nitrate) at least up to 2 x 10W2M. 

Analytical features 

A calibration graph for the determination of 
Hg(I1) in the SDS micellar medium was run 

Table 1. Analytical features of the determination of Hg(I1) 
by its accelerating effect on the hexacyanoferrate(II)-l,lO- 
phenanthroline system in the presence and absence of SDS 

Parameter With SDS Without SDS 

Sensitivity, (32.4 f 0.6) x lo3 (4.3 + 0.3) x 103 
M-‘/min 

*Detection limit, 4 23 
wlml 

tRSD, % 4.5 

‘3a. 
tn = 11, for 40 rig/m!! Hg(I1). 

10.8 

under the optimal conditions described earlier. 
The determination of this ion was feasible over 
the range lo-80 ng/ml. Analytical features such 
as sensitivity, detection limit and precision (ex- 
pressed as relative standard deviation) are sum- 
marized in Table 1, which also includes the same 
analytical features for the determination of 
Hg(I1) in the absence of SDS at pH 2 for 
contrast. On the basis of these features, the 
determination of Hg(I1) at pH 2 is more favour- 
able in the micellar medium. At pH 3.5, and in 
the absence of SDS, the sensitivity and detection 
limit are similar to those obtained at pH 2 in the 
presence of SDS, as can be seen from Fig. 2(B). 
Only a net gain in precision in the determination 
of Hg(I1) was observed at any pH values tested 
when the reaction was developed in the SDS 
micellar medium. 

In order to elucidate whether micellar cataly- 
sis resulted in increased selectivity towards the 
determination of Hg(II), the effect of various 
ions on the hexacyanoferrate(II~I,lO-phenan- 
throline system in the presence and absence of 
SDS was studied at pH 2. The ions tested were 
those normally found in biological fluids, which 
are among the matrices most frequently used for 
the determination of Hg(I1). Table 2 summar- 
izes some of the results obtained. The selectivity 
factor, defined as the ratio between the tolerated 
concentrations of foreign species in the presence 
of SDS to that found when the surfactant 
was absent is also included in this table. The 
maximum mole ratio of ion to Hg(I1) tested was 
2000. The selectivity was significantly improved 
with respect to some cations present in bio- 
logical fluids. Since the experiment was carried 
at the same pH values in the presence and 
absence of SDS, the micelles must be respon- 
sible for such an improvement. An identical 
experiment was done at pH 3.5 and the results 
obtained for the main interferents are also listed 
in Table 2. Logically, the selectivity decreased as 
pH increased for ions such as Cu(I1) and Zn(I1). 
Improved selectivity was also obtained at pH 
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Table 2. Effect of foreign ions on the determination of 5 x IO-‘M H&II) at two pH values 

Tolerated mole ratio of ion to Hg(II) Selectivity factor 

Ion tested with SDS without SDS (with SDS/without SDS) 

1151 

pH=2 
Cu(I1) 10-Z lo-’ 10 
WII) a2000 50 240 
Fe(II1) 10 I 10 
Zn(I1) 30 1 30 
I- s 5 1 

pH = 3.5 
Cu(I1) lo-’ 10-4 10 
C&II) 92000 50 NO 
Fe(II1) 10 1 10 
Zn(I1) 10 1 10 

Mg(II), K(I), Cl-, F-, HCO;, PO:- and SOi* ions are tolerated up to a mole ratio of ion to Hg(I1) 
-of 2000 in both methods. 

3.5 in the SDS micellar medium. Therefore, 
micelles probably enhance the selectivity of 
kinetic methods, especially if they permit the 
reaction to occur at lower pH values than in the 
aqueous medium. Nevertheless, further studies 
must be made in this direction to determine the 
real applicability of micelles in analytical kinetic 
methods. 

Some observations on the action of SDS on the 
reaction 

In order to determine the mechanism via 
which SDS acts on the hexacyanoferrate(II)- 
l,lO-phenanthroline system we must first con- 
sider the net changes that this surfactant induces 
on the reaction features. The observed alter- 
ations were: 

- the pH over which the reaction took place 
[Fig. 2(B)]. 

- the acceleration of the reaction over a 
given pH range [Fig. 2(B)]. 

Since the hexacyanoferrate(I1) ion is nega- 
tively charged and thus cannot be concentrated 
on the micellar surface, only l,lO-phenanthro- 
line-micelle and ferroin-micelle interactions 
were investigated in order to determine the 
origin of the above changes. 

IJO-Phenanthroline-micelle interaction. Only 
the phen.H+/phen. equilibrium was considered 
because the diprotic species phen.2H+ (pK, 
about - 1 .6)14 was considered to be present at a 
negligible concentration over the pH range 
where the reaction took place. The pK, of the 
phen.H+/phen. equilibrium was found to be 
different for the SDS micellar (6.0 f 0.1) and 
aqueous (5.0 f 0.1) media when calculated 
under the same conditions. Therefore, the SDS 
anionic micelles displace the equilibrium to the 
acid form and 1, IO-phenanthroline becomes a 

weaker acid in the micellar medium. This results 
in phen.H+ being preferentially concentrated on 
the micellar surface and, although hydrophobic 
interactions could be significant, ionic inter- 
actions are definitive. 

Ferroin-micelle interaction. Micelles arc 
known to increase the molar absorptivity of 
complexes, which results in apparently in- 
creased reaction rates if reaction development is 
monitored via the formation or disappearance 
of the complex. To clarify this point several 
experiments were done in which the potential 
sensitization of ferroin by SDS was investigated. 
The experiments were carried out by mixing 
Fe(I1) (4.99 x 10m4A4) with l,lO-phenanthroline 
(3 x 10e4M) at pH 2. Once the reaction was 
complete, the absorbance was found to decrease 
very slightly with time. If SDS was added to 
this solution 1 hr after the reaction was started, 
the maximum absorbance was restored, but 
no net increment in the absorbance was ob- 
tained under the reaction conditions. Therefore, 
no sensitization of ferroin by SDS micelles 
occurred. 

In order to determine the net influence of SDS 
micelles on the formation of ferroin at different 
pH values, Fe(I1) (2.0 x lo-‘M) and l,lO- 
phenanthroline (2.6 x 10e4M) were mixed in 
the presence (4.85 x 10W3M) and absence of 
SDS at 60”, the temperature chosen to moni- 
tor the development of the reaction between 
hexacyanoferrate(I1) and l,lO-phenanthroline. 
Figure 3 shows the maximum absorbance values 
obtained as a function of pH. It is clearly seen 
that the ferroin complex begins to be formed at 
lower pH values in the micellar medium com- 
pared to the aqueous medium. Therefore SDS 
seems to have a concomitant effect on the 
Fe(II)-1 , 10 phenanthroline and hexacyanofer- 
rate(II>-l,lO-phenanthroline systems. 
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Fig. 3. Influence of the pH on the final absorbance of the 
Fe(II)-l,lO-phenanthroline system in the presence (curve A) 

and absence (curve B) of SDS. 

Since phen.H+ is concentrated on the micellar 
surface, the effective concentration of this reac- 
tant will be increased compared to that in the 
aqueous medium. In addition to an increased 
rate of ferroin formation this increased effective 
concentration, may result in an increased over- 
all concentration of the complex formed. 
Figure 4 shows kinetic curves for the formation 
of ferroin from Fe(I1) and l,lO-phenanthroline 
at different ligand concentrations. When the 
ligand concentration in solution was a limiting 
factor for the total ferroin complex produced 
[Figs 4(A) and (B)], more complex was pro- 
duced under the same conditions in the micellar 
medium. When the ligand concentration was 
not a limiting factor [Figure 4(C)], differences 
in the reaction rate of formation of ferroin 
only were observed in the presence and absence 
of SDS. 

The results obtained in the above experiments 
allow some considerations to be made on 
the effect of SDS on the reaction between 

hexacyanoferrate(I1) and l,lO-phenanthroline. 
If micellar catalysis occurs when one or more 
reactants are concentrated on the micellar sur- 
face, at least phen.H+ is concentrated on SDS 
micelles. Since ionic interaction is the decisive 
factor in this association (phen.H+ is preferen- 
tially concentrated from the phen.H+/phen. 
equilibrium) the ionic group of the phen.H+ 
molecule must be oriented towards the micellar 
surface. Therefore, for ferroin to be formed, 
Fe(I1) must approach the micellar surface. Be- 
cause of the negative charge carried by hexa- 
cyanoferrate, a direct interaction between this 
reagent and phen.H+ is impossible when the 
reaction takes place in the micelle. As a result, 
a reaction intermediate with positive or null 
charge must be formed from hexacyanofer- 
rate(I1) or, as suggested elsewhereIs the iron- 
bound cyanide is released under the catalytic 
action of Hg(II), which forms acid-resistant 
cyanides, and then the free iron(I1) is complexed 
by l,lO-phenanthroline. This could account for 
the similar effects of SDS on the Fe(II)-l,lO- 
phenanthroline and hexacyanoferrate(II)l, lo- 
phenanthroline systems. 

From Fig. 3 it is apparent that under the 
working conditions used the reaction between 
l,lO-phenanthroline and Fe(I1) on the micellar 
surface involves phen.H+ since the reaction 
takes place at lower pH values compared to in 
an aqueous medium in spite of the fact that 
l,lO-phenanthroline is a weaker acid in the 
presence of SDS micelles (pK, = 6). On the 
other hand, the reaction in the aqueous medium 
must involve the basic form phen since the 
conditional formation constant decreases with 
pH. Although both reactions, that on the micel- 
lar surface and that in aqueous medium, can 
occur concomitantly in solution the relative 
significance of one over the other will depend on 
the concentration ratio of phen.H+ to phen. 

l.0 26 30 10 20 30 10 20 io 

TIME (min) 

Fig. 4. Influence of the l,lO-phenanthroline concentration on the rate and final absorbance of the 
Fe(II)-l,lO-phenanthroline system at pH 2 in the presence (curve 2) and absence (curve 1) of SDS. 

[Fe(II)] = 2 x IO-rM pH = 2. Ligand concentration: (A) 4 x 10e5; (B) 2 x 10d4; (C) 8 x 10b4M. 
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The features of some analytical kinetic 
methods can be improved by developing the 
reactions involved in micellar media. Thus we 
have shown improved selectivity to be obtained 
when a reactant has acid-base properties and 
these are modified appropriately by the presence 
of surfactants. Further research is required in 
order to establish the advantages that micellar 
media can bring to kinetic methods of analysis 
but, in principle, improved sensitivity, selectivity 
and/or experimental convenience are to be 
expected from some reactions. 
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NEW SPECTROPHOTOMETRIC METHODS 
FOR DETERMINATION OF CAPTOPRIL BULK DRUG 

AND TABLETS 
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Summary-Three simple, rapid and sensitive methods for the assay of captopril which is an effective 
alternative to digitalis were developed. These methods are based on the oxidation reaction in aqueous 
solution of captopril with either ferric chloride or iodine. The indirect quantitation of the product was 
carried out at 523,351 and 620 nm for ferro-bipyridyl. residual iodine and residual iodine-starch complex, 
respectively. All variables were studied to optimize the reaction conditions. Regression analysis of Beer’s 
plot showed good correlation in a general concentration range of 0.25525 pg captopril/ml. No interference 
was observed from hydrochlorothiazide diuretic which was recently introduced in combination with 
captopril or other common pharmaceutical adjuvants. The validity of the methods was tested by analysing 
capoten and capozide tablets. Recoveries were 99.1-102.8%. 

Captopril, I-[(2S)-3-mercapto-2-methylpropi- 
onyl]-L-proline, was made generally available 
for treatment of hypertensive diseases in 198 1.’ 
It can be used alone or in combination with 
thiazide diuretics or digoxir? in patients with 
moderate heart failure. As several methods have 
been reported for the quantitative determin- 
ation of captopril in pure form or in biological 
fluids, including titrimetry,6 amperometry,‘** 
HPLC 9-is gas-liquid 
radioimmunoassay,2W22 

chromatography,‘“‘9 
fluorometry239s and 

colourimetry.2”2B Due to the absence of 
chromophores and/or auxochromes in the cap- 
topril molecule, it shows no distinct absorption 
in the ultraviolet range above 200 nm. Therefore 
UV spectrophotometry is not the method of 
choice for the determination of this thiol com- 
pound. The reported procedures are sophisti- 
cated and time consuming, thus unsuitable for 
the analysis of a large number of samples. 

The development of simple chemical pro- 
cedures for the determination of captopril in 
pure and in pharmaceutical dosage forms is 
therefore necessary. 

In the present work, three new, simple, 
sensitive and rapid spectrophotometric pro- 
cedures were developed with Fe(III)-bipyridyl 
and aqueous iodine solution, alone or with 
starch. 

Apparatus 
EXPERIMENTAL 

The spectrophotometer used was a Uvidec 
320 (JASCO, Tokyo, Japan) with two matched 
l-cm quartz cells. 

Reagents 

2,2’-Bipyridyl solution (0.2% w/v) (prolabo 
Rhone poulenc) in distilled water. 

Ferric chloride solution (0.1% w/v in 0.5% 
hydrochloric acid). 

SodiumJluoria’e solution (1.0% w/v) in distilled 
water. 

Iodine solution (1.5 x lo--‘M). Prepared by 
dissolving 38 mg of resublimed iodine and 80 mg 
of potassium iodide in 100 ml of distilled water. 

Starch solution 0.5% w/v soluble starch in 
distilled water. 

Captopril. Obtained from Squibb-Egypt and 
hydrochlorothiazide from Kahira Co-Egypt. 

Dosage form. Capoten tablets (Squibb-Egypt) 
containing 25 mg captopril per tablet and 
capozide tablets (Squibb-Egypt) containing 
50 mg captopril and 25 mg hydrochlorothiazide 
per tablet. 

Synthetic mixtures. Captopril combined with 
common tablet excipients (e.g., starch, glucose, 
lactose, sucrose, magnesiun stearate and acacia) 
together with hydrochlorothiazide. 
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Preparation of standards 

Dissolve an accurately weighed amount of 
captopril in water and dilute quantitatively with 
water to obtain dilutions containing from 2.5 
to 250 j.4 g/ml. 

Preparation of samples 

Powdered forms. Accurately weigh ca. 10 mg 
of captopril and dissolve in 50 ml of distilled 
water. Dilute this solution to contain 200 pg 
captopril/ml. 

Tablets. Weigh and finely powder 20 tablets. 
Accurately weigh a portion of powder, equival- 
ent. to ca. 10 mg of captopril, and shake with 15 
ml of distilled water for 10 min. Filter the 
resulting mixture and dilute the filtrate and 
washings to 50 ml with distilled water to contain 
200 j.4g captopril/ml. 

Synthetic mixtures. Accurately weigh a por- 
tion of thoroughly mixed components of each 
ingredient with ca. 50 mg of captopril, shake 
with 15 ml of water for 10 min, and then 
complete the analysis as described under tablets, 
“Filter the resulting . . .“. 

Recovery study 

Add an accurately weighed amount of capto- 
pril for each preparation in a 50-ml standard 
fIask containing an accurately weighed quantity 
of mixed contents of powdered tablets. Dissolve 
the contents of the flask in distilled water and 
treat as described for tablets. 

Procedure A 

Pipette 1.0 ml of the standard or pharmaceu- 
tical preparations into a lo-ml standard flask 
and add 1.0 ml of ferric chloride solution. Mix 

well and allow to stand for 5 min at 20 f 5”. 
Add 1.0 ml of sodium fluoride solution, dilute 
to the mark with distilled water and measure 
the absorbance at 523 nm against the reagent 
blank. 

Procedure B 

(i) Pipette 1.0 ml of the standard or pharma- 
ceutical preparations into a lo-ml standard 
flask, add 1 .O ml of iodine solution and dilute to 
the mark with distilled water. Mix well and 
measure the absorbance at 351 nm against a 
reagent blank. 

(ii) Repeat the same procedure, adding 1 .O ml 
of starch solution before diluting to the mark 
with distilled water. Measure the absorbance at 
620 nm against the reagent blank. 

RENJLTS AND DISCUSSION 

Of the eight closely related antihypertensive 
drugs (captopril, enalaripril, lisinapril, ramipril, 
pentopril, qunapril, zofenopril and fentiapril) 
only captopril possesses a sullhydryl grou~.~ 

Captopril, as a reducing agent, reacts with 
ferric chloride and the resulting ferrous ion 
produces an intense colour (A,,,_ = 523 nm) with 
2,2’-bipyridyl (Fig. 1). The resulting colour is 
due to the formation of the stable complex 
cation [Fe(2,2’-bip)J+ .M 

Captopril also reacts with aqueous iodine and 
the excess iodine could be measured either as its 
triodide (2, N 290, 351 nm) or its starch com- 
plex (J,,,_ = 620 mn) as shown in Fig. 1. The 
bleaching action of the thiol drug on iodine can 
be illustrated as follows: 

2RSH + I, + R-S-S-R + 2HI. 

‘\ 
*. 

I I I I I 1 
-s__ 

I 

350 390 430 470 510 550 590 630 670 

Wavelength. run 

Fig. 1. Absorption spectra of I-FeIII-bipy, 2-aqueous-iodine and 3-iodine-starch with 20, 5 and 0.5 1g 
captopril/ml rqectively. 
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Table 2. Replicate analysis of aaptopril standard solutions 
by diRerant methods 

Absorbance, nm 

I 

: 

: 

0.2 

0 
I I I I I I 

5 10 15 20 25 30 

Time, min 

Fig. 2. Effect of time on the colour development at 523 nm 
with 20 pg captopril/ml (----) with and (-) without 

sodium fluoride. 

WIIWPY Aqueous iodine I#arclt 
Replicatas 523. 29ot 351t 620$ 

: 
0.382 0.771 0.513 0.586 
0.375 0.782 0.496 0.594 

3 0.380 0.788 0.515 0.599 
4 0.378 0.780 0.517 0.593 
5 0.374 0.780 0.515 0.593 
Mean 0.378 0.780 0.511 0.593 
SD* 0.003 0.096 0.008 0.094 
CV% 0.79 0.70 1.57 0.70 

*lo p&l. 
Wpgl~. 
$2.5 rgw. 

&, = -0.0331 + 0.0432C 

Although these very sensitive colour reactions 
are completely new for captopril, it can be 
postulated that the oxidation of captopril with 
either ferric chloride or iodine proceed via the 
thiol grou~.~’ 

Investigations were carried out to establish 
the most favourable conditions for the assay 
procedure. The absorbance readings of the 
resulting solutions were found to increase with 
increasing ferric chloride and 2,2’-bipyridyl 
concentrations up to 1 .O ml of 0.1. and 0.2 g% 
respectively for procedure A. The use of 1 .O ml 
of 1.5 x 10m3M iodine solution was considered 
satisfactory for the proposed concentration 
levels of captopril in procedure B. 

A& = -0.0005 I- 0.0237C 

A&u, = 0.1256 + 0.236X 

These equations can be used to calculate the 
concentration of an unknown sample. The use 
of starch makes the iodine method about eleven 
times more sensitive than that of the triiodide, 
as seen from its higher molar absorptivities. 

To examine the precision of the procedures, 
replicate determinations were made on the same 
solution containing the specified amount of 
captopril stated in Table 2, by different pro- 
cedures. The percentage coefficients of variation 
at these concentration levels ranged between 
0.7-1.57. 

The reaction between the drug and ferric ion 
goes rapidly at 20-25” within 5 min and then 
proceeds very slowly; therefore, the use of 
sodium fluoride is necessary after 5 min for 
quenching the interaction and obtain stable 
absorbance readings (Fig. 2). The best diluting 
solvent among the solvents studied was water 
(methanol, ethanol and isopropanol). 

A linear correlation was found between 
absorbance and concentration of captopril 
(Table 1). Regression analysis of Beer’s plot 
gave the following linear regression equations: 

We investigated the influence of frequently 
encountered excipients and additives on the 
assay of captopril. No interference was observed 
from the presence of hydrochlorothiazide, 
starch, sucrose, glucose, lactose, acacia and 
magnesium stearate. (Table 3). Under the 
specified reaction conditions, reducing sugars 
and starch do not interfere, since iodine reacts 
with reducing sugars only in alkaline medium. 

The suggested methods were applied to the 
quantitative determination of captopril in bulk 
and in capotin or capozide tablets (Table 4). 

Table 1. Comparative statistical evaluation for captopril analysis by the suggested procedures 

&llU* Linear range, Corr. coeff., Intercept,* Slope,* 
Method ?mr *.mo& cm -1 &ml r a b 

Fe(III)-bipyridyl 523 8.65 x 10) 2-20 0.9990 -0.0331 0.0432 
Aqueous iodine 351 5.09 x 10’ 5-25 0.9991 -0.0005 0.0237 
Iodine starch 620 6.31 x IO’ 0.25-3 0.9994 0.1256 0.2365 

*In all cases, n = 5. 
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Table 3. Determination of captopril in the presence of hydrochlorothiaxide (HCTZ) and 
common excenients by different methods 

Fe(III)-bipy Aqueous iodine &-Starch 

Found,? 
Ingredients,* mg mg 

HCTZ (25) 50.00 
Starch (50) 49.90 
sucrose (50) 50.10 
Glucose (10) 49.85 
Lactose (10) 50.00 
Acacia (10) 49.95 
MG-stearate (10) 50.50 
Mean % recov. 
Pool SD ( f SP)% 

% Recovery 
*SD 

100.0 f 0.40 
99.8 + 0.81 

100.2 + 0.98 
99.7 f 1.02 

100.0 * 0.32 
99.9 f 0.40 

101.0 & 1.23 
100.1 

0.336 

Found.? 
mg 

50.25 
49.85 
50.15 
49.15 
49.90 
50.00 
49.70 

% Recovery Found, t % Recovery 
+SD _ mg fSD _ 

100.5 f 0.76 49.90 99.8 + 0.66 
99.1; 0.89 50.00 100.0 I 1.5 

100.3 f 1.40 49.80 99.6 f 1.21 
99.5 f 0.84 50.05 100.1 & 0.96 
99.8 + 0.53 50.05 100.1 + 1.11 

100.0 f 1.21 49.80 99.6 + 0.79 
99.4 + 1.04 50.00 100.0 + 0.81 

99.9 99.9 
0.269 0.268 

*Added in mg per 50 mg of captopril. 
tMean of three determinations. 

Table 4. Assay of captopril in local market pharmaceutical formulations 

% Found, f SD* 
Claimed 

Formulation (mg/tab.) Fe(IIIEbipy Aqueous iodine Is-starch 

Capoten tab. 25 99.1 f 0.451 100.6 & 0.605 102.8 f 0.540 
Capozide tab. 50 101.1 f 0.323 101.7*0.115 100.0 f 0.100 

*Average of 5 determinations. 
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Summary-The quantitative spectrophotometric determination of V(V) by its catalytic effect on the 
oxidation of chromotropic acid [the disodium salt of 4,Sdihydroxynaphthalene-2,7_disulphonic acid (CS)] 
by potassium bromate has been adapted to a flow system employing a rapid sample and reagent 
introduction manifold, in which valves and carrier streams are omitted without decreasing the precision 
or increasing the sample consumption relative to flow-injection analysis (FIA). Measurements are made 
at 420 nm. Coexisting Fe(II1) can be determined simultaneously at the same wavelength by its more rapid 
colour chelate formation with CS. An accurate determination of V(V) and Fe(M) in the mixture was 
developed with a sample throughput of about 60 hr. 

The flow pulsations caused by pumps can have 
a dramatic effect on signal profiles in flow 
systems. Therefore, numerous measures have 
been taken to lessen pulsations and their effects.’ 
Stopped-flow methods record the signal after 
the flow comes to a halt and, as a result, 
pulsation effects are eliminated. Along with 
other advantages, such as longer reaction time 
and high tolerance to background signals, 
stopped-flow has become an important form of 
flow-injection analysis (FIA).*s3 Removal of the 
sampling valve and the replacement of the peri- 
staltic pump with a pulsed pump (a home-made 
syringe-like pump) lead to the formation of a 
new sample introduction system. According to 
A. Gomez-Hens and Perez-Bendito, a high flow- 
rate of reactants through the mixing chamber 
was very important in the stopped-flow tech- 
nique.4 In our work reported here, we have 
found that this sample introducer not only 
retains most of the advantages of the stopped- 
flow FIA method, but also displays some others, 
such as simplicity and especially a much wider 
reaction inspection time, from as little as 0.1 set 
to what a conventional stopped-flow FIA can 
reach. This merit is particularly useful in the 
measurements of differences in kinetic reactions 
of some metal ions. 

The sodium salt of 4,5-dihydroxynaph- 
thalene-2,7-disulphonic acids (CS) forms a 
coloured complex with Fe(II1) at a much faster 

*Author for correspondence. 

rate than the oxidation of CS by potassium 
bromate under the catalysis of V(V), using the 
same wavelength of 420 nm for monitoring. Its 
reaction with Fe(II1) is virtually complete by the 
time the V(V) catalyzed reaction is initiated. The 
new sample introducer was adopted in this work 
because the conventional FIA method cannot 
mix the sample with reagents within 0.2 set, 
which is required to discriminate these two 
reactions. Satisfactory results have been ob- 
tained in the simultaneous determination of 
Fe(II1) by its colour reaction and V(V) by its 
catalytic effect, using this new sample intro- 
ducer. 

EXPERIMENTAL 

Apparatus 
The schematic view of the system is shown in 

Fig. 1 and it consisted of the units described 
below. 

Pump. The pump used was designed and 
made in our laboratory. Figure 2 shows one of 
the three lines of the pump. A time of 0.3 set 
was needed for filling the chamber C with 
solution via valve V2 while V1 was closed, and 
30 p 1 of solution was pushed out of the chamber 
within 0.2 set via V, toward the mixing point 
while V2 was closed. The total average flow-rate 
for all of the three lines was about 11 ml/min. 
The space from the joint point of the three 
lines to the farther end of the light path in the 
flow cell was calculated to be less than 60 ~1, 
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P 

Fig. 1. Schematic diagram of the sample introducer. P: 
pump; R,: CS; R,:KBrO,; S: sample; &,, rZ,,,: light; C: 
controller; FC: flow cell; W: waste; PD: photo detector; R: 

recorder. 

therefore, the solution from every pulsation of 
the pump (90 ~1) could not only fill the flow cell 
but also wash away the waste in the cell. About 
10-15 pulsations were needed to refresh the 
three lines and the flow cell with new sample 
solutions. Therefore, total sample consumption 
was about 0.4 ml, no more than that consumed 
in a conventional FIA apparatus including load- 
ing of the injection valve. 

Tubing. Poly(tetrafluoroethylene) (PTFE) 
tubing (0.5 mm i.d.) was used throughout the 
experiment. The length from the joint point of 
the three lines to the beginning of the light path 
in the flow cell is 35 mm long and 1.0 mm in 
diameter. 

Flow cell. The glass flow cell was made to give 
a path 1.0 cm long and 2.0 mm in diameter. 

Photometric detector. A model 722 Spectro- 
photometer (No. 3 Analytical Instrument Fac- 
tory, Shanghai, PR China) was used to measure 
reaction signals. 

Chart recorder. An LKB Bromma 2212 
Recorder was used to record signals. 

The control diagram of this sample intro- 
ducer is shown in Fig. 3. This introducer worked 
under the following procedure: when the push- 
button PB was tirst pressed, the pump pushed 

0 “1 

C 

“* 

Fig. 2. General diagram of the components of the pump. V,, 
V,: valves; C: chamber. 

Fig. 3. Control diagram of the sample introducer. PB: 
push-button; T,: timer,; T2: timer,; SW: switch R: recorder. 

the solutions in the three channels into the flow 
cell. After a preset time (usually 5-7 set for 
refreshing the three channels and the flow cell), 
timer T, stopped the pump, and timer Tz started 
the chart recorder immediately after the last 
pulsation. After the preset time for Tz had 
elapsed, the recorder was stopped so that the 
end point of the measurement could be exam- 
ined easily. By closing the switch SW, the pump 
could be restarted, and the cycle T1 (pump) + T2 
(recorder) +T, (pump) could go on automati- 
cally until SW was opened. The experiment for 
each sample was repeated until peak height 
repeatability to within 1 mm on the chart 
recorder was obtained (typically three exper- 
iments). Before and after experiments, hydro- 
chloric acid (pH 1.7) was pumped through the 
three lines for cleaning. 

The absorbance spectra were recorded on 
a Shimadzu W-300 double/difference/dual- 
wavelength recording spectrophotometer. 

Reagents 

The following solutions were prepared: 
Fe(III) solution (2.25 x lo-’ g/ml, pH 1.7); 
V(V) solution (5.0 x 10T5 g/ml, pH 1.7); Chro- 
motropic acid (CS) solution (O.S%, pH 1.7) 
which was kept in a refrigerator; potassium 
bromate solution (5.0%); hydrochloric acid and 
sodium hydroxide were used to adjust the PH. 
A mixed acid (67% HNO,:70% HC104 = 1: 1) 
was used to dissolve the food samples. 

All reagents were of reagent grade and sol- 
utions were made up with double ion-exchanged 
water. 

Procedure 

Two of the three lines were inserted into the 
solutions of CS and potassium bromate, re- 
spectively, and the third into the sample sol- 
ution. The absorbance at 420 nm was measured 
within the first 30 sec. 
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The food samples were prepared by the fol- 
lowing procedure: 2.00 g of food sample was 
treated with 20 ml of mixed acid (67% 
HCO,: 70% HCIO, = 1: 1) and was heated on an 
electric heater until almost dry. This food 
sample was finally diluted to 25 ml with O.OlM 
hydrochloric acid. Four measurements were 
done for each sample. 

RESULTS AND DISCUSSION 

Spectral characteristics 

The absorbance spectra at reaction equi- 
librium are shown in Fig. 4. Curve (a) shows the 
absorbance of CS with Fe(II1). Experiments 
showed that CS alone did not present any 
absorbance in the range 400-750 mn, and the 
mixture of CS with potassium bromate did not 
absorb significantly in the first 60 sec. Curve (b) 
is the spectrum of CS with potassium bromate 
recorded 20 min after the two reactants were 
mixed. Curve (c) shows the spectrum of CS, 
potassium bromate and V(V). The 
CS/KBr03/V(V) system has a maximum ab- 
sorbance at 420 nm. The CS-Fe(II1) has a peak 
absorbance at 740 nm, but it also presents 
significant absorbance at 420 nm. Considering 
the simplicity and the reproducibility of the 
system, 420 nm was selected as the optimal 
wavelength in the experiment to allow simul- 
taneous measurement of Fe(II1) and V(V). 

Dynamic characteristics 

The dynamic isotherms of the reactions are 
shown in Fig. 5. Since the mixture of CS and 
potassium bromate did not present any signifi- 
cant absorbance in the first 60 set, all the 

Wavelength, nm 

Fig. 4. Spectra for Fe(M) and V(V). (a) CS: 0.5%; Fe@): 
I.0 x lo-’ g/ml; (b) CS: 0.5%; KBrO,: 5.0%; (c) CS: 0.5%; 
KBrO,: 5.0%; V(V): 2.0 x IO-* g/ml. All of the above 
spectra were recorded against water. Curve (6) was recorded 

20 min after the two reactants were mixed. 

Time, set 

Fig. 5. Plot of absorbance against reaction time. (a) CS: 
0.5%; KBrO,: 5.0%; Fe(II1): 7.4 x 1O-6 g/ml; (b) Cs: 0.5%; 
KBrO,: 5.0% (20 min after mixing); (c) CS: 0.5%; KBrO,: 
5.0%; V(V): 2.9 x lo-‘g/ml. All of the curves were recorded 

against water. 

measurements were done against water instead 
of the CS and potassium bromate solution. 
Curve (a) shows that the signal from Fe(III) 
rises steeply in the first second and then remains 
constant for about 30 set, followed by another 
increase. The output from V(V) goes up gradu- 
ally with reaction time up to 30 set [curve (b)]. 

Table 1. Effect of various ions on the determinations of 
5.4 x 10TsM (30 x loo6 g/ml) Fe(III) and 3.3 x 10m6M 

(1.7 x lo-’ g/ml) v(V) 

Tolerance ratio 
of ion to Fe”‘, 

Ion added+ molar ratio 

9’ + Sq-, NO,- 
Mn’ , Mg" 

fin NilI AIt’ I- 

s& zr”: & cyu pop, au 

vv, &II ’ ’ ’ 
Fe”, MO”’ 
clq-, Co” 
Sn” 

Ion added* 

Nil’ Co” Fe** 
Br-’ ’ 
Al”’ 
Cl+’ 
Ag+ 
Fe”’ 
Mn** 

500 
150 

:: 

: 
1.5 

0.5 
0.01 

Tolerance ratio 
of ion to V”, 
molar ratio 
10000 

:kz 
200 

100 
50 
30 
20 
16 
10 

*The stated ratio of these ions caused a relative error of less 
than 5%. 
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Table 2. Results of Fe(II1) and V(V) Determinations in Food Samples* 

Fe(II1) V(V) 
Sample Content Recoveryt Content Recovery? 

Raisin lOOi4’ 99% 0.71 f o.oQ’ 98% 
Milk Powder 76fOd 105% 1.15 f 0.07 102% 
Biscuit 98.4 f 0 103% 0.65 f 0.02 101% 

*Concentrations expressed in mg/kg. TThe recovery is for 9 mg/kg of 
Fe(II1) and 0.1 mg/kg of V(V). #Standard deviation. me concen- 
tration stated in the label is 90 mg/kg. 

Curve (c) suggests that these two isotherms 
could be added linearly in the first 30 sec. The 
increase between the initial Fe(II1) signal and 
the next 30 set is not correlated to the concen- 
tration of Fe(II1) but correlated to that of V(V). 
Therefore, the reaction time for vanadium 
measurement was selected to be 30 set and used 
throughout the experiment. The iron(II1) was 
measured from the height of the initial rapid rise 
portion of the signal (at about 2 set). 

Efects of reaction variables 

In order to optimize the system, the effects of 
pH and concentration of CS and potassium 
bromate on the absorbance were studied. The 
optimal pH for both Fe(II1) and V(V) was 
1.7-2.0. The optimum concentration of CS was 
O&0.8% for Fe(II1) and O&1.0% for V(V). 
Potassium bromate should be 5.0% for V(V) 
and can be O-5.0% for Fe(II1). A pH of 1.7, 
0.5% CS and 5.0% KBrOr were selected for 
measurements. 

Calibration graphs for Fe(ZZZ) and V(V) 

Under the optimal conditions, a simple spec- 
trophotometric method for the simultaneous 
determination of Fe(II1) and V(V) has been 
developed. The method was used to determine 
the Fe(II1) and V(V) contents of some foods. 
Calibration curves were constructed with stan- 
dard Fe(II1) and V(V) solutions. The calibration 
graph of Fe(II1) covers two orders of magni- 
tude, from 1.5 x lo-’ to 1.5 x lo-’ g/ml Fe(II1). 
The correlation coefficient was r = 0.9974. The 
calibration curve of V(V) is linear over the range 
3.0 x 10m9-7.0 x lo-’ g/ml V(V), with a corre- 
lation coefficient of 0.9975. The relative stan- 
dard deviation obtained for 10 samples of 

3.0 x 10e6 g/ml Fe(II1) was 0.6% and 2% for 10 
samples of 5.7 x 10m9 g/ml V(V). 

Interferences 

The selectivity was assessed by studying the 
effect of foreign ions on the kinetic determi- 
nations of Fe(III) and V(V). The results are 
summarized in Table 1. 

Table 1 shows that Sri’*, Co” and CrOi- 
interfere strongly in the determination of 
Fe(II1). However, these ions do not exceed the 
tolerance ratio in raisins, milk powder, biscuit 
and some other food samples. All of the toler- 
ance ratios of foreign ions in the determination 
of V(V) are over 10. Therefore, this method can 
be applied to the determination of V(V) in food 
samples. 

Application 

Finally, to test the applicability of the 
method, some food and fruit samples were 
analyzed with the calibration curves. The results 
are presented in Table 2. Results of added 
Fe(II1) and V(V) were excellent. The determined 
iron content of the milk powder agrees well with 
the labelled content. 
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Summary-A sensitive and inexpensive method of spectrophotometric determination of chromium(VI), 
based on the absorbance of its complex with malachite green and acetic acid at pH 2.5 is reported. The 
complex shows a molar absorptivity of 8 x 10’ 1. mole-’ cm-’ at 560 mn, using malachite green and acetic 
acid as reference solution. The effect of time, temperature, pH and reagent concentration is studied and 
optimum operating conditions are established. Beer’s law is applicable in the concentration range 2.0-22.8 
&ml chromium(W). The resin beads act as a catalyst and as little as 1.6 pg of chromium(VI) is detected 
in the resin phase as compared to 4.1 pg in the solution phase. The standard deviation in the 
determinations is kO.40 pg/ml for a 10.35 &ml solution. 

Feigl and Anger, * Sandell,z and Snell and 
Snel13 reviewed the earlier work on the detec- 
tion and determination of chromium(V1) as 
chromate of dichromate ions. Microamounts 
of chromium(VI) have also been determined 
spectrophotometrically with varamine blue,4 
diphenylcarbazide,‘s6 alizarin,’ 3,3’-diamino- 
benzidine,” pyradine-2,4,6_tricarboxylic acid, 
triethylenetetraaminehexaacetic acid,” U-tolu- 
idine,” ol-naphythyl,” crystal violet,” cesium 
iodideI and 2-(5-bromo-2-pyridylazo)+diethy- 
laminophenol.” Indirect determination of 
chromium(V1) was achieved by using iron(I1) 
and ferrozine.16 However, most of these 
methods are either time consuming or less selec- 
tive than desired and are subject to interference 
from common ions. 

Chromium(V1) is a moderate to severe toxic 
agent. Determination of its microquantities is of 
increasing interest to analytical chemists, par- 
ticularly environmental scientists. We report 
here a rapid, sensitive and inexpensive method 
for detection and spectrophotometric determi- 
nation of micro amounts of chromium(V1) 
based on its colour reaction with acetic acid and 
malachite green. The method is not only su- 
perior to most of the reported methods in 
simplicity, rapidity and selectivity but is also 
suitable for chromium determination in indus- 
trial waste water. 

Reagents 

EXPERIMENTAL 

Analytical grade reagents and doubly distilled 
water were used throughout. Strongly acidic 

cation-exchange resin Amberlite IR 120 (stan- 
dard grade, B.D.H.) was used in the H+ form. 
Potassium dichromafe stock solution (lo-‘M) 
and acetic acid solution (10% v/v) were pre- 
pared by dissolving appropriate amounts of the 
reagents in demineralized water. Malachite 
green (0.1%) was prepared by dissolving an 
appropriate amount of reagent in distilled 
methanol. Working solutions of potassium 
dichromate of appropriate dilutions were stored 
in the dark. 

Apparatus 

A Hitachi model 330 double-beam recording 
spectrophotometer with IO-mm cells was used 
for absorbance measurements. 

Detection 

About 5-10 resin beads (H+ form) are placed 
on a white spot-plate and blotted dry with filter 
paper. One drop of test solution is added, 
followed by a drop of acetic acid and malachite 
green. Green colour develops on the bead sur- 
face within 10 min if the test solution contains 
chromium(VI). 

Determination 

Shake dichromate (20.0-228.4 pg), acetic acid 
(2.5 ml of 10% solution) and malachite green 
(1 .O ml 0.1% solution) for about 10 min for 
complete colour development. Make the volume 
up to 10 ml with water. Measure the absorbance 
at 560 nm against a blank solution at room 
temperature (25-30”). 
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RESULTS AND DISCUSSION 

Malachite green (R+X-) and dichromate 
react without destroying the quinoidal structure 
of the dye. On the analogy of the reaction 
between antimony(II1) and malachite green,” 
the tentative mechanisms may be written as 

2R+ + Cr,O:- + RZCr,07 

Two types of ion-exchange resins, Amberlite 
IR 120 (H+ form) and Amberlite IRA 400 
(OH- form) were added in two different mi- 
crotest tubes containing, the coloured complex 
formed by the recommended procedure. The 
positively charged resin beads turn green, indi- 
cating that the complex formed is positively 
charged. 

The plot of absorbance of the green 
complex as a function of wavelengths shows 
a plateau with a maximum absorbance 
(c = 8 x lo4 1. mole-’ cm-‘) at 560 nm. Beer’s 
law is obeyed for solutions containing 
2.0-22.8 pg/ml of chromium(W) under the opti- 
mum conditions. The stability of the complex 
was studied by measuring the absorbance as a 
function of time. A green colour developed after 
10 min, was stable for about 2 hr at room 
temperature (25-30”) and then started to fade. 
The absorbance of the solution decreases 
with the increase in temperature. However, the 
colour takes more time to develop at lower 
temperatures. 

The effect of acetic acid or malachite green 
concentration and variation in pH on the 
absorption of the green complex was examined. 
It was revealed that 2.5 ml of 10% solution of 
acetic acid is the most suitable. Absorbance 
decreases if the volume of acetic acid is 
increased further. Similarly, 1 ml of 0.1% 
malachite green solution gives maximum 
absorbance. Further increase in the amount of 
malachite green has no effect on the absorbance. 
The absorbance was maximum and constant at 
pH 2.5 at 560 nm. On increasing the pH, the 
absorbance of the green complex decreases. 

Chromium(V1) is detected in the presence of 
large amounts of foreign substances; no interfer- 
ence was given by Cu(II), Mn(II), Co(II), Ni(II), 
Zn(II), Ca(II), Mg(II), Cr(III), Fe(III), Ce(IV), 
V(V), chloride, nitrate, sulphate, acetate, phos- 
phate, citrate, permanganate and tartarate in 
solution phase and in bead test even when 
present in 100 times excess. The identification 
limit of chromium(V1) at room temperature 
(25-30”) is 4.1 ,ug in solution phase (10 ml) and 
1.6 fig in resin phase. Ion-exchange resin beads, 
thus, serve to concentrate the chromium 
product and act as detection medium to im- 
prove the sensitivity of the test. 

The tolerance limits (mg) of the following 
elements in the determination of chromium(V1) 
for 6 0.80% error are given in parentheses: 
Ag(1) (84.5), Cu(I1) (74.8), Mn(I1) (37.7), Co(I1) 
(87.3), Ni(I1) (116.0), Zn(I1) (59.4), Cd(I1) 
(184.8), Mg(I1) (20.5), Ca(I1) (98.4), Hg(I1) 
(128.0), Cr(II1) (60.0), Fe(II1) (32.4), Al(II1) 
(150.0) and Mo(V1) (163.8) in 80 pg/lO ml of 
dichromate solution. The standard deviation (10 
replicates) was f 0.40 pg/ml for a 10.35 pg/ml 
solution. In the absence of determinate error, 
the true value fell within 9.40-10.28 pg with a 
confidence interval of 95%. 

This method is highly sensitive, selective, pre- 
cise, accurate and quick. It offers certain advan- 
tages over several other methods. The colour 
reaction of chromium(V1) with 2-(5-bromo-2- 
pyridylazo)-5-diethylaminophenol occurs on 
heating the reactants in a boiling water bath for 
45 min,15 whereas the reaction is complete in 
N 10 min at room temperature in the present 
case. The procedure suggested by Malik et ~1.‘~ 

also requires 2 hr for complete colour reaction. 
In the method of Bet-Pera and Jaselskis,“j per- 
manganate and Fe(II1) interfere. Low results are 
obtained in the presence of Co(I1) and Ni(I1) 
because these ions form ferrozine complexes. 
There is no such difficulty with the present 
procedure. Various oxidants such as permanga- 
nate, Ce(IV), V(V) and Fe(II1) interfere in the 

Table 1. Spectrophotometric determination of Cr(VI) in waste water samples 

Samvle 

Found by 
Relative reference 

Mean standard procedure, 
Cr(W Ocg) recovery, deviation, mean 

Added Found % % recovery, % 
Chromium plating 
electrolyte 
waste water 
Industrial 
waste water 

0.0 65.2 - 0.43 - 
20.0 85.6 102 1.85 103 

0.0 64.4 0.85 - 
20.0 84.2 GO 1.65 101 
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method proposed by Cheng and Goydish,* but 
these oxidants do not interfere in the present 
studies. 

The present procedure is suitable for detec- 
tion and determination of Cr(VI) in industrial 
waste water and chromium plating electrolyte 
waste water without prior separation. The rela- 
tive standard deviation calculated from six repli- 
cate analyses of the samples, is in the range 
0.85-1.65% and 0.431.85% respectively. The 
mean recovery of Cr(V1) is 102% and 99%, 
respectively (Table 1). 

The results obtained by this procedure agree 
satisfactorily with those obtained by the method 
reported in the literature.ls 
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Summary-The trace copper is separated from the matrix by extraction of the latter (an antioxidant of 
N-alkylated p-phenylenediamine type.) from ammoniacal medium and then determined spectrophotomet- 
rically. 

For determination of trace copper contami- 
nation in organic products, the matrix can be 
removed by ashing or chemically.‘~2 The latter is 
generally preferred, but ashing is particularly 
appropriate for coloured products. During syn- 
thesis of butylated p-phenylenediamine in our 
laboratory, the product was found to be con- 
taminated with copper at ppm level, from the 
hydrogenation catalyst (copper chromite; CuO 
46%, Cr,O, 46%). It was desired to find a rapid 
process for determining the copper, but the 
existing non-ashing methods were unsuitable 
because of the dark colour and alkaline nature 
of the product. Therefore, an alternative non- 
ashing method has been developed for the pur- 
pose and could be used for determining copper 
in similar amine-type antioxidants. 

EXPERIMENTAL 

Reagents 

All chemicals used were of analytical reagent 
grade. 

Standard copper solution. Wash pure copper 
metal with petroleum ether to remove any sur- 
face grease and dry it at 100”. Prepare a 1 -mg/ml 
solution by dissolving the metal in concentrated 
nitric acid, boiling off brown fumes, cooling 
and diluting accurately to known volume. Pre- 
pare a lo-pg/ml solution from this by accurate 
dilution. 

Buffer (pH 10). Dissolve 39 g of ammonium 
chloride in 100 ml of water plus 100 ml of 
concentrated ammonia solution. 

Sodium diethyldithiocarbamate solution. 0.1 g 
per 100 ml. 

Citric acid solution. 5 g per 100 ml. 

Procedure 

Weigh accurately about 0.25 g of sample, 
dissolve it in 15 ml of 4M hydrochloric acid and 
transfer the solution into a 250-ml separator-y 
funnel. Add 10 ml of concentrated ammonia 
solution, cool the mixture, and shake it vigor- 
ously with 25 ml of chloroform for about 1 min. 
Allow the layers to separate and then discard 
the chloroform layer. Repeat the extraction, if 
necessary, with another 25 ml of chloroform for 
complete removal of the organic compound. 

Add 5 ml of citric acid solution, and then 4 
drops of Thymol Blue solution as indicator to 
check that the pH is -9 (which is indicated by 
a colour change from yellow to blue). Add 10 ml 
of buffer solution and 10 ml of the sodium 
diethyldithiocarbamate solution, mixing after 
each addition. 

Transfer exactly 25 ml of chloroform to the 
funnel and shake the mixture for 2 min. Allow 
the layers to separate, transfer part of the 
chloroform layer into a clean, dry l-cm path- 
length cell and measure the absorbance at 440 
nm against a reagent blank similarly prepared 
(by the whole procedure). Read the copper. 
content from a calibration graph covering the 
range up to 100 pg. 

RESULTS AND DISCUSSION 

Conventional non-ashing methods could not 
be used, because dissolving the copper-contami- 
nated product (IV-alkylated p -phenylenedi- 
amine) in hydrochloric acid resulted in an 
aqueous solution of the hydrochloride, from 
which the protonated organic base was not 
extractable into an organic solvent. 
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However, it was realized that alkalizing 
this solution by addition of ammonia 
solution would free the organic base and also 
convert any copper present into its tetra- 
ammine complex. Extraction with an organic 
solvent would remove the organic base and 
leave the copper in the aqueous phase, where 
it could be determined by any convenient 
method, such as the diethyldithiocarbamate 
method. Citric acid is added to mask any 
metal ions that might be co-extracted and inter- 
fere. 

The method is rapid and simple; one determi- 
nation takes about half an hour. It is repro- 
ducible and the results compare favourably with 
those obtained by an ashing method. Ten repli- 

cate analyses of a product sample gave a copper 
content of 207 pg/g, with a standard deviation 
of 0.6 pg/g. The comparison method gave a 
value of 206 pg/g, with a standard deviation of 

0.5 Pglg* 
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Summary-Effects of Al-doping on tin oxide based elements were investigated in the Al content range 
O.OOl-5.000%. Gas sensitivity to H, and i-C,H,, was found to be promoted extensively when 1 or 5% 
Al was doped, while promotion was modest with doping up to 0.1% Al. Seebeck coefficients indicated 
that carrier concentration decreased with Al-doping, resulting in an increase in Debye length. At the same 
time, the crystallite size of tin oxide was found to decrease especially drastically when Al was doped 
excessively. It was concluded that the increased Debye lengths and decreased crystallite sixes were 
combined to produce the microstructure responsible for extremely high gas sensitivity of 1 and 5% 
Al-doped elements. 

Gas sensors based on semiconductive oxides, 
represented by tin oxide, are very important 
devices for detecting the leakage of inflammable 
gases. Research on semiconductor gas sensors 
is being directed more and more towards 
their use in monitoring lower levels of gaseous 
components such as odours and harmful gases 
generated from various origins. To measure 
such low level components, however, the sen- 
sors need to be improved in several respects and 
gas sensitivity in particular should be promoted. 
Our recent investigation has revealed that this 
type of sensor is strongly influenced by the 
microstructure of sensor elements.“’ The gas 
sensitivity (S) of SnO,-based elements increases 
steeply as the grain size (D) of SnO, decreases 
down to cu. 6 nm. A simple model analysis has 
shown that such a grain size effect shows up 
when D decreases to be comparable with 2L, 
where L is the depth of space charge layer. This 
shows the importance of controlling D to a size 
comparable with or less than 2L. At the same 
time, this also suggests that control of L instead 
of D would give rise to a similar effect. It is 
known that L of a semiconductor can be con- 
trolled by doping impurities inside the lattice.3 
In the case of SnO,, L will increase with A13+- 
doping, while it will decrease with Sbs+-doping, 
for example, according to the vacancy control 
principle. In fact, our preliminary study has 
confirmed that A13+- or Sbs+-doping leads to a 
drastic change in gas sensitivity in accordance 
with the expectation. These findings have 

prompted us to investigate the doping effects 
in more detail. This paper deals with the effects 
of Al’+-doping on SnO,-based sensors. First 
we have examined how the gas sensitivity is 
modified with varying extents of AP+-doping 
and then we carried out the measurements 
of Seebeck coefficients in order to estimate 
important parameters for understanding the 
doping effects. 

EXPERIMENTAL 

Hydrous SnOz powder was prepared by 
neutralizing a cold solution of SnCl, with 
an aqueous ammonia solution, followed by 
thorough washing with demineralized water, 
drying at 100” and grinding. It was calcined at 
a prescribed temperature for 1 hr in air to obtain 
undoped SnO, powder. To dope A13+ into SnOz 
lattice (A13+-SnO,), an aqueous chloride mix- 
ture (SnCl, +AlCl,) was treated with an 
aqueous ammonia solution. Aluminium content 
was varied in the range O.OOl-5.000% in the 
atomic composition Al/(Al + Sn). The resulting 
coprecipitate was washed, dried and calcined at 
a temperature of 1100”. The mean size of SnO, 
crystallites was evaluated from the width of the 
X-ray diffraction (XRD) line of the (101) plane, 
based on Scherrer’s equation. 

To fabricate porous sensor elements, each 
powder sample prepared above was mixed with 
water, and the resulting paste was applied on 
an alumina tube with Pt wire electrodes and 
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Fig. 1. Apparatus for Seebeck effect measurements. T, and 
HL denote temperatures at the high and low temperature 

ends of the specimen. 

sintered at 700” for 4 hr in air unless otherwise 
stated. The gas sensing properties of each 
element were examined in a heated chamber 
through which air or a sample gas was allowed 
to flow at a rate of 150 cm3/min. The gas 
sensitivity was defined as the ratio of electric 
resistance in air (R,) to that in the sample gas 

(R,). 
Measurement of the Seebeck effect was 

carried out in an apparatus shown in Fig. 1. 
Each powder sample was pressed into a ribbon- 
shaped specimen (3 x 15 x 0.3 mm) under a 
pressure of 1000 kg/cm2, and calcined at 800 or 
1100”. The two ends of the specimen were fixed 
onto a quartz rod with silver paste, together 
with two Pt/Pt-Rh thermocouples as shown 
in Fig. 1. The assembly was set in a quartz 
chamber located inside an electric furnace. The 
temperature difference of the specimen was 
measured with the two thermocouples, while the 
difference in electric potential (thermoelectric 
motive force) was measured between the Pt 

,oo _ A =JPP~ H, 
v lOOOppm I-C4HIQ 

,E 0 d 108 - 

5 
s; 0 107 - 

a 

I I 8 

16' 
’ lo 

10-Z IO-' 100 IO' 

Amount of Al.% 

Fig. 2. Electrical resistance and gas sensitivity towards 800 
ppm H, and 1000 ppm i-C,H,, correlated with the amount 

of Al doped into SnO, elements. 

wire electrodes of the thermocouples in a flow of 
dry air. 

RESULTS AND DISCUSSION 

Properties of Al-doped sensors 

Figure 2 shows the electric resistance (R,,) 
of the sensor elements at 300” in dry air as 
a function of Al content. R, increased with 
increasing Al content up to 1% Al, above which 
R, was saturated. This behaviour suggests that 
the solubility of Al in SnO, is 1% or less under 
these conditions. On the other hand, gas sensi- 
tivity (S) showed quite different dependence on 
Al content. As also shown in Fig. 2, S to both 
H2 (800 ppm) and i-C4HI0 (1000 ppm) increased 
only slightly up to 0.1% Al, and then increased 
dramatically. These properties of doped 
elements are summarized in Table 1, together 
with the data of the undoped one. The gas 
sensitivity could be promoted greatly when Al 
was doped by 1 and 5%. 

We have reported that for undoped SnO, 
elements the crystallite size of SnO, (D) 
seriously affects the electric resistance and gas 
sensitivity. The crystallite size data for the pre- 
sent elements are also shown in Table 1. It is 
seen that D decreases with an increase in Al 

Table 1. Properties of the Al-doped SnO, 

Amount Calcination Grain size log &/ohm 
Gas sensitivity 

of Al conditions D}nm (3O’W I-4 i-C,H,, 

0 (undoped) 8OOC.4 hr 25 5.30 30 41 
0.001% llOOC.3 hr >60 5.63 37 41 
0.01% l100C.3 hr >60 6.34 50 45 
0.1% llOOC.3 hr 60 7.74 69 48 
1% llOOC~3 hr 43 8.93 118 145 
5% llOOC*3 hr 19 8.84 204 201 
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content. This suggests that the properties of 5% Al doped elements, on the other hand, R. 
Al-doped elements are affected not only by the was very large (lo9 ohm) and exhibited no such 
dissolution of Al into the lattice of SnO, but also dependency on D. As shown in Fig. 3(b), the gas 
by a change in D. As seen in Table 1, D was sensitivity (S) of undoped elements increases 
as small as 43 and 19 nm at Al contents of 1 drastically when D decreases down to 6 nm or 
and 5%, respectively, even under the severe less. When compared with these elements, the 
calcination conditions applied. For those gas sensitivity of Al-doped elements was still 
particular samples, the part of Al content very high at D as large as 20 nm or more. These 
in excess of solubility limit seems to have acted data clearly show that both crystallite size (D) 
as a stabilizer of the ultrafine crystallites of and impurity levels of SnO, bulk are important 
SnO, . in determining S of Al-doped elements. 

In order to examine the crystallite size effect 
in Al-doped elements, the resistance (R,) and 
the gas sensitivity (S) to 800 ppm Hz are shown 
as a function of D in Fig. 3 together with the 
data of undoped elements already reported. 
Only two elements doped with 1 and 5% Al 
were available for this correlation because the 
other elements had D values too large to be 
determined from XRD. The R, us. D relation for 
undoped elements is divided into two regions: 
R, decreases steeply with increasing D in the 
small D region, while R, increases slightly in the 
large D region. As has already been pointed 
out,’ such D dependency of R, results from 
whether D is smaller or larger than twice the 
depth of space charge layer (2L). From the D 
value bordering the two regions, L is estimated 
to be cu. 3 nm for the undoped SnO,. For 1 and 

Seebeck coeficients 

The valence control principle predicts that 
when trivalent ions (A13+) are partially intro- 
duced into the lattice, the carrier concentration 
(n) of SnO, will decrease, leading to an increase 
in Debye length. In addition to such a change in 
the electronic structure in the bulk, however, 
actual Al-doped elements showed a change in 
the size of SnO, crystallites depending on Al 
content, as just mentioned. Furthermore, one 
cannot know a priori what portion of doped Al 
ions would in fact have entered the SnOz lattice. 
Under such conditions it seems imperative to 
separate the electronic structure factor from the 
microstructure factor for a basic understanding 
of the effect of Al-doping. For this purpose, we 
tried for the first time to evaluate the electronic 
structure of polycrystalline SnO, from the 
measurements of Seebeck effect. 

t 
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Fig. 3. Influence of crystallite size in Al-doped and undoped 
elements on (a) electric resistance and (b) gas sensitivity 

towards 800 ppm H,. 

The Seebeck effect is defined as the generation 
of a thermo-emf (electromotive force) between 
two points of a semiconductor when a tempera- 
ture difference is applied between these points.4 
The Seebeck coefficient (Q) is defined as a 
temperature derivative of thermoelectric poten- 
tial (V). Under the condition that both electric 
field and temperature gradient are uniform be- 
tween the two points, Q can be obtained as the 
ratio of emf (AV) to the temperature difference 

(AT). 
dV AV 

Q =dT=rT (1) 

Thus Q was evaluated by measuring AV 
while applying AT between the two ends of the 
ribbon-like specimen. In all measurements, the 
lower temperature end was fixed to 300” and AT 
was set to be 10” or less. Prior to each measure- 
ment, the specimen was heat-treated at 500” for 
30 min in dry air to eliminate possible surface 
contaminants like water and C02, and then kept 
at the temperature of measurement for 2 hr for 
stabilization. 
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Table 2. Seebeck coefficients and related characteristics of Al-doped 
sno, 

Amount 
of Al AV,mV AT, "C Q, pV/K n, cm-’ L,, nm 

0 (undoped) -2.045 10 -205 4 x 10’8 2.8 
0.001% - 2.302 -256 2 x 10’8 4.0 
0.01% - 3.052 

9’ 
-339 8 x 10” 6.4 

0.1% -4.600 8 -575 5 x 10’6 25.0 
1% -6.400 8 -800 (4 x IO”) (88.5) 

The values of AV, AT and Seebeck coefficient, 
Q, obtained are listed for each specimen in 
Table 2. For an n-type semiconductor, Q is 
known to be negative in sign. All the specimens 
showed negative coefficients and the absolute 
values were larger for larger amounts of Al-dop- 
ing. For 5% Al-doped specimen this measure- 
ment was not possible because of too large a 
noise. 

It should be noted that in the above 
procedure the assumption of a uniform electric 
field is an important approximation. For a 
polycrystalline system, this assumption may not 
always be verified because of the surface barrier. 
This matter will be discussed later. 

Carrier concentration 

For an n-type semiconductor of a single 
carrier system, the carrier concentration (n) is 
assumed to obey a Boltzmann distribution, 
n = NC *exp[ - (EC - E,)/k], where EC and EF 
are the electronic potentials at the conduction 
band edge and Fermi level, respectively, and NC 
is the density of states in the conduction band. 
Then Q can be related with n by the following 
equation.5*6 

n = Nc/exp[-(eQ/kT) -A] (2) 

Here A is a constant associated with the trans- 
port of energy and e is elementary electric 
charge. For a non-degenerate semiconductor, 
A = 2 and NC = 2(2nm*kT/hZ)3’2, where m* is 
the ratio of effective mass to mass of electron 
and ca. 0.2 for Sn02.‘~* 

In this way, one can evaluate the concen- 
tration of carriers from Q data by using 
equation (2). Resulting carrier concentrations 
(n) are shown in Table 2 and Fig. 4. It is seen 
that n decreases steeply with an increase in 
doping amount of Al 3+, from 4 x lOI* (cme3) 
for undoped SnO, to 4 x 10” (cm-‘) for 1% 
A13+ doped sample. The n value of undoped 
SnO, coincides well with that reported for 
porous SnO, thin films which falls in the range 
of 10’s-10’9 (cme3) depending on the prep- 
aration methods.“’ This seems to verify the 

evaluation of n from Seebeck coefficients. The 
decrease of n with Al-doping is in accordance 
with the valence control principle. When it is 
assumed that each Al ion introduced in the 
lattice of SnO, traps a conduction electron, the 
observed decreases in n suggest that all Al ions 
enter the SnO, lattice up to 0.01% Al-doping, 
while only small portions of Al ions do so for 
larger amounts of Al-doping. 

Debye length and the depth of space charge layer 

When an n-type semiconductor has a carrier 
concentration of n, the Debye length is given as 
follows. 

L, = (EkT/e2n)“’ (3) 

Here L is the dielectric constant of the semi- 
conductor and is ca. lo-” F/cm for Sn02.12 
Thus LD can be directly derived from the data 
of n, as shown in Table 2 and Fig. 4. An increase 
in Al content is seen to increase L, drastically; 
while LD was 3 nm for undoped Sn02, it 
was 25 nm at 0.1% Al. The L, value at 1% Al 
(88 nm) apparently far exceeded one half of the 
crystallite size (43 nm), but because the various 
assumptions used for deriving it may not always 
be justified under such conditions this is not 
definite. Nevertheless, it can be concluded 
clearly that Lo is rather close to l/2 D at 0.1 O/O 
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Fig. 4. Influence of Al content on carrier concentration and 
Debye length of Al-doped SnO,. 
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Fig. 5. Idealized model for oxygen adsorption on an n-type 
semiconductor. (a) Charge distribution. (b) Energy band 

structure. 

Al while it is far larger than l/2 D at 1% and 
5% Al. 

Lo is an important parameter in determining 
the depth of space charge layer (L) when a 
semiconductor interacts with a gas. In our case, 
oxygen would be adsorbed on the surface of 
SnOr crystallites. Figure 5 shows carrier distri- 
bution and energy band structure schematically, 
in the surface region. In the simplest case where 
all donors are ionized and all conduction elec- 
trons in the space charge layer are depleted, to 
be trapped by surface states (adsorbed oxygen), 
L is proportional to L, with a proportionality 
constant being determined by surface potential 
(eVs) and thermal energy as follows.3 

L = (2eVs/kT)“* L, (4) 

Thus one needs the surface potential data for 
estimating L, but unfortunately no reliable data 
are available for SnO, . At 300”, the proportion- 
ality constant of equation (4) is close to unity for 
eI’s = 0.03 eV and increases with the square 
root of increasing eI’s. Considering that the 
surface potentials are often of the order of 
0.1 eV for other oxides,13-15 L does not seem to 
be much different from L, for SnO,. It is noted 
that for undoped SnO, , L, (3 nm) coincides well 
with the empirical value of L (3 nm) estimated 
from Fig. 3(a). 

Polycrystalline state of SnO, 

Equation (1) used for the measurements of 
Seebeck coefficients, assumes the uniformity 
of both temperature gradient and electric 
field between the two measuring points. These 
requirements would be easily satisfied with a 

single crystal or a densely sintered specimen but 
not with a porously sintered specimen, as used 
in the present study, because of the surface 
potential. Nevertheless, the measurements were 
found to bring about rather reasonable values 
of carrier concentration and Debye length, 
especially for tmdoped SnO,. This suggests 
that the specimens, though porous and poly- 
crystalline, have a microstructure which some- 
how meets the requirements. 

According to our previous study with TEM 
observation and other techniques,16 the micro- 
structure of SnO,-based elements can be pic- 
tured as composed of three dimensional arrays 
of SnO, crystallites. Each crystallite is co-ordi- 
nated with 4 neighbours, on average, through 
necks of a diameter of 0.8 D (D = crystallite 
diameter), whereas a far fewer number of grain 
boundary contacts are also included in the 
array. For simplicity, such a microstructure 
can be reduced to a one-dimensional chain as 
schematically shown in Fig. 6. The connections 
between neighbouring crystallites are provided 
almost exclusively by necks and only scarcely by 
grain boundary contacts. If D is larger than 2L, 
the space charge layer forms only in the surface 
region of each crystallite. The core region, 
undisturbed by the surface effect, can extend 
through necks in the chain until it terminates at 
the grain boundary contacts. When a tempera- 
ture gradient is applied in the chain direction the 
resulting electric field inside the core region can 
be uniform as long as neck contacts are avail- 
able. In this situation, therefore, the Seebeck 
effect can be measured without being disturbed 
by the surface effect if grain boundary contacts 
are scarce compared with neck contacts. This 
situation was probably achieved in the present 
specimens when Al contents were low. For 
1 and 5% Al-doped samples which had D 
smaller than 2L, however, Seebeck effects could 
possibly be seriously disturbed by the surface 
effect. 

Implication of Al-doping for gas sensitivity 

As mentioned above, the gas sensitivity of 
SnO,-based elements towards H, (and i-C,H,,) 

T+AT 
I ID ,L I 

i 1 
Fig. 6. One dimensional model for interconnection of Sn02 

crystallites in polycrystalline elements. 
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could be promoted with Al-doping, with best 
results at Al contents of 1 and 5%. Sub- 
sequent analyses revealed that Al-doping had 
two effects on the elements: the increase of 
Debye length of Sn02 as a result of valence 
control and the stabilization of microcrystalline 
particles of SnO, . Both effects are quite favour- 
able from the viewpoint of gas sensitivity, since 
gas sensitivity has been shown to increase when 
the crystallite size of SnOz is comparable with or 
smaller than twice the depth of space charge 
layer. 

It is often asserted that gas sensitivity should 
increase with increasing electric resistance of the 
element on the grounds that a change in con- 
duction electron concentration would bring 
about a larger resistance change with increasing 
resistance. Figure 7 shows the relation between 
electric resistance (R,) and gas sensitivity (S) for 
Al-doped SnO, in the present experiments. 
Although S tends to increase with an increase in 
R,, the relation does not seem to be as simple 
as the above assertion. The increase of S is only 
gradual in the R, range below lo8 ohm, while it 
is quite steep above it. This tendency is well 
coincident with whether D > 2L (gradual in- 
crease) or D < 2L (steep increase), in agreement 
with what was observed for undoped SnO*. This 
strongly suggests that the observed increase of 
S with Al-doping should be understood on the 
basis of microstructure of the elements rather 
than R,. 

The present study indicates that the doping of 
impurities in semiconductive oxides can be 
an important method for promoting semi- 
conductor gas sensors. As illustrated above, the 
doping affects not only the electronic structure 
but also the microstructure of the elements, 

D>2L / lF2L 

5% 
200- 

IOQ- 

0.001% I 
I I 

0' 
I I 

Id Id IO' IO' 10s 

Fig. 7. Relationship between electric resistance in air and gas 
sensitivity to 808 ppm H, at 300” for Al-doped elements. 

Figures attached indicates Al contents. 

both being critically important for gas sensing 
properties. There are many oxides which exhibit 
semiconductive properties, but very few of them 
have actually been used for gas sensors. As 
the doping method can modify the properties 
of oxides rather drastically, it is possible that 
new sensing materials are developed by this 
method. Although this method has hardly 
been applied so far, research in this direction 
is desired for further development of gas 
sensors. 

CONCLUSION 

The effects of Al-doping on SnOz 
elements were investigated with respect to 
gas sensing properties as well as electronic 
and physical structure of the elements. Gas 
sensitivity to H2 and i-C4HI0 is promoted 
tremendously when Al is doped by 1 and 
5% although promotion remains slight up to 
0.1% Al. Seebeck effect measurements indicate 
that Debye length increases with Al-doping, 
while XRD shows that SnO, crystallite size 
(D) decreases with Al-doping. As a result 
of these two effects, the relation D < 2L 
(L = the depth of space charge layer) is achieved 
when 1% or more Al is doped and this is a 
reason for the high gas sensitivity of these 
elements. 
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Summary-The utility of carbon-paste electrodes modified with 2,2’-bipyridyl and Nafion for the 
differential pulse voltammetric determination of iron(R) in aqueous medium is demonstrated. The method 
is based on formation of the 2,2’-bipyridyl complex of iron(I1) and its accumulation by the Nafion. The 
differential pulse voltammetric response of the accumulated complex is used as the analytical signal. The 
response was evaluated with respect to carbon-paste composition, preconcentration time, pH, iron(R) 
concentration and other variables. A 3-min accumulation period permits measurement of iron down 
to IO-*M, and a relative standard deviation of 3.8% for 2 x 10m6M iron(H). Rapid and convenient 
chemical renewal allows use of a single modified carbon-paste electrode in multiple analytical measure- 
ments over several days. The proposed procedure was applied to the determination of iron in certified 
standard reference materials and trace iron in natural waters. 

The application of chemically-modified elec- 
trodes (CMEs) in analytical chemistry has at- 
tracted considerable attention in recent years. A 
number of CMEs have proved suitable as sen- 
sors in the electrochemical determination of 
metal ions’-5 and organic and bio-organic 
species.64 Various methods have been demon- 
strated, including complexation,’ precipitation,’ 
electrostatic preconcentration,g bio-accumu- 
latioq3 potentiometry,” permselectivity” and 
others.‘““j Of these, the application that is 
currently the most widely developed and the 
closest to practical use in analytical chemistry is 
probably that involving analyte preconcentra- 
tion. Concentrating the analyte in the modified 
film greatly improves the sensitivity and selec- 
tivity of voltammetric determination. This ap- 
proach is analogous in some respects to tra- 
ditional electrochemical stripping voltammetry 
in that a preconcentration step is employed to 
enhance the sensitivity and selectivity, but with 
the difference that in the CME approach these 
characteristics are governed by the chemical 
reactivity of the modifier rather than by the 
reduction potential of the analyte. As a result, 
the nature of the analytes that can be accumu- 
lated on the CME surface can be rationally 

‘Author for correspondence. 

predicted for a given modifier, and electrodes 
can be designed for particular analytes. As 
CMEs utilize a chemical step for analyte ac- 
cumulation, their use can often be more selective 
than electrochemical stripping voltammetry. 

In addition, many methods have been used to 
immobilize chemically active species on the elec- 
trode surface. The carbon-paste electrode ap- 
pears especially advantageous for modification. 
CME fabrication with this electrode involves 
only the addition of a sparingly soluble modifier 
to an otherwise conventional graphite pow- 
der/nujol oil mixture and has several attractive 
features. Chemically-modified carbon-paste 
electrodes (CMCPEs) are very easy to make, 
and can readily be prepared with a variety of 
modifier loading levels. More importantly, fresh 
modified-electrode surfaces can be generated 
rapidly and reproducibly. The low background 
current is another advantage for practical ana- 
lytical applications. 

Various chemically active species (preconcen- 
tration reagents) have been introduced into 
carbon-paste electrodes to produce CMCPEs. 
Baldwin and co-workers have described the 
use of carbon-paste electrodes modified with 
dimethylglyoxime and 2,9-dimethyl- 1,1 O-phe- 
nanthroline2 for the determination of nickel(I1) 
and copper(I), respectively. Gardea-Torresday 
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et al. proposed a micro-organism-modified CPE 
for the bio-accumulation and subsequent 
voltammetric determination of copper( Ion- 
exchangers have also been used to modify 
CPES.~,“-*’ We have employed CPEs modified 
with chelating resins for the determination of 
silver(I)*’ and gold(III).** 

There are several studies on the use of CMEs 
in the electrochemical determination of iron. 
Wang and Martinez23 reported that carbon- 
paste electrodes modified with montmorillonite 
clay can be used for the collection of iron(II1) 
from dilute solutions, followed by voltammetric 
quantification of the surface-bound iron(II1) 
ion. This method suffers from poor sensitivity, 
however, having a detection limit of only 
3.6 x 10e6A4. Guadalupe and Abruiia24 pro- 
posed an approach based on the use of function- 
alized polymer films for determining iron(I1) 
with CMEs. In addition to taking advantage of 
the favourable aspects of CMEs, this method 
circumvents the difficulties associated with sur- 
face saturation and matrix effects. Modification 
of platinum electrodes with quaternized poly(C 
vinylpyridine) cross-linked with 4,7-diphenyl- 
1, IO-phenanthroline disulphonic acid has 
recently been reported by Gehron and Brajter- 
Toth.25 The modified electrodes were applied to 
the determination of iron(I1) in aqueous sol- 
ution. The ligand-loaded CMEs generally offer 
low detection limits, but are often difficult to 
regenerate and suffer from poor reproducibility. 

In this paper we describe a new concept for 
the accumulation/determination approach, 
based on complexation of the metal ion by a 
ligand (2,2’-bipyridy1)26 and then accumulation 
by an ion-exchanger (Nafion) incorporated in 
the carbon-paste electrode. In the work de- 
scribed below, the CME was easily prepared by 
simply mixing the required amounts of the two 
modifiers with a carbon-paste matrix. This al- 
lows easy variation of the two modifier contents 
and regeneration of the modified electrode sur- 
face. For a 3-min accumulation period, the 
detection limit could be extended to lOwaM and 
the relative standard deviation was 3.8%. In 
addition, rapid chemical renewal of the 
modified electrode surface was possible and the 
CME stability was such that the surface retained 
its performance for several days’ use. 

Reagents 
EXPERIMENTAL 

An iron(I1) stock solution (IO-*M) was pre- 
pared by dissolving the required amount of 

ammonium ferrous sulphate (analytical grade, 
Shanghai Chemicals Factory) in O.OlM sul- 
phuric acid. Working solutions were prepared 
by diluting the stock solution with water just 
before use, 

Graphite powder and nujol oil were of re- 
agent grade (Beijing Chemicals Factory). 
Nafion solution (5%) was obtained from Du- 
Pont. 2,2’-Bipyridyl and all other chemicals 
were of certified analytical grade and used with- 
out further purification. Doubly-distilled water 
from a fused-silica still was used to prepare all 
solutions. It was unnecessary to remove dis- 
solved oxygen from solutions. 

Electrodes 

Unmodified carbon paste was made by mix- 
ing 1 .O g of graphite powder and 0.60 g of nujol 
oil in a mortar. Modified carbon paste was 
prepared similarly, except that the graphite was 
first mixed with the desired weights of 2,2’- 
bipyridyl and Nafion solutions. Uniform dis- 
persion of the modifiers was obtained by 
ultrasonication of a slurry of the graphite/ 
modifier mixture in ethanol for 15-20 min, and 
evaporation of the alcohol under an infrared 
lamp. Finally, the carbon paste was packed into 
one end of a glass tube (4 mm i.d., 6 mm o.d.) 
and a copper wire ( ~4 mm diameter) was 
inserted through the opposite end to establish 
electrical contact. The carbon paste surface was 
polished on smooth paper until shiny, and then 
conditioned by exposure to a Britton-Robinson 
buffer solution (pH 5.0) containing 5 x IO-‘M 
iron(I1) for 60 set, then to l.OM potassium 
thiocyanate for 10 min to remove accumulated 
iron(I1) and finally to pure Britton-Robinson 
buffer solution (pH 5.0) for 2 min. The con- 
ditioning cycle was repeated 3-5 times. The 
modified electrode could easily be resurfaced by 
removing some carbon paste extruded by push- 
ing down the copper contact wire, and repolish- 
ing. 

Apparatus 

A PAR 174A polarographic analyser was 
used for cyclic and differential pulse voltammet- 
ric measurements, together with an EG&G 
PAR Model 0089 X-Y recorder. Unless other- 
wise indicated, the pulse amplitude in the differ- 
ential pulse voltammetric experiments was 50 
mV and the scan-rate was 10 mV/sec. A three- 
electrode system consisting of a CMCP working 
electrode, a platinum wire auxiliary electrode 
and a saturated calomel reference electrode 
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(SCE) and a l.OM potassium chloride salt 
bridge was used for all voltammetric measure- 
ments. All potentials are referred to the SCE. A 
magnetic stirrer with a 1.5cm stirrer bar was 
used in the preconcentration and electrode 
renewal steps. The electrolytic cell was a 20-ml 
beaker. All experiments were performed at 
room temperature (22-25”). 

Procedure 

A preconcentration/medium-exchange/volt- 
ammetric determination/renewal scheme’ was 
used in all experiments. The preconcentration 
was applied to 20 ml of B&ton-Robinson 
buffer solution (pH 5.0) containing the iron(I1); 
the voltammetric scan was performed in iron- 
free buffer solution (pH 5.0). After each electro- 
chemical determination, the electrode was kept 
in stirred OS-l.OM potassium thiocyanate for 
several minutes and then thoroughly washed 
with water and pH 5.0 buffer solution. The 
cleaned electrode was placed in the preconcen- 
tration cell for the next cycle. 

RESULTS AND DISCUSSION 

Electrochemical behaviour of iron on 
CMCPEs 

CMCPEs intended for use in routine analysis 
ideally involve a permanently immobilized and 
stable species, In practice, however, the modifier 
need only be insoluble enough to ensure that the 
rate of bleeding into the solution is very low, 
and slow bleeding can even have a beneficial 
effect for surface renewal and continuous use. 
The solubilitiesz6 of 2,2’-bipyridyl and its 
iron(I1) complex are not low enough, however, 
for a 2,2’-bipyridyl-modified carbon-paste elec- 
trode to work well. However, because the 
iron(I1) complex is positively charged, incorpor- 
ation of a cation-exchanger as an additional 
modifier will reduce the rate of bleeding to an 
acceptable level. Nafion polymers are perfluoro- 
sulphonate cation-exchange polymers with good 
selectivity for large organic cations,*’ Sharp29 
has reported that the 2,2’-bipyridyl-iron(I1) 
complex is strongly retained in a Nafion film on 
a glassy-carbon electrode. The experimental re- 
sults reported in the present paper are part of an 
effort to evaluate this type of CMCPE and its 
applications in analytical chemistry. 

Initial experiments showed that carbon-paste 
electrodes incorporating 2,2’-bipyridyl alone 
were unstable when immersed in aqueous sol- 
ution. After a few minutes exposure to water, 

the polished electrode surface became notice- 
ably rough and subsequently exhibited little or 
no complexing capabilities. Furthermore, when 
the 2,2’-bipyridyl-modified CPE was immersed 
in a relatively high concentration of iron(I1) 
solution (10-3-10-4M), a reddish colour gradu- 
ally developed, undoubtedly because of loss of 
the modifier to the aqueous medium. In con- 
trast, the CPE modified with Nafion and 2,2’- 
bipyridyl was stable and remained chemically 
active in aqueous medium. Therefore, only this 
combination of modifiers was used in further 
experiments. 

Figure 1 shows cyclic voltamperograms ob- 
tained with the bipyridyl/Nafion modified elec- 
trode in pH 5.0 Britton-Robinson buffer in the 
presence and absence of iron(I1). With the 
buffer solution alone, there is a stable and fairly 
low residual current over a wide potential scan 
range (0.3-1.3 V) and no distinct redox waves 
are observed for either 2,2’-bipyridyl or Nafion. 
The voltamperogram is not significantly differ- 
ent from one obtained with a plain carbon-paste 
electrode in the same solution except that the 
residual current for the CMCPE is 40-50% 
larger. 

In contrast, the cyclic voltamperogram ob- 
tained with a CMCPE that had been immersed 
for 3 min in buffer solution containing 
1 x 10e4M iron(I1) and then washed with water, 

I I I I I I I 
0.3 0.5 0.7 0.9 1.1 1.3 1.5 

E (vs. SCE) , V 

Fig. 1. Cyclic voltammetric response of iron(B) on the 
modified electrode. (a) Blank Britton-Robinson buffer sol- 
ution @H 5), and (b) potential scan following 3-min stirring 
in 1 x lo-‘M iron(R) in Britton-Robinson buffer, rinsing 
with water and 60-set electrolysis at 0.3 V (DS. SCE) in pure 
Britton-Robinson buffer solution. Potential scan rate 100 

mV/sec. 
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before transfer into pure buffer solution in the 
determination cell, had a pair of well-defined 
redox waves with E,,, = f(E, + E,) of co. 0.79 V 
as. SCE. These waves could be obtained not 
only by exposure of the modified electrode to 
iron(I1) but also for iron(II1) in the same buffer 
solution. However, when the modified electrode 
was briefly immersed in an iron(I1) or an 
iron(II1) solution (each at the same concen- 
tration) under the same conditions, then rinsed 
and placed in the determination cell as before, 
the voltammetric scan exhibited larger redox 
waves for iron(I1) (ipFe2+/ipFe3+ = 1.5-2.0), which 
are more suitable for practical use. The shapes 
of the cyclic voltamperograms and the peak 
potentials of the iron(I1) and iron(II1) redox 
waves were almost identical. Because the waves 
occurred in the same potential region as those 
obtained with a glassy carbon electrode coated 
with Nafion and 2,2’-bipyridyl-iron(H) complex 
in weakly acidic solution,” they were assigned 
to the oxidation of the surface-accumulated 
iron(I1) complex and reduction of the oxidized 
form. The cyclic voltamperogram in Fig. l(b) 
indicates that there is considerable diffusion of 
the iron(I1) complex within the Nafion matrix 
(AE, = 90-100 mV). This behaviour is attribu- 
table to the mass-transfer and charge-transfer 
limitations within the Nafion fihn and at the 
substrate/film interface. 30+31 Furthermore, when 
the CMCPE was immersed in a more concen- 
trated iron(H) solution in the buffer solution or 
a longer preconcentration time was employed, 
a red colour appeared on the surface of the 
modified electrode before the voltammetric 
scan. 

Figure 2 shows differential pulse voltampero- 
grams obtained after immersing the plain CPE 
(a) and the Nafion-2,2’-bipyridyl modified CPE 
(b) in a buffered 2 x IO-‘M iron(I1) solution 
(pH 5.0) for 3 min, at open circuit, washing, and 
transferring into pure buffer. The iron(I1) up- 
take from such a dilute solution is clear. The 
oxidation of the surface-accumulated iron(II)- 
2,2’-bipyridyl complex yields a well-defined 
differential-pulse peak current with a peak po- 
tential of 0.83 V US. SCE. No such iron(I1) peak 
current was observed with the plain CPE. Fur- 
thermore, the differential pulse voltammetric 
method is more suitable than cyclic voltamme- 
try for practical analysis: the sensitivity is 
greatly improved, there is better discrimination, 
and the peak current is easier to measure. 
Normal linear sweep voltammetry or cyclic 
voltammetry can also be used, but the detection 

i 
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Fig. 2. Differential pulse voltammetric response of iron(M) 
on diierent electrodea. (a) Unmodiied CPE, (b) Nalion/2,2’- 
bipyridyl-modified CPE. Preconcentration of 2 x 10e5M 
iron(H) in B&ton-Robinson buffer solution @H 5.0), other 
conditions as for Fig. l(b). Potential scan rate 10 mV/sec, 

pulse amplitude 50 mV, repetition time I sec. 

limit is much higher (e.g., 5 x lo-‘M for a 3-min 
accumulation). 

These results show that fabrication of a 
CMPCE by use of 2,2’-bipyridyl and Nafion as 
modifiers is based on forming and accumulating 
the iron(2,2’-bipyridyl complex on the CPE 
surface. The cationic iron(H) complex is then 
collected by an ion-association complex with the 
SO; site of the Nafion. The uptake properties of 
large organic cations such as the iron(H)-2,2’- 
bipyridyl complex can thus be utilized for a very 
efficient preconcentration step prior to electro- 
chemical measurement. 

Convenient regeneration of an analyte-free 
surface is particularly attractive for analytical 
applications of CMEs. Effective renewal com- 
bines with reproducible preconcentration and a 
robust electrode surface to give highly repro- 
ducible results. The utility of various cleaning 
methods for renewal of the modified electrode 
surface was evaluated. It was found that re- 
newal was easily accomplished by dipping the 
electrode into 0.5-l .OM thiocyanate solution 
for a certain period, usually 5-10 min, depend- 
ing on the amount of iron(I1) accumulated on 
the surface. A subsequent differential pulse 
voltammetric scan should show no redox waves; 
if it does, the renewal step must be repeated. The 
effective cleaning and reproducible accumu- 
lation are illustrated by the precision obtained 
during a series of eight preconcentration/ 
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determination/renewal cycles with 2 x lO-‘jM 
iron(I1) during 2 hr of continuous operation. 
The complete series yielded a mean peak current 
of 0.75 GA with a relative standard deviation of 
3.8% (conditions as for Fig. 2). These results 
indicate that the modification method described 
results in a stable electrode surface with very 
low leaching of the modifiers into the aqueous 
medium. 

The ability of an individual electrode to per- 
form multiple analytical determinations with 
highly reproducible results is an important fea- 
ture of CPEs modified with complexing agents. 
In the present work, the same electrode could be 
used for several days, performing 25-35 precon- 
centration/determination/renewal cycles with 
no noticeable loss of sensitivity or stability. 
Different portions of the same modified carbon 
paste (stored at room temperature) yielded re- 
peatable results over a period of at least 6 
months. 

The differential pulse voltammetric response 
of a virgin modified electrode during repetitive 
accumulation/determination/renewal cycles is 
shown in Fig. 3. It is obvious that virgin CME 
surfaces were somewhat less effective for 
iron(I1) accumulation than surfaces that had 
been previously exposed to iron solutions 
[Fig. 2(b)]. After several cycles, however, highly 

i 

E (VS. SCE) , V 
Fig. 3. Differential pulse voltammetric response of virgin 
CMCPE during repetitive accumulation/determination/ 
renewal cycles. Preconcentration of 5 x 10e6M iron(U) in 
Britton-Robinson buffer solution, other conditions as for 
Fig. 2; (I), (3), (5) and (9) are the cycle numbers for the same 
electrode; dashed trace represents the voltamperogram ob- 

tained after renewal procedure. 
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Fig. 4. Effect of CPE composition and pH on differential 
pulse response for 2 x 10W6M iron(R). (1) Nafion, (2) 
2,2’-bipyridyl, (3) pH of preconcentration electrolyte. Other 

conditions as for Fig. 2. 

reproducible responses can be obtained when 
the preconcentration/determination/renewal 
cycles are performed under identical conditions. 
Enhancement of the sensitivity during the initial 
cycles has been found by other authors in 
studying other CPEs modified with organic 
complexing agents. 1*2*32 The reason for the en- 
hancement might be that the surface chelating 
groups of the complexing agent, after complex- 
ation with the analyte, attain a certain degree of 
ordering and orientation that facilitates sub- 
sequent complexation.’ As a consequence of this 
behaviour, to avoid a time-dependent sensitivity 
in subsequent determinations virgin modified- 
electrode surfaces require conditioning as de- 
scribed in the experimental section. Similar 
sequences have been found essential for success- 
ful operation of other CPEs modified with 
complexing agents. ‘*2v32 

Optimum experimental conditions for analysis 

The effect of the carbon-paste composition on 
the differential pulse voltammetric response of 
the accumulated iron(I1) was tested, with the 
results in Fig. 4. Curve (1) shows the effect of 
Nafion in carbon paste (containing 13% 2,2’- 
bipyridyl) on the electrochemical response. The 
reason for the non-linear relationship is not yet 
certain, but may either be a greater extent of 
intercalation at high Nafion loading, or increas- 
ing electrode resistance. Other possible reasons 
are mass-transfer and charge-transfer limi- 
tations within the polymer film and at the 
substrate/film interface.30*3’ The considerable 
change in the background current at high 
Nafion loading made it very difficult to deter- 
mine traces of iron( so carbon paste with 
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6-10% Nafion was employed in all subsequent 
experiments. 

The effect of 2,2’-bipyridyl in carbon paste 
loaded with 6% Nafion was also tested. It was 
found that the largest differential-pulse peak 
current for iron(I1) occurred when the carbon 
paste contained 5-10% w/w 2,2’-bipyridyl [Fig. 
4, curve (2)]. 

The solution employed in the determination 
step has a profound effect on the differential- 
pulse voltammetric response. Various electro- 
lyte and buffer solutions were tested. Britton- 
Robinson buffer (pH 5.0) proved to be better 
than the other solutions tested (0.M KCl, 0.M 
CH,COONa, O.lM NH,Cl, O.lM N%C03, 
0.M KN03, 0. IM HCI, 0.2M KCI-HCI, 
Na, B,O,-NaOH buffer, CH, COONa-CH3- 
COOH buffer, O.lM NaOH, Na2HP04- 
KH2P0, buffer, 0.05M Na,B40, and O.lM 
NaH,PO,), yielding the largest and sharpest 
peak. A 0.2M acetate buffer (pH 5.0-5.8) was 
also suitable for accumulating iron(I1). The 
effect of the pH of the Britton-Robinson buffer 
solution on the differential-pulse voltammetric 
response of iron(I1) is shown in Fig. 4, curve (3); 
the optimum pH range is 4.0-5.6. As with 
2,2’-bipyridyl alone, attempting accumulation 
from a more acidic medium caused a drastic 
decrease in the peak current. At the same time, 
the use of a preconcentration medium more 
alkaline than pH 8 often resulted in premature 
precipitation of iron(I1) hydroxide when rela- 
tively high iron(I1) concentrations were encoun- 
tered and the accumulation efficiency decreased 

I I r”T?’ I I I 
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Fig. 5. Dependence of differential pulse voltammetric re- 
sponse of CMCPE on pulse amplitude. (1) 5, (2) 10, (3) 25, 

(4) 50 and (5) 100 mV. Other conditions as for Fig. 2. 
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Fig. 6. Dependence of differential pulse voltammetric re- 
sponse of CMCPE on the accumulation time. Iron(U) 
concentrations: (1) 2 x 10w6, (2) 1 x 10e5, (3) 2 x 10T5 and 

(4) 5 x 10b5M. Other conditions as for Fig. 2. 

drastically. Hydrogen ion is not involved di- 
rectly in either the complex or the ion-associ- 
ation However, owing to the basicity of 
2,2’-bipyridyl, protons compete with iron( 
reducing the formation of the complex and 
therefore the differential-pulse response of 
iron(I1). In alkaline solution, because of hy- 
drolysis of the analyte, the preconcentration of 
iron(I1) on the modified electrode surface is also 
less effective. 

The differential-pulse voltammetric waveform 
offered better response characteristics than did 
linear-sweep voltammetry and was used in prac- 
tical measurements (as shown in Fig. 2). The 
peak current increased quasi-linearly with the 
pulse amplitude over the range 5-100 mV (Fig. 
5). The best signal-to-background current ratio 
and high sensitivity can be obtained with 50-mV 
pulse amplitude and this was therefore used in 
all other measurements. 

The dependence of the differential-pulse 
voltammetric peak current on accumulation 
time for different iron(I1) concentrations is 
shown in Fig. 6. The rate of iron(I1) uptake is 
dependent on concentration. The peak current 
increased rapidly at first, then gradually more 
slowly until a steady-state current was reached. 
The steady-state currents increased with the 
concentration of iron( but non-linearly. In 
all cases, the preconcentration process was rela- 
tively rapid, more than 80% of the final re- 
sponse being generated within the first few 
minutes of accumulation. Such profiles were 
observed at the different concentrations of 
iron employed and appeared to represent the 
kinetics of the cation uptake by the ion-ex- 
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changer. This behaviour of electrodes modified 
with ion-exchanger is in agreement with com- 
mon models for the rates of ion accumulation in 
ion-exchangers.33 

Under the optimum experimental conditions, 
the differential-pulse voltammetric peak current 
increased linearly with [Fe(II)] from 3 x IO-’ to 
2 x IO-‘M (fmin accumulation period) and the 
detection limit was 8 x IO-‘M. Because of trace 
amounts of iron(I1) in the chemicals and water 
used, lower detection limits could not be 
reached by using longer accumulation times. 
The linear response may be extended by the use 
of shorter accumulation times. At higher con- 
centrations the response started to level off; a 
possible explanation for this may be saturation 
of the binding sites of the Nafion film. Another 
possibility is mass-transfer and charge-transfer 
limitations in the Nafion.“s3’ 

Interferences 

The most significant potential advantage of 
using CMEs in analytical chemistry is the op 
portunity that the modifier-analyte interaction 
affords for greatly improved sensitivity and/or 
selectivity. If a highly selective modifier is used, 
the CME should allow interferences from co-ex- 
isting species possessing electrochemical be- 
haviour similar to that of the analyte to be 
by-passed in a straightforward fashion. It is 
precisely this kind of interference that poses a 
nearly insurmountable problem for conven- 
tional voltammetric stripping analysis. Further- 
more, because of the high selectivity toward the 
target analyte, a number of co-existing species 
have little or no effect on its determination. 
Co-existing ions can interfere with the determi- 
nation of iron(I1) if they compete for surface 
binding sites and reaction with the modifier or 
yield an overlapping response. For the specific 
case of 2,2’-bipyridyl, Co(II), Cu(I), Cu(II), 
Ni(II), Ru(III), Ag(1) and Fe(II1) are potential 
interferents. In these studies the response of the 
CMCPEs to 5 x IO-‘A4 iron(I1) was investi- 
gated as a function of increasing concentrations 
of these ions. It was found that additions of 
5 x 10M6M Co(II), Cu(I), Cu(II), Ni(III), 
Ru(II1) and Ag(1) to the iron(I1) solution re- 
sulted in 28, 25, 23, 18, 20 and 15% depression 
of the peak current for iron( respectively. 
Addition of 5 x lo-‘N iron(II1) results in 60% 
enhancement of the iron(I1) peak current. 
Anions such as CN- and SCN- can form 
complexes with iron(I1) and seriously interfere 
with the determination. Electroactive but non- 
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accumulated metal ions do not interfere, be- 
cause of the use of the medium-exchange 
procedure. Reductants such as ascorbic acid, 
hydroxylamine hydrochloride and hydroxy- 
lamine sulphate, which may be used to reduce 
iron(II1) in the sample solution to iron(I1) for 
total iron determination, have no effect on the 
determination of iron(I1). However, in practical 
use, thousandfold excesses of co-existing ions 
(such as A13+ ions) could be tolerated before the 
iron(I1) quantification began to be affected. In 
these cases, no new peak currents indicative of 
complex or co-precipitation formation and carry- 
over of the interferents were observed, but a 
gradual suppression of the iron(I1) peak became 
evident. This implies that, in unknown samples, 
large excesses of such indirectly interacting inter- 
ferences might produce erroneously low results. 
In such instances, more accurate determination 
would probably be achieved by using a standard- 
addition method instead of a calibration graph, 
or by use of a prior separation step. Alterna- 
tively, selective masking of the most important 
co-existing ions might also be useful. 

Practical applications 

The Nafion/2,2’-bipyridyl-modified CPE was 
applied to the determination of iron in certified 
standard reference materials and natural waters 
by a standard-addition method. Aluminium 
samples (0.1-0.3 g) were dissolved with a mix- 
ture of 6M hydrochloric acid and 30% hydro- 
gen peroxide in a beaker; the solutions were 
carefully heated (under a cover) on a hot-plate 
until nearly dry, then treated with concentrated 
hydrochloric acid and evaporated to dryness. 
The residues were dissolved in 7M hydrochloric 
acid and the iron was extracted with a ben- 
zene/methyl isobutyl ketone mixture as pro- 
posed by Jackson and Philips.M 

Aqueous samples were acidified with hydro- 
chloric acid and filtered through a fine filter 

paper. 
An aliquot of the test solution was taken and 

iron(II1) was reduced by adding 0.2-0.4 ml of 
10 mg/ml hydrochloride hydroxylamine sol- 
ution; the iron(I1) was then determined by the 
procedure above. The results agreed well with 
the reference values and the recovery was good 
enough for practical use, as shown in Table 1. 

CONCLUSIONS 

Although this study should be considered 
preliminary, the results demonstrate the feasi- 
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Sample 

Table 1. Determination of iron in samples 

Addition, Found, Recovery, 
Found Standard value udml wlml % 

LF, aluminimn alloy 0.49% 0.50% 1.0 0.94 94 
ZL,, al~mum . . alloy 0.23% 0.23% 1.0 0.98 98 
Pure altinium Al-l 0.23% 0.24% 
Water (reference sample) 0.079 r&ml 0.078 &ml 

:0 0.94 94 
0.103 103 

Water I 0.26 /&nl - 0:10 0.096 96 
Water II 0.083 pg/rnl - 0.10 0.105 105 
Water III 0.14 rg/ml - 0.10 0.097 97 

bility of using an ion-exchanger such as Nafion 
to immobilize a large and fairly soluble organic 
modifier such as 2,2’-bipyridyl and its com- 
plexes for performing trace analysis by precon- 
centration and determination. Carbon paste is 
shown to be a suitable matrix for the immobil- 
ization of Nafion and 2,2’-bipyridyl in a stable, 
reproducible and responsive form. This kind of 
CME is simple and inexpensive to prepare and 
the modified electrodes can be easily miniatur- 
ized by using the method developed by Wang 
and Brennsteiner3’ and the manual batch pro- 
cedure can also be easily automated with a 
computerized flow system as described by 
Thomsen et a1.36 A variety of potential analyti- 
cal applications for this kind of CME exist, 
based on a judicious choice of the ion-exchanger 
and organic complexing reagent and control of 
the experimental conditions. The present work 
can thus serve as a basis for further research in 
this area. 
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Summary-A carbon paste electrode used as a sensor for silver has been developed and electrode response 
characteristics have been investigated. The electrode exhibits linear response to the logarithm of the 
concentration of silver from 5 x lo-‘A4 to 1 x lo-*M, with a response slope of 63 f 2 mV. The detection 
limit according to IUPAC recommendations is 1 x lo-‘M. This electrode has been used to determine trace 
silver in fixing solutions and waste electroplafe solutions with good results. 

There are many electroactive materials that can 
be used in Ag+-ion selective electrodes, but the 
selectivity and sensitivity of Ag,S-based elec- 
trodes are by far the best.‘,’ Recently, many 
new types of crown ethers have been synthesized 
and involved in the field of ion selective 
electrodes(ISE).3*4 These substances form polar 
cavities in which certain ions can be enclosed 
because of ion-dipole interactions, with the for- 
mation of a charged mobile complex which is 
soluble in organic solvents. This process exhibits 
a high degree of selectivity, Some crown ethers 
containing thiol have been used as ion-carriers 
for silver determination.5*6 

The idea of mixing redox couples into carbon 
paste electrode was introduced by Kuwana and 
French’ in 1964, with subsequent further studies 
by several groups. *s9 Although the complex issue 
of transport of the electroactive species to the 
carbon-solvent interface is not satisfactorily ex- 
plained, the electrode is very useful to analysts 
for the determination of many trace ions.‘O 
Considerable attention has been focused on 
electrochemical determinations using chemically 
modified carbon paste electrodes, with the pre- 
concentration agent mixed into a carbon paste 
matrix in order to react with and bind the target 
solute.“*” The electrochemical responses are 
very stable and the electrode can be easily 
renewed by removing an outer layer of the paste 
and resmoothing the surface. But so far, the 
applications of carbon paste electrodes are 
mainly defined in the field of voltammetric 
determination and very few have been used in 
potentiometry. A carbon paste electrode pre- 
pared from graphite powder and Aliquat 336, a 

liquid quaternary ammonium chloride, was 
used as a chloride ion-selective electrode.i3 

In this paper, we report a carbon paste elec- 
trode prepared from carbon graphite and Nujol 
oil which is used as a potentiometric Ag+-selec- 
tive electrode. This analyte was chosen because 
graphite powder has a tendency to absorb 
silver.14 The carbon paste electrode is simple to 
prepare and its surface is easy to renew in a 
reproducible manner, which makes it very use- 
ful as an electrochemical sensor. We have inves- 
tigated its response to silver and the results show 
that the carbon paste electrode is very sensitive 
and selective, using suitable masking pro- 
cedures, for silver determination. The potential 
response of the electrode is found to be linear to 
the logarithm of the concentration of silver from 
5 x lo-‘M to 1 x IO-*i&f, with a response slope 
of 63 f 2 mV per decade concentration and a 
detection limit of 1 x lo-‘M. Because of the 
good conductivity of carbon paste, this type of 
electrode is a promising new form of ion-elec- 
trode, with different modifiers mixed into the 
matrix. The small resistance and rapid response 
would be welcomed in clinical analysis.” 

EXPERIMENTAL 

Reagents and apparatus 

Graphite powder (Hongxin Chemical Re- 
agents Factory, Beijing, China) and Nujol oil 
(Wuhan Chemical Reagents Factory, China) 
were used for the preparation of the carbon 
paste electrode. A O.lOOM Ag+ standard stock 
solution was prepared by dissolving 1.6987 g of 
silver nitrate (analytical grade) in a standard 

1185 



1186 JIANHONG PEI et al. 

loo-ml flask with doubly-distilled water. The 
solution was placed in the shade and protected 
against light. The working solutions were pre- 
pared daily by suitable dilution of this solution. 
Sodium nitrate (1 M) and sodium fluoride (1 M) 
solutions were prepared and used as supporting 
electrolyte and masking agent, respectively. All 
other solutions used in interference studies were 
prepared from analytical grade salts of nitrate. 
Doubly distilled water was used throughout. 

The electromotive force (EMF) measure- 
ments were performed at 23.1” with a PHS-1OA 
Digital Ion-pH Meter (Xiaoshan Scientific In- 
strumental Factory, China). A PHS-2 pH Meter 
(Shanghai Analytical Instrumental Factory No. 
2, China) was used for pH determination. A 314 
S2- ion-selective electrode (Jiangsu Electro- 
analytical Instrumental Factory, China) was 
used to determine trace silver, which gave a 
reference value for the carbon paste electrode. 

Cyclic voltamperograms were recorded with a 
PAR 174A polarographic analyser equipped 
with a Model 0089 X-Y recorder. The three 
electrode system was used with a carbon paste 
electrode, a saturated calomel reference elec- 
trode and a platinum auxiliary electrode. 

Preparation and renewal of carbon paste elec- 
trode 

A carbon paste electrode was prepared by 
mixing 5 g of graphite powder and 3 ml of Nujol 
oil in a mortar. Electrode bodies were made 
from disposable 1 -ml polyethylene syringes 
(3 mm i.d.), the tip of which had been cut off 
with a razor blade. These bodies were filled with 
approximately 0.3 ml of carbon paste. Smooth 
surfaces were obtained by applying manual 
pressure to the piston while holding the elec- 
trode surface against a smooth, solid support. 
The electrode connection to the carbon paste 
was established via a thin copper wire. 

A fresh electrode surface was obtained by 
dipping the electrode into dilute ammonia 
solution for one minute and rinsing in water 
several times to remove the residual ammonium; 
or squeezing out a small amount of paste, 
scraping off the excess with a glass rod and 
polishing the electrode on paper until the 
surface had a shiny appearance. 

Procedure 

The carbon paste electrode was used as indi- 
cator electrode. The reference electrode was a 
saturated calomel electrode (SCE) which was 
connected to the test solution with a salt bridge 

of saturated potassium nitrate in agar gel. The 
measurement cell was as follows: 

Hg, Hg, Cl2 9 KC1,turatea II KN03 (sat) salt bridge 

in agar gel II 

test solution I( carbon paste electrode 

The carbon paste electrode was immersed in 
30 ml of silver test solution containing 0.3M 
sodium nitrate and 3 x lo-‘M sodium fluoride 
with stirring, using a magnetic stirrer (100 t-pm), 
for 30 sec. Potentials were measured at rest. 

Sample analysis 

Transfer two milliliters of photographic fixing 
solution or waste electroplate solution to a 
50-ml beaker containing 1 ml of concentrated 
nitric acid, 1 ml of concentrated hydrochloric 
acid and several drops of 1M sulphuric acid. 
Heat until gas is no longer evolved. Repeat this 
addition and evaporation, then dissolve the 
residue in O.lM nitric acid and adjust the pH 
value of the solution to about 6. Transfer this 
solution into a loo-ml standard flask and dilute 
to volume with water. The concentration of 
silver was determined by the procedure de- 
scribed above, with a calibration curve. 

RESULTS AND DISCUSSION 

The compositions of supporting electrolyte sol- 
ution 

Ideal potentiometric measurements, especially 
in analytical chemistry, require that only the 
composition of the analyte solution affects the 
potential of the indicating electrode. This would 
occur only if the liquid-junction potential could 
be neglected. Therefore, an indifferent electro- 
lyte of much larger concentration has to be 
contained in the system. Sodium nitrate (0.3M) 
was chosen in this system to maintain the ionic 
strength and minimize the liquid-junction po- 
tential. Some multi-valent ions, such as Fe3+, 
A13+ and C$+, interfered with the determi- 
nation, and 3 x 10m2M sodium fluoride was 
used to eliminate these interferences. Potentio- 
metric measurements also require the potential 
of the reference electrode to be fixed and, in this 
system, silver can affect the potential of the 
SCE. Therefore, the saturated potassium nitrate 
agar gel salt bridge was used to connect the 
solution to the reference electrode (SCE). 

E$ect of pH 

The effect of the test solution pH on 
the electrode response was investigated at 



Potentiometric determination 

1 x 10W4M silver solution. The experimental 
results are shown in Fig. 1. At the pH range of 
4.5-7, the potential remains unchanged. At 
higher pH values, the solution becomes turbid 
due to silver hydrolysis and the response de- 
creases. At lower pH, the response decreases 
and dramatically becomes unstable. 

The electrode response curves at different pH 
values are shown in Fig. 2. At a value of about 
6, the electrode gives good linearity and low 
detection limit. The electrode exhibits little or 
no response to silver at much lower pH. Thus, 
the data shown in Fig. 2(a) can be used to 
calculate the selectivity coefficient for the silver 
ion to the hydrogen ion with the constant 
interference concentration method.16 The value 
calculated, K*@v”+ = 3.98 x 10m4 (at pH = 1.1). 

Response characteristics of carbon paste elec- 
trode 

The response time of the carbon paste elec- 
trode is measured in the usual way. It was found 
that a long response time is required for attain- 
ing a constant potential in dilute solution (below 
IO-‘M) without stirring. In order to decrease 
response time it is important to stir the sample 
solution for a period of time prior to measure- 
ment. The test solutions are magnetically stirred 
for 30 set (100 rpm). It is not recommended to 
measure the potential while stirring because of 
potential instability. The response time (to 95% 
of steady reading) for different concentrations 
of silver are shown in Table 1 (including a 30 set 
stirring time). The carbon paste electrode ex- 
hibits a sufficiently stable EMF response for 
several months and the drift of measurement is 
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Table 1. The response time of the carbon 
electrode (95% of steady reading) 

C ..+, (W 10-e 10-S IO-’ 

Response time, (set) 100 60 40 

270 
.’ 

.’ \ 
.I 

123456769 
PH 

Fig. 1. The effect of pH on the response of the carbon 
paste electrode; 3 x lo-*M NaF, 0.3M NaNO, and 

1 x l0-4M Ag+. 

less than 1 mV over four hours in 10M3M silver 
solution. 

The ISE potential depends directly on the test 
ionic activity. But in analytical practice concen- 
tration values are more often required than 
activity values. In this paper, concentrations are 
used rather than activities because of the sup- 
porting electrolyte (0.3M NaNO,) used to 
maintain the ionic strength. 

Figure 2(b) shows the response curve of the 
carbon paste electrode at pH 6. The potential 
of the cell assembly exhibits a linear response 
to the logarithm of silver concentration from 
5 x IO-‘M to 1 x IO-‘M, with a response slope 
of 63 k 2 mV per decade of silver concentration. 
A higher silver solution concentration was not 
tested. The regression equation is E(mV) = 
(546.6 + 1.5) + (63 & 2) log C,, and the corre- 
lation coefficient is 0.996. According to the 
IUPAC recommendations” for ion-selective 
electrodes, the practical detection limit may be 
taken as the concentration corresponding to the 
point of intersection of two extrapolated lines as 
shown in Fig. 2 and hence the detection limit is 
1 x lo-‘M. 

Selectivity and interferences 

In 0.3M sodium nitrate solution, Fe3+, Cr’+ 
and A13+ severely interfere with the determi- 
nation of Ag+. A concentration of 3 x IO-‘A4 F 

-I;-;“:, , , , 
6765432 

-4 CA,+ 

Fig. 2. Carbon paste electrode response curves at differ- 
ent pH values. (a) pH 5: 1.1, (b) pH = 6, (c) pH = 11.5. 

3 x 10-2M NaF, 0.3M NaNO,. 
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Table 2. Selectivity coefficients of the carbon paste electrode Table 3. Measurements of 1 x 10m4M silver solution with six 

Interference Interference different carbon paste electrodes 

ions ions Electrode 1 2 3 4 5 
Km+ K&+ Km+ Km+ KAn+ Km+ 

6 X X6,_, 
1 
Potential 

Na+ <10-e Fe-‘+ 4.5 x 10-d 
lO-4 <lo-6 

value, mV 295 294 294 293 295 294 294 0.15 
Li+ 2.3 x K+ 
Al’+ 
Fe*+ 
Mg2+ 
cll2+ 
Zn2+ 
CY+ 
Pb2+ 

4.9 x lo-’ 6.9 x lO-4 
1.7 x lo-4 <lo-6 

10-h Ni*+ 6.9 x lO-4 
7.8 x lo-’ Sn2+ 5.1 x IO-4 
6.9 x lO-4 W+ 0.21 

5 x lo-4 Cd2+ 10-S 
4.9 x 10-J 

Table 4. Alternating measurements in 1 x lo-‘M and 1 x lo-‘M silver solutions 

Determination 1 2 3 4 5 6 X X6,_, 

Response 1 x lo-‘M 228 229 230 228 231 228 229 1.25 
value, mV 1 x IO-‘M 256 355 356 356 354 355 355 0.82 

is added as a masking agent to eliminate these 
interferences. 

The selectivity coefficients of the carbon paste 
electrode were evaluated by the constant inter- 
ference concentration method.“*‘* The concen- 
trations of the interference ions used were as 
follows: 0 lMNa+ K+, Ca2+, M 2+ 
Cd’+; ’ 

g Zn2+ and 
1 x 10m2M ii+, Fe2+, Co2+,‘Ni2+ and 

Sn2+; 1 x 10b3M Fe3+, Cr3+, A13+ and Pb2+ and 
1 x 10-4M Hg2+ and Cu2+. After each inter- 
ferent is investigated, the electrode is washed 
with water thoroughly and carefully dried with 
a fine filter paper. The experimental results are 
shown in Table 2. 

Electrode renewal and its reproducibility 

It is important to renew the electrode surface 
when the silver solution is changed from high 
concentration to a dilute solution because 
residual silver will still be adsorbed on the 
surface of the carbon paste electrode which will 
lead to poor reproducibility. The appropriate 
renewal process is described above. Renewal 
with ammonia water solution is recommended 
as the same electrode surface is utilized for a 
series of consecutive determinations. In this 
manner, the surface-to-surface variability occur- 
ing when the carbon paste is manually refreshed 
could be avoided and at the same time, an 
improvement in speed and flexibility of the 
procedure is achieved. 

Six different carbon paste electrodes were 
used at the same time to determine 1 x 10-4M 
silver solution in order to test parallel results 
(Table 3). 

To evaluate the reproducibility of emf 
response of the cell assembly, alternating 

measurements were performed in 1 x 10-5M 
and 1 x low3 silver solution (ion background: 
0.3M sodium nitrate, 3 x 10m2M sodium fluor- 
ide). The procedure was repeated six times and 
the results are shown in Table 4. (The electrode 
surface is renewed for each high/low concen- 
tration measurement cycle). 

Practical applications 

Trace silver in the fixing solution and waste 
electroplate solution was determined with 
this ,electrode. The treatment of samples was 
described above. The commercial 314 S2- ion- 
selective electrode was used to give the reference 
valuesI and the results are given in Table 5. 

Possible response mechanism of carbon paste 
electrode to silver 

The carbon paste electrode was immersed in 
0.3M sodium nitrate and 2 x 10e3M Ag+ sol- 
ution, which was stirred with a magnetic stirrer. 
After 5 min, the electrode was removed from the 
solution and rinsed throughly with water, then 
dipped in 0.3M sodium nitrate solution (oxygen 

Table 5. Determination trace silver in fixing solution and 
waste electroplate solution (all determinations were carried 

out in triplicate) 

Fixing Electroplate 
solution, solution, 

ppm ppm 

Carbon paste 
electrode, mV 13.2 8.98 

Recovery of added 
Ag +, % 97 94 

314 S*- ion-selective* 
electrode, m V 13.4 9.03 

*Measured by the method of Zhou et af.‘* 
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nia water easily refreshes the electrode surface, 
At the phase boundary and electrical double 
layer is formed as a result of the distribution 
equilibrium of the silver ion. 

-05 -04 -03 -02 -01 00 01 02 03 a4 a5 06 07 

E/VW. SCE 

Fig. 3. Cyclic voltampexogram. scan rate: 250 mV/sec. 

free) and the cyclic voltamperogram was 
recorded. Figure 3 indicates that carbon paste 
has a tendency to adsorb the silver ion. This 
phenomenon has been noted by Cheek and 
Nelson.14 The phase boundary potential may 
originate from the adsorption of silver at the 
surface of the carbon paste electrode. Further 
evidence arises from the fact that dilute ammo- 
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3. 

4. 

5. 

6. 

I. 

8. 
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Summary-A poly-salicylic acid modified glassy-carbon electrode (PSAMGCE) was prepared by electro- 
polymerisation. The behaviour of copper on this electrode was investigated by anodic stripping 
voltammetry. The electrode is about 40 times more sensitive than the unmodified glassy-carbon electrode. 
It was applied to the determination of trace copper in water, and shows a 96-106% recovery and a 
relative standard deviation of cu. 3%. 

The modification of electrode surfaces is cur- 
rently an active area of research. A variety of 
methods for preparing modified electrodes have 
been reported.‘-* In recent years electrodes 
modified by electropolymerisation have become 
of great interest.9-‘4 In the present work, salicylic 
acid was electrochemically polymerised on the 
surface of a glassy-carbon electrode in an 
aqueous solution containing salicylic acid, for- 
maldehyde and sodium hydroxide. The electro- 
chemical properties of the poly-salicylic acid 
modified glassy-carbon electrode (PSAMGCE) 
have been investigated by anodic stripping 
voltammetry. The modified electrode was 
applied to the determination of copper(I1) in 
water, and its sensitivity for copper(I1) is about 
40 times higher than that of the unmodified 
glassy-carbon electrode. 

EXPERIMENTAL 

Apparatus 

Current-potential curves were obtained by a 
Model 79-1 voltammetric analyzer (Jinan No. 4 
Radio Factory, Shadong, China), and voltam- 
perograms were recorded on an X-Y recorder 
(Shanghai Dahua Instrument Factory, China). 
A simple three-electrode electrochemical cell 
with a saturated calomel electrode (SCE, Model 
232, Shanghai Tien Kuang Scientific Instru- 
ments Works, China) as reference electrode, a 
platinum wire as an auxiliary electrode and a 
PSAMGCE as working electrode were used for 
all the electrochemical experiments. Infra-red 
spectra were recorded with a Perkin-Elmer 983 
IR Spectrometer (Perkin-Elmer Corp., U.S.A.). 

Reagents 

All reagents used were of analytical grade. All 
water used was doubly-distilled water from a 
quartz apparatus. The standard stock solution 
of copper(I1) was 1 mg/ml and diluted as 
required. An aqueous solution containing 0.5 g 
of salicylic acid (Shanghai Wulian Chemical 
Factory, China), 0.5 g of formaldehyde (Shang- 
hai Solvents Factory, China) and 0.5 g of 
sodium hydroxide (Beijing Chemical Factory, 
China) in 50 ml of water was used in the 
klectropolymerisation. 

Surface modtjkation 

The glassy-carbon disk electrode (Model 
AD-2, area = 0.1 cm’, Jintan Analytical Instru- 
ment Factory, China) was first polished to a 
mirror finish with a paper tissue and then 
washed with ethanol and doubly-distilled water 
for 2 min with each, in an ultrasonic bath. The 
glassy-carbon working electrode was immersed 
in 50 ml of aqueous solution containing 0.5 g of 
salicylic acid, 0.5 g of formaldehyde and 0.5 g of 
sodium hydroxide, with the SCE and Pt wire as 
reference and auxiliary electrodes respectively. 
The electropolymerisation on the glassy-carbon 
electrode was carried out by sweeping the elec- 
trode potential between -0.1 and + 1.3 V (us. 
SCE), with a scan-rate of 100 mV/sec and a 
scan-time of 5 min, while stirring. Finally, the 
electrode prepared was rinsed thoroughly with 
doubly-distilled water, and a poly-salicylic acid 
modified glassy-carbon electrode (PSAMGCE) 
was made. 
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Procedure 

Nitrogen gas was passed through the test 
solutions containing sodium acetate-acetic acid 
to remove dissolved oxygen before the measure- 
ments, and over the solutions during the 
measurements. On the PSAMGCE, the pre- 
electrolysis was conducted at -0.6 V (as. SCE) 
for 2 min, while stirring. After a rest period of 
30 set, the 2nd order differential anodic strip- 
ping voltamperogram was recorded with a scan 
rate of 100 mV/sec. After each determination, 
the PSAMGCE potential was shifted at +0.6 V 
(vs. SCE) and the electrolysis was done for 
5 min with strong stirring. The regenerated 
PSAMGCE is used in the next dete~nation. 

RESULTS AND DISCUSSON 

Composition of the modified film 

The modified film obtained from electropoly- 
merisation of salicylic acid was insoluble in 
water, dilute acid and base solutions. 

According to DeGeiso er al.,” salicylic acid 
could be condensed with formaldehyde, and a 
poly-salicylic acid could be prepared by reflux- 
ing a mixture containing salicylic acid, for- 
maldehyde and oxalic acid. The polymer could 
then be treated with dilute sodium hydroxide 
solution and dried. The infrared spectrum of the 
resulting polymer was about the same as that 
of the modified film and does not change on 
heating the polymer under reflux with rapid 
stirring. This indicates that the treatment with 
the electrochemical method indeed results in the 
formation of a salicylic acid-formaldehyde co- 
polymer on the electrode surface which may be 
represented by the following formula:1s 

5nA T 

E. Vvs. SCE 

Fig. 1. Cyclic voi~~rogmm of copper on PSAMGCE 
(-) and unmodified glassy-carbon electrode c * .). 
[Cu2+] = 100 ng/ml, supporting electrolytes 0.05M sodium 

acetate-O.OSM acetic acid, scan-rate 100 mV/sec. 

-0.2 V (us, SCE), respectively. The peak separ- 
ation for the redox reaction of the copper is 
about 0.15 V. It shows that the redox process of 
the copper on the PSAMGCE is an irreversible 
redox reaction. When the PSAMGCE is placed 
in 0.094 sodium acetate-0.09% acetic acid that 
does not contain copper( no electrochemical 
peaks occur between -0.5 aud +0.5 V (vs. 
SCE). 

According to the procedure described in the 
experimental se&i&, a 2nd differential anodic 
stripping voltamp&ogram for the solution con- 
taining 0.05M:’ sodium acetate-0.05M acetic 
acid and 5 &ml copper(I1) was recorded 
(Fig. 2). The sensitivity of the PSAMGCE for 
copper(I1) is about 40 times higher than that of 
the unmodifi~ glassy-carbon electrode. This 
results from the formation of complexes be- 

Voltammetric properties of Cu(rr) on 
PSA MGCE 

The voltammetric properties of PSAMGCE 
were studied by cyclic voltammetry in 0.05M 
sodium a~etat~O.05M acetic acid containing 
copper(I1). Figure 1 shows a cyclic voltampero- 
gram of the redox reaction of copper on the 
PSAMGCE between -0.5 and +0.5 V (US. 
SCE) at 100 mV/sec. The oxidation and re- 
duction peaks of copper appear at -0.05 and 

tween copper(I1) and the salicylic acid polymer 
film which act as a linking agent on the elec- 
trode surface. In other words, the m~ified 
polymer film results in the transport of more 
copper(I1) ions to the electrode surface during 
pre-electrolysis. 

E~ectropol~meris~tion conditions 

According to the modified method described 
in the experimental section, cyclic voltampero- 
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E, Vvs. SCE 

Fig. 2. SecondditTerential anodic stripping voltamperogram 
of copper on unmodified glassy-carbon electrode (1) and 
PSAMGCE (2). [Cu*+] = 5 ng/ml, supporting electrolytes 
O.OSM sodium acetatt0.05M acetic acid, pm-electrolysis 

for 2 min at -0.6 V (us. SCE), scan-rate 100 mV/sec. 

grams of successive potential sweeps in a sol- 
ution containing salicylic acid, formaldehyde 
and sodium hydroxide were recorded (Fig. 3). It 
shows an oxidation peak at +0.5 V (us. SCE) 

for the solution containing the salicylic acid, 
formaldehyde and sodium hydroxide. In this 
work, a potential sweep between -0.1 and 
+ 1.3 V (us. SCE) was selected for electropoly- 
merisation of the salicylic acid. Sweeping poten- 
tials more positive then + 1.3 V (u.r. SCE) will 
lead to the formation of gas which will interfere 
with electrode modification. 

Figure 3 also indicates that the oxidation 
peak decreases with scan time. The peak height 
stabilizes after about 5 min. Therefore an elec- 
tropolymerisation time of about 5 min was used 
in the above experiments. 

Eflect of composition of the solution used for 
modjication 

The solution used for modification was com- 
posed of salicylic acid, formaldehyde and 
sodium hydroxide. The amount of salicylic acid 
was 0.5 g in 50 ml of aqueous solution and the 
effects of formaldehyde and sodium hydroxide 
on the peak height for copper(I1) are sum- 
marized in Table 1. These results indicate 
that the highest peak was found with 0.5 g 
of formaldehyde (36%) and 0.5 g of sodium 
hydroxide. 

I I I I I I I 

+1.2 +0.8 +0.4 0 

E, VW. SCE 

Fig. 3. Cyclic voltamperogram of electrode modification in 50 ml of aqueous solution containing 0.5 g 

of salicylic acid, 0.5 g of formaldehyde and 0.5 g of sodium hydroxide (-), containing only 0.5 g of 
formaldehyde and 0.5 g of sodium hydroxide ( . .), scan-rate 100 mV/sec. 

Table 1. Effect of the composition of the modification solution (50 ml) on the anodic stripping peak height of copper. 
Salicylic acid = 0.5 g 

Experimental No. 1 2 3 4 5 6 

Composition Formaldehyde (36%), g 0.8 0.8 0.2 0.5 
NaOH, g 

8:: 
0.5 

0”:: 
0.8 0.5 0.2 

Peak current,* nA 51 45 14 12 27 21 

*[Cu2+] = 5 ng/ml, supporting electrolytes 0.05M sodium acetatc0.05M acetic acid, pre-electrolysis for 2 min at -0.6 V 
(us. SCE). 
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I I I 
0.05 0.10 0.15 

Concentration, M 

Fig. 4. Effect of the concentration of sodium acetat*acetic 
acid on stripping peak height of copper. [Cu2+] = 5 ng/ml, 
pre-electrolysis for 2 min at -0.6 V (us. SCE), scan-rate 

100 mV/sec. 

Effect of supporting electrolytes 

For comparison, the seven supporting elec- 
trolytes chosen were ammonium sulphate, am- 
monium acetate, sodium acetate, ammonium 
chloride, sodium acetate-acetic acid, potassium 
chloride and potassium nitrate. The effect of 
these supporting electrolytes on the anodic 
stripping peak height of copper at the modified 
electrode was examined by the procedure de- 
scribed in the experimental section. The results 
show that a well-formed peak appears at -0.05 
V (vs. SCE) and its peak height is highest if 
sodium acetateacetic acid is used as supporting 
electrolyte. 

When the sodium acetate-acetic acid ratio is 
1: 1, the highest peak is obtained with 0.05M 
sodium acetate- 0.05M acetic acid as shown in 
Fig. 4. 

Injluence of pH, pre-electrolysis potential and 
pre -elec trolysis time 

When the pH is varied by addition of hydro- 
chloric acid or sodium hydroxide to the solution 

5Or 

I I I I 
2 4 6 8 

PH 

Fig. 5. Effect of pH on stripping peak height of copper. 
[Cu2+] = 5 ng/ml, supporting electrolytes 0.05M sodium 
acetat&.05M acetic acid, pre-electrolysis for 2 min at -0.6 

V (us. SCE), scan-rate 100 mV/sec. 

10 - 

I 
-0.4 -0.6 -0.8 

E, Vvs. SCE 

Fig. 6. Effect of pre-electfolysis potential on stripping peak 
height of copper. [Cu2+] = 5 q/ml, supporting electrolytes 
0.05M sodium acetate-O.OSM acetic acid, pt-e-electrolysis 

for 2 min, scan-rate 100 mV/sec. 

containing 5 ng/ml copper(I1) and the 0.05M 
sodium acetate-0.05M acetic acid supporting 
electrolyte, the higher peak is found near pH 
4-6 (Fig. 5). At pH values lower than 4, the 
height of the peaks decreased very sharply. The 
explanation is probably that the formation and 
stability of copper(II)-salicylic acid chelates de- 
creases at low pH. At pH > 6, the peak height 
also decreased, which is possibly due to hydroly- 
sis of copper(I1). 

The peak height also depends on the pre-elec- 
trolysis potential. Figure 6 shows that the 
anodic stripping peak height of copper at the 
PSAMGCE is higher and more stable from 
-0.6 to -0.7 V (us. SCE). 

The peak height is linearly related to the 
pre-electrolysis time up to 4 min. In the present 
experiment adequate sensitivity for the determi- 
nation of trace copper(I1) in water can be 
obtained with a pre-electrolysis time of 2 min. 
The detection limit is 0.27 ng/ml. 

Dependence of peak height on the Cu(ZI) concen- 
tration 

The anodic stripping peak height measured 
by the preceding method was plotted against the 
copper(I1) concentration. It shows that the peak 
height depends linearly on the copper(I1) con- 
centration up to 20 ng/ml. The quantitative 
detection limit with this electrode was 0.3 ng/ml. 

Reproducibility and selectivity of the PSAiUGCE 
for Cu(IZ) 

The PSAMGCE shows excellent reproduci- 
bility. The anodic stripping peak height of cop- 
per measured with a 2-min pre-electrolysis time 
at -0.6 V (US. SCE) in a solution containing 5 
ng/ml of copper(U), resulted in a reiative stan- 
dard deviation of only 2.7% (n = 10). 
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Table 2. Determination of copper(H) in water samples 

Dam Tap Lake Single distilled 
Sample water water water water* 

Concentration found?, ng/ml 6.28 7.08 4.36 10.22 
Concentration added, ng/ml 6.00 2.00 2.00 4.00 
Total concentration found, ng/ml 12.40 6.48 14.08 
Recovery, % 102 

9987 
106 96.5 

*Distilled with distiller No. 34-4 (Shanahai Medical Apparatus and Instruments Factory, China). 
tMean of five replicate measurements. - 

SO-fold amounts of Cd2+, Mn2+ and Pb’+; 
35fold amounts of Ni’+, Zn*+, Co*+ and Ag+ ; 
25fold amounts of Sn*+, Cr3+ and Sb3+; lo- 
fold amounts of Fe’+ and Hg*+ and any amount 
of Cl-, NO;, K+ and Na+. 

Application of the PSAMGCE 

From the experimental results it can be con- 
cluded that traces of copper(I1) in water samples 
can be determined at the PSAMGCE. The best 
experimental conditions are: a water sample 
containing 0.05M sodium acetate-0.05M acetic 
acid (pH = 4-6), a pre-electrolysis potential of 
-0.6 V (0~. SCE) and a pre-electrolysis time of 
2 min. 

Quantitative data obtained with the previous 
experimental procedures are presented in 
Table 2. The PSAMGCE can be used in the 
determination of trace copper(I1) in water with 
a satisfactory recovery of 96-106%. The relative 
standard deviation for five parallel determi- 
nations of the tap water is lower than 3%. 
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Sununary-A new fiber-optic biosensor for urea has been developed, based on immobilized urease coupled 
to a fluorescence ammonia sensor. The enxymatically generated ammonia diffuses through the membrane 
into a solution of the fluorescent pH indicator trisodium 8-hydroxypyrene-1,3,dtrisulfonate. The sensor 
has been successfully used for the determination of urea in sermn samples, with results in good agreement 
with those reported by a local hospital. The proposed sensor is reversible and selective to urea. The ease 
of construction of the sensor tip offers the possibility of designing disposable tips for use in clinical 
applications. 

There has been increasing interest in the devel- 
opment of fiber-optic biosensors. Of special 
importance are applications in clinical analysis 
(because of the possibility of miniaturizing the 
sensor), the safety factor (direct electrical con- 
nections with the body are not required), and 
the ability to be used in a remote mode. Differ- 
ent types of fiber-optic biosensors based on 
fluorescence or absorption measurements have 
been developed, for 02, glucose, pH, CO, and 
ammonia.’ 

Urea is the chief nitrogenous end-product of 
protein catabolism in humans and other mam- 
mals.* The determination of urea concentration 
in blood and urine is important in the diagnosis 
of liver and kidney diseases. There are several 
indirect methods for urea determination based 
on the use of urease, which hydrolyzes urea to 
ammonia and carbon dioxide. These methods 
differ only in the measurement of the generated 
ammonia. The oldest method used Nessler’s 
reagent, K2Hg14, which gives an orange-red 
color when it reacts with ammonia in alkaline 
solution.3 Later the Berthelot reaction, where 
the ammonium ion reacts with phenol and 
hypochlorite in alkaline medium to form in- 
dophenol, was used.4 Absorbance of dissociated 
indophenol, a blue chromophore, is measured at 
630 nm. The third method for the determination 
of ammonia is based on the following reaction 
catalyzed by glutamate dehydrogenase 
(GIuDH):~*~ 

NH: + a-oxoglutarate + NAD(P)H + H+ 

GIUDH 
-glutamate + NAD(P)+ + H20 

where NAD(P)H and NAD(P)+ are the reduced 
and oxidized forms, respectively, of nicoti- 
namide adenine dinucleotide (phosphate). The 
decrease in absorbance is monitored at 340 nm 
in either an end-point or kinetic mode. One 
direct method used in most clinical laboratories 
is the diacetyl monoxime method.* In an acidic 
solution, diacetyl monoxime is converted into 
diacetyl hydroxylamine which reacts with urea 
at high temperature to form diazine which 
absorbs strongly at 520 nm. Thiosemicarbazide 
and Fe(II1) are usually added to the system 
to enhance and stabilize the color. All of 
the above-mentioned methods involve the use 
of unpleasant reagents, high temperature or 
stabilizers. 

Since 1986, several urea fiber-optic sensors 
based on the use of urease and of different 
pH-indicator phases to measure ammonia have 
been reported. The urea sensor developed by 
Yerian et al.‘,* was based on commercial non- 
bleeding acid-base indicator papers situated in 
a flow stream in an integrated micro-conduit at 
the tip of a fiber-optic bundle. The urease was 
adsorbed on the indicator paper and the analyte 
solution was directly in contact with the pH 
indicator, hence the sensor suffered from inter- 
ference by the serum sample. Rhines and 
Arnold9 developed a urea sensor based on the 
immobilization of urease at the sensing tip of 
an ammonia gas-sensing fiber-optic chemical 
sensor. The indicator solution used was a mix- 
ture of 2’,7’-bis(carboxyethyl)-S(and 6)-carboxy- 
fluorescein and S(and 6)-carboxyfluorescein, 
held by a Teflon membrane. Luo and Walt’O 
used a new technique called Avidin-Biotin 
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coupling for the immobilization of both indi- 
cator and urease. The indicator was a pH- 
sensitive fluorescein isothiocyanate isomer. 
Although the response time was significantly 
decreased, the sensor was not very sensitive to 
urea and the immobilization process involved 
extensive chemical treatments. Therefore, it is 
very difficult to make replicate sensors. 

In this paper, a fluorescence fiber-optic urea 
sensor based on the use of trisodium &hydroxy- 
pyrene-1,3,dtrisulfonate (HPTS) as indicator 
is described. The indicator solution was held at 
the fiber tip by a membrane permeable to 
ammonia, which formed the bottom of a Teflon 
cap. The urease was immobilized on the mem- 
brane. HPTS has a pK, of 7.3 and is highly 
stable with respect to photodegradation.’ It was 
previously used in an ammonia gas-fiber optic 
sensor.” Both excitation (470 nm) and emission 
(518 run) wavelengths of the basic form of 
HPTS are in the visible region, facilitating 
measurement with a glass fiber. One limitation 
of HPTS is its high sensitivity to ionic strength. 
However, in the present study, the indicator 
phase is separated from the analyte solution by 
the ammonia membrane, which is only gas- 
permeable, so the ionic strength of the indicator 
solution will not change significantly when 
different urea test solutions or serum samples 
are measured. Several characteristics of this 
urea sensor have been investigated. The practi- 
cal application for the determination of urea in 
human serum has been demonstrated. 

EXPERIMENTAL 

Apparatus 

Fluorescence measurements were made with 
a Perkin-Elmer model 650-10s fluorescence 
spectrophotometer modified to accommodate a 
fiber-optic arrangement. The bifurcated fiber- 
optic bundle used was an Oriel model 77533. A 
recorder was used to record the fluorescence 
intensity, which was converted into an electrical 
potential by a photomultiplier. A research pH- 
meter (Radiometer, model PHM 84) was used 
for all the pH measurements. A Beckman model 
DB-G grating spectrophotometer was also em- 
ployed to measure the urea concentration by the 
diacetyl monoxime method in the comparison 
study. 

Reagents 

The indicator, trisodium 8-hydroxypyrene- 
1,3,btrisulfonate (HPTS), was purchased from 

Molecular Probes (Eugene, OR). Urease (E.C. 
3.5.1.5) (Sigma u-2125) containing 7.1 x lo4 
units/g, urea, glutaraldehyde solution (25%), 
bovine serum albumin (BSA), diacetyl mon- 
oxime and thiosemicarbazide were purchased 
from Sigma (St Louis, MO). The Orion gas- 
permeable Teflon ammonia membranes (cat. 
no. 951204) were obtained from VWR Scien- 
tific. 

The indicator solution was composed of 
O.OlM sodium chloride, O.OlM ammonium 
chloride, and 2.5mM HPTS. The working 
buffer, either for testing urea solution or serum 
sample, was O.lM Tris buffer at pH 7.5. 

All other chemicals were of reagent grade 
and were used without further purification. All 
solutions were prepared with doubly distilled 
demineralized water. 

Configuration of enzyme cap 

A Teflon tube (i.d. 6 mm) with two open ends 
was used to construct the cap. It was 6 mm in 
length, with an internal diameter to give a tight 
fit on the common end of the fibers. The am- 
monia membrane was mounted on one end of 
the tube with an O-ring and a Teflon “TEEZE”- 
strip was used to seal the rest of the membrane 
around the O-ring. Enzyme solution (15 ~1, 
containing 64.8 units of urease and 0.45 mg of 
BSA) and 2.5 ~1 of 2.5% glutaraldehyde sol- 
ution were added on the outside of the ammonia 
membrane, mixed gently for a few seconds and 
allowed to dry for 4 hr in air. The membrane 
was washed by immersing it in O.lM glycine 
phosphate buffer solution for 15 min and was 
stored in O.lM Tris buffer at 4” overnight. 

Conjguration of urea sensor 

The common end of the fiber bundle was held 
upward, and the indicator solution (usually 
4 ~1) was added onto it. The solution was evenly 
spread to cover the whole surface of the fiber 
end, then the fiber was pushed slowly into the 
cap described above. 

Measurement procedure 

The excitation wavelength was set at 470 nm 
and the emission wavelength at 518 nm. Work- 
ing buffer (900 ~1) was added to the glass 
reaction cell. The cell compartment was covered 
and the output, which is proportional to the 
fluorescence intensity, was monitored until a 
stable baseline was achieved. Then the compart- 
ment was opened, 100 ~1 of standard urea 
solution or serum sample were added and the 
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cell compartment was covered again. An in- 
crease in potential, proportional to the urea 
concentration, was observed. After the measure- 
ment, the sensor tip was immersed in buffer 
solution, and recovery was usually achieved in 
15 min for a steady-state mode and 6-10 min for 
a kinetic mode. 

RESULTS AND DISCUSSION 

Concentration of HPTS 

A study of the effect of HPTS concentration 
on sensor response (Fig. 1), showed that the 
response increased with increasing HPTS con- 
centration up to 3 mM, then decreased drasti- 
cally at above about 5 mM. Since the basic form 
of HPTS can be excited at 470 nm and emits 
fluorescence at 518 nm, the fluorescence inten- 
sity is proportional to the concentration of 
deprotonated HPTS, which is related to the 
amount of ammonia that diffuses through the 
membrane. At high HPTS concentration, 
the decrease in signal is probably due to the 
self-absorption of the fluorescence by the 
indicator itself. 

Response and recovery times 

The response time of the proposed urea sen- 
sor depends on the rates of the following steps: 
(1) the urease enzyme reaction, which is affected 
by several factors, including urease activity, the 
ratio of urease, BSA and glutaraldehyde in the 
immobilized matrix, pH, composition of work- 
ing buffer, and urea concentration; (2) diffusion 
rate of ammonia through the membrane, which 
is controlled by the thickness of the immobilized 
enzyme layer as well as the inside pressure of the 
cap (usually the looser the cap, the less the 
pressure inside it). Because there is a OS-mm 
distance between the fiber end and the mem- 
brane, where the indicator solution is held, this 
inside pressure does not change the volume of 

o> 
0 2 4 2 8 10 

HPTS wf~~~ntn(ion hif ) 

Fig. 1. Effect of HITS concentration on response. Urea 
concentration was 2.5mM; 4 ~1 of indicator solution con- 

taining O.OlM NaCl and O.OlM NH,CI. 
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indicator solution, it only affects the diffusion of 
ammonia. The recovery time depends on the 
diffusion rate of ammonia outside the cap and 
the reversibility of HPTS. In our study, we 
found the following optimum parameters for 
this urea sensor: about 60 units of urease, 0.45 
mg of BSA and 2.5 ~1 of 2.5% glutaraldehyde 
solution as immobilization matrix; 4 ~1 of 
2.5mM HPTS indicator solution containing 
O.OlM sodium chloride and 0.01 M ammonium 
chloride; 0.M Tris buffer, pH 7.5, as working 
buffer. The higher the urea concentration, the 
shorter the response time and the longer the 
recovery time. The average response time for a 
steady-state mode was about 15 min, with a 
complete baseline recovery in about 15 min. 
However, measurement after 6 min was found 
suitable in the kinetic mode analysis. 

Calibration curve 

A calibration curve for the urea fiber-optic 
sensor was constructed by measuring the change 
of fluorescence intensity 6 min after addition of 
urea solution to the cell. The calibration curve 
was sigmoidal and the useful response range for 
urea was from 1 x 10e4 to 5 x IO-‘M. A cali- 
bration curve obtained by the standard-addition 
method showed the same characteristics, except 
that the response range was only from 1 x 10T4 
to 1 x 10-3M. 

Reproducibility and stability 

The reproducibility of this urea sensor has 
been investigated by making 10 measurements 
of a 1 x 10m3M urea solution within one day 
with the same sensor. The standard deviation 
was 2.2 mV and the coefficient of variation was 
2.9%. The long-term stability of this sensor 
depends only on the activity of the immobilized 
urease. No significant activity loss was found 
after one month, but after two months the 
activity was 80% of its initial value. Approxi- 
mately 200 assays were performed with the same 
sensor during those two months. The whole 
enzyme cap was stored at 4” when not in use. 
The reproducibility of different sensors was also 
studied. A coefficient of variation of 4.2% was 
obtained when 5 different sensors were used for 
measurement of a 1 x lo-‘M urea solution. The 
ease of sensor tip construction and the repro- 
ducibility between the different sensor tips 
suggest the possibility of designing disposable 
tips for use in clinical application. It is worth 
mentioning that such disposable tips would 
probably cost only about $1.50 each. 
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Interference study 

The interference study was performed by 
testing the response of the sensor to several 
potential interferents, as reported in the litera- 
ture.‘* Glucose, uric acid, creatinine, creatine, 
cholesterol, potassium, sodium and chloride are 
the major components (besides urea) in blood 
which may cause interference in blood urea 
determination. For the selectivity study, 100 ~1 
of 6.0mM glucose, 0.3mM uric acid, 0.18mM 
creatinine, OSmM creatine, 0.15M sodium 
chloride and 5.0mM cholesterol were added to 
900 ~1 of OSmM urea solution, separately. 
None of these gave significant changes from the 
response for 0.5mM urea, and it was concluded 
that no interference need be expected in the 
determination of urea in serum with the pro- 
posed sensor. 

Comparison study 

The urea fiber-optic biosensor was tested 
for the determination of urea concentration in 
human serum. The blood samples were obtained 
from the Chemistry Laboratory of Louisiana 
Charity Hospital two days after these samples 
were taken from patients. They were stored in a 
freezer and centrifuged and only the sera were 
used for the measurements. Serum samples 
(100 ~1) were added to 900 ~1 of working buffer, 
except for serum samples with a high urea 
concentration, where 50-4 samples were added 
to 950 ~1 of buffer. The calibration curve was 
constructed by measurement of mixtures of 
100 ~1 of various standard urea solutions with 
900 ~1 of working buffer. The change in fluor- 
escence intensity was measured 6 min after 
addition of the urea solution or serum sample to 
the cell. The urea concentrations of the samples 
were obtained from the regression equation of 
the calibration curve by a series of calculations. 
The direct diacetyl monoxime method was also 
applied. Table 1 shows the comparison of the 
urea-nitrogen concentrations measured with the 
present urea sensor, the values from a hospital 
report and the results of the diacetyl monoxime 
method, for some serum samples. There is good 
agreement, suggesting that this sensor can be 
successfully used for urea determination in 
serum. The performance of this urea sensor is 
similar to that of the sensor reported by Rhines 

Table 1. Comparison study of urea-nitrogen concen- 
tration of present urea sensor, hospital values, and diacetyl 

monoxime method for serum samples 

Present fiber-optic Hospital Diacetyl 
urea sensor,* report, monoximet, 

Test No. mg/loO ml (mM) mg/loO ml mg/loO ml 

1 13.7 (4.89) 14 12.6 
2 28.6 (10.2) 30 26.0 
3 4 3.4 
4 

;; ;;6; 

: 
36:3 (13.0) 

8 7.0 
36 35.0 

18.7 (6.68) 19 18.2 
7 23.2 (8.28) 22 23.5 
8 25.0 (8.93) 26 24.1 
9 48.5 (17.3) 50 45.8 

10 10.7 (3.82) 11 10.4 
11 31.0(11.1) 32 30.0 
12 14.3(5.11) 14 13.6 

*The standard deviations for the present fiber optic urea 
sensor ranged from 0.3 to 1.2 mg/lOO ml (n = 3). 

tThe standard deviations for the diacetyl monoxime method 
ranged from 0.4 to 1.5 mg/lOO ml (a = 3). 

and Arnold,’ but the dye HPTS (used in the 
present sensor) is highly stable with respect 
to photodegradation and the construction of 
the present sensor tip seems more suitable for 
designing disposable tips. 
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BOOK REVIEWS 

The Scientific Examination of Documents: Methods and Teebniques: D. ELLEN, Ellis Horwood, Chichester, 1989. Pages 182. 
E42.95. 

Questioned Document Examination is an area of forensic science providing evidence for courts of law on subjects such 
as handwriting, typewriting and printing. Much of this work depends on “the experience and ability of the analyst”. 
Mr Ellen, with 35 years experience in forensic science and a founder member of the Metropolitan Police Documents Section 
is perhaps the best qualified to write a book on the subject. 

This book is aimed primarily at those who may need to use documentary evidence during the investigation, prosecution 
or defence of a case. Handwriting is the most difficult area of this work and occupies four chapters. The author is keen 
to show the reasoning behind handwriting evidence and first describes those features that can be observed in the reader’s 
own writing, such as natural variation and letter structure, before moving on to discuss the scientific principles on which 
a document examiner bases his or her conclusions. 

The typewriting section deals in detail with conventional typewriters but is less informative about more modem methods. 
Other chapters include simple and easy to follow descriptions of printing processes, photocopying and the use of light to 
compare inks. In particular the chapter on incidental marks may provide investigators with fresh ideas for solving a problem, 
and explains the mysterious and much publicised ESDA machine. 

The use of frequent headings and a comprehensive index makes this a valuable reference book for the investigator and 
a useful starting point for would-be document examiners. 

S. P. DAY 

Handbook of Thin-Layer Chromatography: J. SHERMA and B. FRIED (editors), Dekker, New York, 1991. Pages viii + 1047. 
$165.00 (US and Canada), $198.00 (elsewhere). 

Volume 55 in the Chromatography Science Series by Dekker is a large work containing contributions from 43 different 
authors. It is not a collection of papers from a symposium but purports to be an organized work by recognized, international 
experts. The co-editor, Professor Sherma, is well known for his biennial reviews of progress in TLC and this practical, 
comprehensive handbook is to be welcomed. 

The book is divided into two parts, with Chapters l-13 covering the principles and practice of TLC and Chapters 14-31 
dealing with some specific applications. There is some inevitable overlap between contributions but the references (totalling 
over 2700) at the ends of each of each chapter appear to be selective. 

Part 1 includes details of the theory, apparatus and techniques used in the different variations of planar chromatography. 
There are chapters on optimization, sorbents and instrumental methods such as TLC coupled with mass spectrometry. 
Preparative TLC is covered as well as qualitative and quantitative analysis. Part 1 is of general interest for all those who 
dabble with TLC, whereas part 2 concentrates on the analysis of specific chemical substances. It is probable that users of 
the handbook will just select those chapters in part 2 which are of relevance to their own work. Here the compounds covered 
include amino-acids, antibiotics, carbohydrates, pesticides, steroids, vitamins, toxins and many others. An important 
chapter on enantiomer separations is included and this is a useful addition, owing to the increased awareness of the 
importance of enantiomeric purity in pharmaceutical compounds. Throughout part 2 numerous tables are presented that 
give details of separations performed with various solvent systems, e.g., the chapter on TLC of inorganics and 
organometallics contains 69 Tables and 217 references. At the end of the book a glossary of terms is provided together 
with a directory of suppliers and a competent index. 

The book is extremely useful for those who wish to discover how a TLC separation has been performed. If you can cope 
with the weight and price of this work then it is to be recommended to the beginner and the advanced user of TLC. 

P. J. Cox 

Methods of Biochemical Analysis, Volume 34-Biomedical Applications of Mass Spsctrometry: C. H. SWELTER and 
J. T. WATSON (editors), Wiley Interscience, New York, 1990. Pages xiii + 396. E39.80. 

This is the latest book in a series covering techniques of biochemical analysis, and this volume focuses specifically on mass 
spectrometry. The book is comprised of five chapters each covering different aspects of the application of mass spectrometry 
in biomedical research. 

Chapter 1 gives a comprehensive introduction which would give anyone new to this field a broad knowledge of mass 
spectrometry. This ranges from the mechanics of the vacuum pumps, through the many techniques available on modern 
instruments, to the interpretation of the spectra produced. 
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1202 BOOK REVIEWS 

The bulk of the book focuses on specific applications: carbohydrates, peptide sequencing, nucleic acids, and the role of 
mass spectrometry in pharmacology. These four chapters explain in greater detail those particular techniques applicable 
to each study area. The bulk of these chapters is concerned with the practical details of performing the analysis. Very detailed 
information is given enabling the reader to repeat the analyses and interpret the results obtained Each chapter also contains 
a large number of figures and references to back up the text. 

I feel that the book has two faults, the introductory chapter covers too much of the “nut and bolts” of mass spectrometry, 
and that as each chapter is written by a different author, some details about ionisation techniques are repeated in several 
chapters. 

M. E. HARRISON 

ChrcanatngrapI~Ic Analysis of AIkaIoids: M. POPL, J. FAHNRICH and V. TATAR, Dekker, New York, 1990. Pages 664. S150.00 
(U.S. and Canada), $180.00 (elsewhere). 

For anyone wishing to enter the field of alkaloid chemistry, reading this book will be a great help. It will give the reader 
an insight into how alkaloids are grouped (Chapter 1) as well as describing the general properties of these natural products 
(Chapter 2). This latter section is particularly useful as the data on basicity, solubility, dissociation constants, main 
chromophoric groupings, and electrochemical properties help one to appreciate the general behaviour of alkaloids. These 
criteria are necessary for their chromatographic properties to be assessed for selection of the best chromatographic 
procedure. These procedures are summarized in Chapter 3. 

The next three chapters outline the techniques of gas, liquid and thin-layer chromatography, respectively, with well chosen 
examples explaining each chromatographic method. Derivatization reactions such as acylation, alkylation and silylation, 
which are required to improve volatility and thetmal stability, are well covered in the chapters on gas chromatography and 
thin-layer chromatography. However, derivatization as a means of allowing the utilization of specific methods of detection, 
such as fluorescence, is not discussed under liquid chromatography. 

In the penultimate chapter-Applications,- is where the “meat” of this book is located. First there are details of simple 
preparation-for materials from biological, plant and pharmaceutical sources-with tables summarizing preparative 
procedures. Then follows a sixteen-section tabulation on alkaloidal families in groupings starting with the simple, e.g., 
phenylethylamines, through to the complex, e.g., Strychnos, Vinca types. The dominant position of liquid chromatography, 
particularly reversed-phase HPLC, in the analysis of alkaloids is well exemplified. This list is comprehensive enough to allow 
the reader to make a rapid assessment in a selected field. 

The final chapter (3 pages) is very much a critique of existing methodology with some pointers as to the future, including 
supercritical fluid chromatography. 

The main index is sufficiently detailed to give rapid access to individual alkaloids and to plant genera. I would have liked 
each chapter to be prefaced by its own index-this would have been particularly helpful in the seventh chapter for locating 
areas for general perusal. 

Although the price is somewhat prohibitive for individual purchase, this book makes a useful contribution to natural 
product chemistry and is to be recommended as a work of reference on the application of chromatographic techniques. 

JOHN R. LEWIS 

The Analytical Chemistry of SBiconea: A. L. SMITH (editor), Wiley-Interscience, New York, 1991. Pages xxii + 551. f97.35. 

This book is a recent addition to the highly successful and authoritative Wiley Chemical Analysis series, updating Analysis 
of Silicones edited by A. L. Smith and published in 1974. Silicones have a wide variety of commercial uses, from adhesives 
and sealants to textile finishes. Not unexpectedly, all the authors included in this book are affiliated with Dow Coming, 
and in some ways the book may be seen as a tribute to the impressive, multidisciplinary approach to silicone analysis at 
the company. Like Gaul, the book is divided into three parts: a very brief introductory chapter by Smith, a series of chapters 
on problem-solving in silicone analysis, followed by chapters on the basic techniques: physical properties, chemical analysis, 
microscopy, chromatography spectroscopy (IR, UV-Vis, NMR, MS, atomic) and X-ray methods. Useful tables of physical 
properties of silicones are provided at the back of the book. While some chapters are illustrated by a disappointingly brief 
range of applications, others are extremely well-written (especially the chromatography, solution NMR and MS chapters). 
For the general reader, the microscopy chapter presents a fascinating series of images ranging from contact lenses to finger 
implant tissue. Essential reading for the specialist and newcomer, of course, but at nearly f 100, the non-specialist would 
be wise to view the book carefully before making a purchase. 

J. A. CRAYSTON 

Mlkrhaaer Sp&raaenpy of Frozen Belutiona: A. VERTEX and D. L. NAOY (editors). Akadtmiai Kiado, Budapest, 1990. 
Pages 303. E22.50 

The book is concerned with the use of M&.sbauer spectroscopy to investigate structures and coordination, mainly in 
solutions but also in glasses. If during rapid freezing of solutions no structural changes occur, then MBssbauer spectroscopy 
(a solid state technique) can indeed be an excellent probe of solution structures. 
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The book of cc. 300 pages consists of seven chapters, all written by East European scientists. The English is generally 
very good, but rather formal in style. Individual chapters are concerned with (i) the physical and technical basis of 
Mdssbauer spectroscopy, (ii) Mossbauer spectra in frozen solutions, (iii) relaxation phenomena in frozen solutions, (io) 
short range order in frozen aqueous solutions of Fe(II1) salts, (u) chemical structure of liquid solutions, (vi) after-effects 
of nuclear transformations in frozen solutions and (vii) MGssbauer effects as applied to investigations of glassy material. 
Adequate references are listed at the end of each chapter and a collected subject index appears at the end of the book. 
There am numerous figures and tables. 

There is a strong mathematical presence in the book; experimental details also are featured. However, the bulk of the 
book is concerned with experimental results and their interpretation. 

The book was published in 1990 and a cursory look through the reference lists reveals a few references dated in the 1980s 
and even one dated 1988. There are a few references to conference proceedings and lectures in the 1960s and 1970s; 
presumably such work has never been published in refereed journals. 

The price of the book just has to be noted; at 822.50 it makes many books published in western Europe look very 
expensive. 

Overall the book is a useful one, and has suggested several ideas to this reviewer. 
J. L. WARDELL 

Infrared Spectmscopy of Adsorbed Species on the Surface of Transition MetaI Oxides: A. A. DA~YWV, Wiley, Chichester, 
1990. Pages xii + 243. E65.00. 

Although a number of texts are currently available on the IR spectroscopy of adsorbed species on the surfaces of transition 
metals, there is a marked shortage of books discussing the equally important field of adsorption on transition metal oxide 
surfaces. This book, therefore, makes a welcome and long needed contribution in this area. Essentially, the book is a 
summary of the author’s investigations of the surface chemistry of simple and complex oxide catalysts. Throughout, the 
emphasis is on elucidating the relationships between the structure and function of oxide catalysts. 

Chapters 1 and 2 discuss the use of IR spectra of probe molecules such as ammonia, CO and NO to investigate the nature 
and adsorption properties of surface centres such as hydroxyl groups, electrondonating oxygen ions and electron-acceptor 
metal cations. Of particular use to a surface IR spectroscopist is the discussion of a scheme for interpretation of the 
adsorption site occupied, based on the frequency of the CO and NO stretching vibrations. 

Chapter 3 progresses to the use of more complex probe molecules, such as alkenes, to demonstrate the role of the surface 
centre in determining the adsorption characteristics of a system. This is a particularly relevant system of study since many 
catalytic hydrocarbon conversions occur on oxide surfaces. This chapter is also valuable for its discussion of the problems 
that confront a researcher when interpreting IR spectra from complex adsorbates. The author has developed a range of 
strategies to overcome these problems, with notable success achieved by combining IR spectroscopy with thermal desorption 
and chromatographic analysis of the desorption products. 

Finally, Chapter 4 discusses the use of IR spectroscopy in elucidating the mechanisms of heterogeneous catalytic 
processes on oxide surfaces. In particular, the mechanistic aspects of the CO oxidation reaction, the water-gas shift 
reaction, the CO + NO reaction, the oxidation reactions of acrolein and methanol and the reactions of alkenes are discussed 
in detail. 

The book was first published in Russian in 1984 and has been widely researched up to that date, totalling some 
400 references. This is the English translation, hence the lack of references after 1984. Despite this, the book makes a 
valuable and timely contribution to the literature in this area and will prove to be an invaluable guide to researchers in 
this field. 

R. RAVAL 

Determination of the Previous Metalsr Selected I mtrumental Methodst J. C. VAN LQON and R. R. BAF~EF~I~T, Wiley, 
Chichester, 1991. Pages x + 276. f45.00. 

The book basically consists of two parts, the first dealing (sometimes too briefly) with the physical and chemical 
properties of the precious metals, the principles of the instruments used, sampling, sample processing, equipment, safety, 
reference materials and so on. The second gives detailed procedures for the determination of the precious metals in 
various types of sample by different instrumental methods, and as it consists mainly of information reprinted from the 
literature, it will save the practising analyst a great amount of library work. Useful comments are made on the 
methods selected. Because the nature of the instrumental methods generally makes the oxidation state of the metal of little 
or no consequence, the discussion of the chemistry of the metals concerned is rather cursory, and it would have been 
useful to have had more complete information given, especially with regard to the kinetic behaviour of the metal ions, 
and their hydrolysis and polymerization. However, the information given is doubtless adequate for the purposes for 
which the book will be used, and it forms a welcome addition to the literature on analysis for the platinum metals 
and gold. 

R. A. CHALMERS 
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DeWth-Ohnted Derivatization Techniques ht Liqnid Chromatography: H. LINGEMAN and W. J. M. UNDERBERG (editors), 
Dekker, 1990. Pages xvi + 389. S99.75 (U.S. and Canada), $119.50 (elsewhere). 

This volume is an excellent addition to the Chromatographic Science Series. It reviews how derivatization can extend high 
performance liquid chromatography applications and gives general coverage of the various types of analyte derivatization 
for all major detection techniques. 

The text is well organized and arranged, starting with basic ideas and advantages of derivatization followed by a survey 
of the physical and chemical effects pertinent to the kinetics of derivatization reactions. A chapter is included on sample 
pretreatment which, although a bit removed from the general content of the volume, provides an excellent overview of the 
common and not so common techniques used for preparing analytes for injection. There is an interesting chapter on the 
theory and practical aspects of homogeneous and solid state post-column reactors. 

The remainder of the book consists of a series of chapters covering derivatization procedures used to augment various 
detection methods. Where appropriate, for example in electrochemical detection and in enzyme derivatization, the principles 
of the detection method are also outlined. 

As a result of its very complete coverage of derivatization related topics this will prove a very useful text both for general 
reading and for use in solving specific chromatographic problems. The balance of principles, practical and examples has 
been well struck. 

R. B. TAYLOR 

Analytical Methods in Forensic Chemistry: M. H. Ho, Ellis Horwood, Chichester, 1990. Pages XVII + 440. f56.00. 

This book attempts to bring together in its 29 chapters various analytical methods available. In doing so the bias is towards 
drug analyses at the expense of inorganic techniques. However, this is not altogether a shortcoming since the vast majority 
of forensic work involves analysis and comparison of drugs and related samples. 

Modem instrumental techniques @C-MS, capillary GC, HPLC, etc.) are covered along with some of the more exotic 
and less well used methods (chiroptical), with quotation of case examples and methodology where necessary. I found the 
chapters on drug profiling by gas chromatography particularly interesting, as well as the chapter on the use of GCMS in 
arson analysis. 

With the increasing incidence of firearms-related offences in the United Kingdom and world wide terrorism it is perhaps 
one criticism that the detection of explosives residues and firearms residues is not given more exposure. A chapter on 
computerization or data handling would also have been useful. 

The book has been attractively presented and all the chapters appear clear and concise. I strongly recommend the book 
to students of forensic science, toxicology, science in general, the legal profession and to the experienced forensic scientist 
and it should be regarded as good reference material. 

R. M. STEWART 

Analytical htrumentation Handbook: G. W. EWING (editor), Dekker, New York, 1990. Pages xi + 1071. $195.00 (U.S. and 
Canada). S234.00 (All other countries). 

This book describes the modern instrumentation required for a very wide range of currently used analytical techniques. 
The readily understandable introductory chapter is on the use of computers in the laboratory. The computing aspect, 
particularly with regard to the collection and processing of acquired data, is emphasised throughout the book. The book 
is divided into five sections, viz. the measurement of mass, spectrochemical instrumentation, electrochemical instrumenta- 
tion, chromatographic instrumentation and miscellaneous methods (which include mass spectrometry, thermoanalytical 
instrumentation, automatic titration and continuous flow analysis). In general, theoretical considerations are minimised but 
adequately referenced. The text concentrates on the description of the particular instrumental components, and on the 
description and discussion of the complete instruments, their limitations, and the errors associated with their practical use. 
The presentation is of high standard throughout, but for content, quality and references the chapters on IR, EPR, NMR, 
molecular fluorescence and phosphorescence, and continuous flow analysis deserve special mention. 

This book represents a valuable reference source which will aid analysts in their selection of the most appropriate 
instrumentation to solve a particular analytical problem. 

R. R. MOODY 

Chemometrics: Experimental Design: E. MORGAN, Wiley, Chichester, 1991. Pages xviii + 275. f25.00. 

Near the beginning of this book, Ed Morgen writes: “Often we waste time and effort by rushing into experimental work, 
and, most important, we frequently do not have any idea of the significance of the results we have obtained”. So his purpose 
is to lay a sound foundation of rational experimental design for beginners, and there is no doubt that he succeeds. The 
book is in the ACOL series (Analytical Chemistry by Open Learning) with all that that implies, but unlike previous volumes 
it carries an index, although it is only a little over two pages long. 

There are a lot of good things here. The writing is clear, with few typographical errors; at the start of the book there 
is a reading list as well as a brief survey of some suitable statistics computer programs that are currently available. The 
use of spreadsheets for experimental design is also mentioned. Sometimes the author is inconsistent with significant figures 
in his worked examples-trailing zeros are often omitted-and this could confuse students who are learning in isolation. 
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DeWth-Ohnted Derivatization Techniques ht Liqnid Chromatography: H. LINGEMAN and W. J. M. UNDERBERG (editors), 
Dekker, 1990. Pages xvi + 389. S99.75 (U.S. and Canada), $119.50 (elsewhere). 
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R. B. TAYLOR 

Analytical Methods in Forensic Chemistry: M. H. Ho, Ellis Horwood, Chichester, 1990. Pages XVII + 440. f56.00. 
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Canada). S234.00 (All other countries). 
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There are times also when I would have preferred a more detailed description of the underlying assumptions of a given 
technique, and more mathematical formulae, but these are relatively small matters. 

The book begins with revision of r- and F-tests, which leads naturally to simple analysis of variance techniques. 
Experimental design methods are then described for systems of increasing complexity. Factorial design then follows, and 
then fractional factorial design. The book concludes with a chapter on response surfaces. This is the right subject matter, 
well handled, and I recommend this book as a good introduction to chemometrics. 

C. J. GILMORE 

High Performance Liquid Chromatography in Bioted~m-dogy: W. S. HANCOCK (editor), Wiley-Interscience, New York, 1990. 
Pages x + 564, E74.35. 

Lavoisier’s axiom that only pure substances would yield information of significance is as true today as it was in his day. 
We now possess the techniques to enable us to isolate well-defined compounds that satisfy the most stringent of purity. 
There can be no doubt that high performance liquid chromatography has proved to be one of the most important and 
rapidly advancing of these techniques. Since biotechnology is another branch of science which is making rapid strides and 
which offers considerable promise for the future, this book, which examines the various applications of HPLC to 
biotechnology is very timely indeed. It is worth noting that the majority of papers published recently which are concerned 
with HPLC have concentrated on biological applications. 

The book nicely reflects the multifaceted nature of the subject and the important interplay between its analytical and 
preparative aspects. The range of applications stretches from the nanogram scale, for characterization studies of novel 
proteins, to the kilogram amounts required for a manufacturing process. 

Chapter 1 by the Editor is a useful introduction which provides an overview of the role of HPLC in biotechnology and 
a guide to subsequent chapters. Chapter 2, which deals with the design and synthesis of silica-based bonded phases for 
reversed-phase, ion-exchange and hydrophobic interaction chromatography, includes details for the purification of 
lysoxyme, ovalbumin and other proteins. 

Chapter 3 deals with nature of the sorption forces and the thermodynamics of protein adsorption. The next chapter 
addresses the important question of how much denaturation of proteins by organic solvents and consequent loss of 
biological activity occurs as a result of reversed-phase HPLC (RP-HPLC). The success of the technique depends very much 
on the particular protein-for example it can be used successfully for the isolation of human insulin without damage to 
the molecule, whereas with many other proteins reduced bioactivity may occur. This links in with Chapter 8 which deals 
in some detail with the use of analytical RF-HPLC in biosynthetic insulin production. 

Chapter 5 deals with the physical properties and applications of new synthetic hydrophilic vinyl polymer packing 
materials for industrial separation of biopolymers. Next follows a’ substantial chapter on the scale-up of protein 
chromatographic separation, which contains some introductory material on the basic principles of chromatography which 
would not have been out of place in the introductory chapter. The subject of Chapter 7 is the HPLC of antigenic proteins 
and vaccines. Chapter 9 deals very specifically with the application of RP-HPLC to the separation of human growth 
hormone, and a more general review of methods and mechanisms of high performance ion-exchange chromatography of 
proteins is the subject of the next chapter. In Chapter 11 the complementary nature of ion-exchange HPLC and 
reversed-phase HPLC for polypeptide purification is pointed out-complementary in the sense that their combined use can 
provide the optimal separation or purity assessment of a peptide. 

Hydrophobic interaction HPLC is the subject of Chapter 12, and Chapter 13 deals with high performance affinity 
chromatography (HPAC) or high performance liquid affinity chromatography (HPLAC) whichever one prefers to call it. 

The next chapter on the purification of synthetic oligonucleotides provides a change from other chapters, which seem 
to concentrate almost exclusively on peptides and proteins. At first glance, one might consider a single chapter on 
oligonucleotides to represent an imbalance in the book, but on closer inspection one quickly realizes that it is a very extensive 
and detailed chapter (108 pages, 248 references). The emphasis of most chapters on the application of HPLC to polypeptide 
purification reflects the enormous effort which goes into the production of polypeptides which are antigenically or 
physiologically active. The final chapter deals with the chemical synthesis of peptides and the contribution of mass 
spectrometry to their analysis. 

There is such a bewildering number of terms used in this book that a glossary of terms would not have been out of place 
and indeed it would have been welcomed. It does not help when alternative names for the same technique (gel filtration 
and size exclusion chromatography) are used in different chapters-the latter term is much preferred. 

All chapters of the book are well-referenced and are illustrated with clear line drawings and photographs. The book is 
very broad in coverage, both of techniques and applications. 

This is not a book for the newcomer to HPLC but I am certain that it will prove to be a valuable source-book to meet 
the needs of all workers in the field, whether they be analytical chemists, biochemists or chemical engineers. 

A. K. DAVIES 

Pharmaceutical Chemicals in Perspectbe: B. G. &mBEN and H. A. WITTCOFF, Wiley, Chichester, 1989. Pages xviii + 518. 
f59.00. 

The aim of this book is to provide an overview of the pharmaceutical industry and its more important products. This is 
a somewhat ambitious goal to achieve within a mere five hundred pages. 

The book is divided into three parts. The first part includes as an introductory chapter a brief review of the chronological 
introduction of drugs, coupling this to statistical data on changing patterns of mortality. This is followed by a wide-ranging 
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outline of the characteristics of the pharmaceutical industry. A third chapter deals with the distribution chain through 
physician to patient and highlights some emergent trends in drug prescribing. The section concludes with a chapter on 
pharmacological concepts. 

The second part details the top one hundred prescribed drugs in the United States, classifying them into therapeutic 
catagories and discussing aspects of their modes of action and production. The third part deals with other important 
therapeutic groups of drugs which do not fall under the aegis of Part II. This section is concluded by a chapter on problems 
that confront the drug industry and likely future developments. 

For the serious reader much of the treatment is superficial, with even the limited statistical data overwhelming in the 
context. The laborious details of drug syntheses would only be appreciated by a chemist with a considerable depth of training 
in synthetic methodology. It is difficult therefore to adequately identify the audience to whom the book is addressed. 

However within these limitations, the book contains a wealth of information, is readable, and amply illustrated with clear 
diagrams and tables. A minor irritation is the “wrap around” layout presentation of some figures. Particularly useful are 
the bibliography and notes (Appendix 3) which act as a “launch pad” for more extended study. A useful addition to most 
library shelves for undergraduate chemists with an interest in the pharmaceutical industry. 

D. G. DURHAM 

NMR, NQR, EPR, and M&ssbauer Spectroscopy in Inorganic kkmistry: R. V. PARISH, Ellis Horwood, Chichester, 1990. 
Pages 223. E29.95. 

Spectroscopy is one of those branches of science that can be made as easy or as diicult as we like. Some extremists look 
on it as a beautiful intellectual exercise in which quantum mechanics is really put to work, whilst others, equally extreme, 
regard it as a tool to be used by chemists, whether it is understood or not. Extremists always run into problems of one 
kind or another, so most chemists tend to find their own optimized spectroscopic level somewhere in between these extreme 
points of view. It is not true to say that this book belongs to either of the extreme spectroscopy camps, but it certainly 
lies closer to the latter than to the former. 

In his preface the author explains, “. . . . what this book is not. It is not a spectroscopic textbook, nor is it written for 
those with a need for detailed theory. Such books and reviews exist in abundance already. Rather, being written by a 
simple-minded inorganic chemist, it is intended to give an introduction to the inferprerorion of some of the types of spectra 
often met with in the inorganic laboratory.” 

Chapter 1 forms an introduction to features that are common to most of the four branches of spectroscopy with which 
the book is concerned, and Chapters 2, 3, 4 and 5 are concerned with nuclear magnetic resonance, nuclear quadrupole 
resonance, Mossbauer spectroscopy and electron paramagnetic resonance spectroscopy, respectively. The introduction, and 
the treatment of some of the more theoretical aspects of the other chapters, tend to be superficial, sometimes inaccurate, 
and occasionally quite wrong. The treatment is also somewhat out-dated, but the book does come into its own when the 
author applies each of the four branches of spectroscopy to inorganic chemistry. The inorganic applications, the 
bibliographies at the end of each chapter and the problems, with detailed answers, at the end of Chapters 2-5 are well-chosen 
and are particularly clearly presented. 

Most of my inorganic friends are slick high-powered chemists, who are anything but simple-minded and are more than 
able to keep up with these four parts of spectroscopy. They will all learn quite a lot from this book. Its subject matter 
is changing fast and 1 look forward to a second, unblemished, up-dated edition. It cannot be far away. 

A. L. PORE 
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TALANTA lVlEIML 

PROPB~SOR WILHBLM SIMON 

The Publisher and Editorial Board of Talanta take great pleasure in announcing that, with the 
approval of the Advisory Board, the ~~eenth Award of the Talanta Medal has been made to 
Professor Wilhelm Simon, of the Department of Chemistry, Eidgeniissische Techniche Hochschule, 
Ztirich, in recognition of his outstanding contributions in the field of ion-selective electrodes, 
especially with regard to the use of neutral carriers, 

The previous winners of the Talanta Medal are as follows: 

1961 F. FEIGL 1974 B. V. L’VOV 
1963 G. SCHWARZENBACH 1977 R. BELCHER 
1965 I. P. ALIMARIN 1981 J. RI%I&A 
1967 E. STAHL 1983 T. FUJINAGA 
1969 A. WALSH 1986 E. PUNGGR 
1971 R. PREBIL 1988 H. A. LAITINEN 

THE LOUIS GORDON MEMORIAL AWARD 

The Louis Gordon Memorial Award for 1990 (for the paper judged to be the best written of those 
appearing in Talanta during the year) will be made to Mrs. Elsie M. Donaldson, of the Canada 
Centre for Mineral and Energy Technology, for her paper “Determination of antimony in ores and 
related materials by continuous hydride-generation atomic-absorption spectrometry after separ- 
ation by xanthate extraction” (Talanta, 1990, 37, 955). 

THE PHARMA~IA PRIZE 

The Pharmacia Prize for the paper published in Talanta and judged to be the best contributed from 
an industrial laboratory has been awarded to Dr. Jun’ichi Toei, of the Tosoh Corporation, 
Kanagawa, Japan, for his paper “Potential of the flow-gradient function in FIA with a 
multif~ction pump delivery system” (Ta~anta, 1988, 36, 425). 
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SOLUTION INFRARED SPECTROELECTROCHEMISTRY: 
A REVIEW 

KBvINAsHLEY 

Department of Chemistry, San Jose State University, San Jose, California 95192, U.S.A. 

(Received 30 November 1990. Revised 20 February 1991. Accepted 13 March 1991) 

Summary-Infrared (IR) spectroelectrochemical techniques have seen extensive use in studies of electrode 
surface. processes. They have also been employed, albeit Css frequently, to investigations of redox species 
dissolved in solution. The application of IR spectroscopy to electrochemical solution processes represents 
a special challenge, for absorption of IR radiation by the solvent is a sign&ant interference to detection 
of vibrational modes of dissolved analytes. It is also di5cult to maintain potentiostatic control of the 
system in specially designed thin-layer spectroelectrochemical cells. Solution IR spectroelectrochemical 
experiments are important for investigations of redox systems in which it is desired to spectroscopically 
monitor the structures of dissolved products, intermediates and reactants involved in electrode reactions. 
Such experiments have been conducted on biochemical, inorganic, organic, and other systems. In this 
paper some examples of applications of IR spectroelectrochemical studies of solution species in the above 
areas are presented, and experimental aspects are discussed. 

In situ spectroscopic techniques for studying 
electrode processes were first introduced in the 
1960’s in an effort to provide a better means to 
elucidate electrode reaction mechanisms and 
kinetics. These first experiments employed W- 
visible spectroscopy coupled with an electro- 
chemical cell,’ and were used to monitor 
solution concentrations of redox species dis- 
solved in solution. By using a W-visible probe, 
it became possible to follow the time- and 
potential-dependent spectra of reactants, inter- 
mediates, and products of electrode reactions. 
Species in the diffusion layer could be monitored 
spectroscopically, and therefore it was possible 
to elucidate electrode reaction mechanisms and 
kinetics; investigations of this kind were pre- 
viously much more difficult without the advan- 
tage of an optical probe. A tremendous amount 
of activity in the area of W-visible spectroelec- 
trochemistry followed for the next several 
years, *s3 but the experimental emphasis later 
shifted to phenomena occurring at the electrode 
surface. Since W-visible spectroelectrochemi- 
cal methods are largely insensitive to surface 
species, other techniques were required for sur- 
face studies. This change in emphasis led to the 
development of surface infrared spectroelectro- 
chemistry, as well as other surface-sensitive 
methods. Much less emphasis has been placed 
on infrared studies of solution species, but in the 
past five years or so a few examples of such 
investigations have appeared. 

The past decade has seen numerous advances 
in the development of infrared (IR) spec- 
troscopy as applied to electrochemical systems. 
Much of the progress in this field has been due 
to the development of the Fourier transform 
instrument, which was unavailable during the 
first W-visible experiments in the mid-1960’s. 
Most of the effort has focused on the character- 
ization of electrode surfaces by IR techniques,4as 
since surface phenomena are supremely import- 
ant in electrochemical systems. These surface 
infrared studies have the advantage of being 
conducted in situ, and have served to comp- 
lement other in situ surface spectroscopic probes 
such as surface-enhanced Raman scattering 
(SERS),6 optical second-harmonic generation 
(SHG),’ and x-ray methods.’ These in situ tech- 
niques are seen as having an advantage over 
ex situ methods which require that the spec- 
troscopy be performed in air, gas, or in ultra- 
high vacuum (i.e., outside the electrochemical 
cell). The reason for this is that in an ex situ 
experiment the electrode environment might be 
different from its environment in situ. In ad- 
dition to being an in situ technique, IR spec- 
troelectrochemistry also has an advantage over 
other in situ spectroscopic techniques in that 
experiments can be performed on either smooth 
or rough electrodes, and a great deal of infor- 
mation concerning identities and orientation of 
species at electrode surfaces is obtainable. Thus 
IR spectroscopy, as applied to electrode sur- 
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faces, has emerged as a very powerful probe of 
electrochemical surface processes. 

Applications of IR spectroscopy to electro- 
chemical processes occurring in solution (i.e., in 
the diffusion layer near the electrode surface) 
have been relatively few when compared to 
surface studies. The principal reason for this is 
that the strong absorption of IR radiation by 
the solvent can interfere with the absorption by 
the dissolved redox species. Studies of solution 
processes in electrochemical systems are ex- 
tremely important in such fields as organic, 
inorganic, and biological chemistry. Other spec- 
troscopic techniques to monitor solution elec- 
trochemical processes in situ have been limited 
to methods such as W-visible spectroelectro- 
chemistry (mentioned above),9 electron spin res- 
onance (ESR),‘O and Mossbauer spectroscopy.” 
IR spectroscopy offers an advantage over these 
and other spectroscopic methodologies in that 
much more detail regarding molecular structure 
of products, intermediates and reactants of 
electrode processes is attainable when IR 
radiation is employed as a spectroscopic probe. 
While ESR and Mossbauer techniques can give 
detailed structural information in many cases, 
it is generally difficult to conduct these types 
of experiments on electrochemical systems. 
W-visible spectroelectrochemical methods are 
much more straightforward, but other spectro- 
scopies (such as IR) are better suited for provid- 
ing structural information regarding species 
involved in electrode-mediated reactions. 

In this paper, some examples of applications 
of IR spectroelectrochemistry to studies of re- 
dox species dissolved in solution are presented. 
Also, considerations on the design of IR spec- 
troelectrochemical cells for solution studies, 
as well as in&mental considerations, are 
presented. The systems chosen for discussion 
represent examples of solution IR spectroelec- 
trochemical investigations in the areas of inor- 
ganic, organic and biological chemistry. 

CELL DESIGN AND INSTRUMENTATION 

Two principle IR spectroelectrochemical cell 
designs which have been employed for investi- 
gation of solution redox species in electrochem- 
ical systems are external reflectance and 
transmission cells. It is also possible to use 
internal reflectance, but this sampling technique 
is generally not feasible owing to the low electri- 
cal conductivities of available internal reflection 
elements. A special internal reflection IR spec- 

troelectrochemical cell design has been demon- 
strated to be quite useful for surface studies,12 
but applications of this design to solution stud- 
ies are not recommended due to the possibility 
of interference from surface adsorbed species. 
Prime considerations in the design of a useful 
cell for solution applications include high elec- 
trode conductivity and optimized throughput of 
the IR radiation through the solution chamber 
of the electrochemical cell. 

External reflection cells 

The external reflection IR spectroelectro- 
chemical cell is amenable to investigations of 
solution redox species. This cell, which was first 
used about a decade ago,13 has seen a number 
of refinements and improvements.‘4-‘7 Figure 1 
shows the design of a reflectance IR spectro- 
electrochemical cell. I4 An IR transparent win- 
dow is mounted at one end of the cell; this 
window may be flat or bevelled (as shown) to 
minimize reflection losses” The working elec- 
trode, which is usually a flat metal disk polished 
to a mirror finish, is positioned close to the 
window. For surface IR applications the mirror 
electrode is pushed up against the window, and 
a thin solution layer several microns thick is 
trapped between the electrode surface and the 
back side of the window. However, for solution 
applications the electrode is pulled back so that 
a thicker “thin layer” of electrolyte solution, say 
50 microns thick, exists between the metal sur- 
face and the IR window. Incident radiation 
passes through the window and the thin solution 
layer, strikes the electrode surface and is then 
reflected back out of the cell to be focussed on 
a detector. The external reflection geometry 
serves to minimize absorption of IR radiation 

Reference electrode 

IR-transphrent window 

Fig. 1. Configuration of an external reflectance cell for IR 
spectroelectrochemistry. Reproduced from Ref. 4. 
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by the solvent, while maxim&g the sampling 
efficiency of absorbing analyte species present 
within the diffusion layer near the electrode 
surface. 

The IR window material chosen depends on 
the spectral region of interest and on the sol- 
vent. For mid-IR applications calcium fluoride, 
silicon, or zinc selenide windows are used most 
often, while polyethylene or Mylar window 
materials are used in the far-IR region. 

The cell housing can be comprised of inert 
materials such as g1ass2*16*‘8*‘9, Teflon’7*p, or 
Kel-F14*2*. It is important that the cell material 
be inert so that the solution does not become 
contaminated. The electrode is mounted onto 
the end of a metal rod which is generally 
sheathed in glass, Teflon, or Kel-F so that the 
connecting metal rod is insulated from solution. 
This rod is then inserted into the cell body so 
that the polished mirror electrode may be posi- 
tioned as desired (Fig. 1). A Luggin capillary 
reference probe or microreference electrode is 
positioned near the edge ( N 1mM) of the work- 
ing (mirror) electrode. The secondary (counter) 
electrode is usually a platinum wire which is 
placed behind the working electrode in a 
configuration that minimizes the solution resist- 
ance. The geometry of the secondary electrode 
is circular (see Fig. 1); this gives a symmetric 
current distribution pattern to the working elec- 
trode. Inlets and outlets for de-gassing of the 
cell must also be provided. 

Adaptations to the basic reflectance cell 
design described above have provided for con- 
trol of temperature and maintenance of the cell 
within an evacuated sample chamber.20 Another 
cell design enables the use of a carbon dioxide 
laser so~rce.~ Flow cells have also been con- 
trived so that one may control the flow of 
electrolyte through the thin layer;‘6s’7 such cells 
have applications in both surface and solution 
studies. 

Transmittance cells 

Just as in the external reflectance cells de- 
scribed above, the design for a transmittance IR 
spectroelectrochemical cell is based on the re- 
quirement of a thin solution layer. Such cells are 
known as optically transparent thin-layer elec- 
trochemical (OTTLE) cells, and are based on a 
“sandwich” design in which an optically trans- 
parent electrode (OTE) is positioned between 
two IR-transparent windows.23 Transmittance 
cells offer an advantage over external reflection 
cells in that the cell may be placed directly 

within the sample chamber of most conven- 
tional IR spectrometers. External reflection cells 
usually require additional optics that allow for 
the infrared beam path to be directed onto the 
face of the working electrode, which is posi- 
tioned outside the sample chamber or within a 
specially modified sample chamber. This has 
three disadvantages. First, throughput is de- 
creased since the IR beam must be reflected off 
a minimum of at least two additional mirrors, 
and much light is lost due to reflection losses. 
Second, alignment of the IR beam is much more 
difficult if a reflection geometry rather than 
transmission cell is used. Third, there is added 
expense since additional optical components 
must be purchased. 

Figures 2 and 3 show two recent designs for 
thin-layer transmittance cells for use in IR 
spectroelectrochemistry;a*2s these cells are simi- 
lar in design to the transmittance cells originally 
used in UV-visible spectroelcctrochemistry2*3 
and in some of the first IR spectroelectrochem- 
istry experiments .23 Other similar designs for 
solution IR applications have also been re- 
ported2C29, some requiring the use of O-rings 
and spacers to sandwich the cell together. Both 
designs shown in Figs. 2 and 3 avoid the use of 
adhesives and O-rings, which can cause cell 
contamination and/or leakage. Besides these 
advantages, the cells are reusable and robust, 
and are relatively inexpensive to fabricate. In all 
cases it is essential to employ a three-electrode 
design, since it is crucial that solution resistance 

2cm 

(I) (2) 

Fig. 2. (1) Side and (2) end views of a glass (Pyrex) thinlayer 
IR transmittance spectroelectrochemical cell with silicon 
windows. (A) Port for Pt gauze OTE; (B) ports for reference 
(saturated calomel) and secondary (Pt foil) electrodes; (C) Si 
windows; (D) Teflon stopcock assembly; (E) direction of 
incident light beam. Reference and secondary electrode 
ports are omitted from the side view, and the Teflon 
stopcock from the end view, for the sake of clarity. Repro- 
duced with permission from the American Chemical Society 

from Ref. 24. 
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Top view 

Front view 

Electrode 

\( i 1 

c” 

Fig. 3. Schematic illustration of a transmittance IR spec- 
troelectrochemical cell, fabricated from potassium bromide, 
with a platinum optically transparent electrode. (i) KBr cell 
body; (ii) Teflon cell cap; (iii) Tefzel insulating film; (iv) F’t 
gauze working electrode. W: working electrode lead; C: 
counter electrode; R: Ag wire reference electrode. Repro- 
duced with permission from the American Chemical Society 

from Ref. 25. 

in the thin layer be minimized. The reported 
percent transmittance attainable with these IR 
OTTLE cells is as high as 50%,30 representing a 
very high throughput. The superiority of newer 
transmission cells partially results from the fact 
that the measurements were conducted on more 
favorable systems than those studied early on. 
For example, organometallic species dissolved 
in methylene chloride30 are more easily studied 
by IR than is ninhydrin in wateti3 is, especially 
when an FTIR instrument is made available. 

Instrumental considerations 

For the most studies Fourier transform in- 
struments are employed for solution IR spec- 
troelectrochemistry owing to the multiplex and 
throughput advantages of FTIR.3’ Usually fast 
scans are required since thin-layer electrochem- 
istry is fraught with inherent instabilities. In 
many cases electrode reactions within a thin- 
layer cell can be subject to poisoning by the 
window material; this is especially a problem 
with Z&e, which can foul electrolyte solutions 
rather quickly. Polarization of the electrode at 
high applied potentials for long periods can also 
lead to the formation of undesired impurities 
and, in some instances, films on the electrode 
surface. Electrolyte depletion within the thin 
layer may also be a problem if electrodes are 
held at high potentials for long periods,32,33 

although this is less of a concern in solution 
applications than in surface studies where the 
thin layer is much thinner. For these reasons it 
is desirable to obtain IR spectroelectrochemical 
spectra as quickly as possible. Signal averaging 
of numerous scans is virtually always necessary 
in IR spectroelectrochemical experiments. 

Both absolute transmission spectra and differ- 
ence spectra can be obtained by solution IR 
spectroelectrochemical techniques. Transmit- 
tance spectra may be obtained at desired applied 
potentials, and difference spectra may be plotted 
which show the ratio of absolute spectra taken 
at different potentials. Difference spectra are 
often used so that spectral interferences from 
species whose concentrations do not change 
with potential (e.g., solvent, electrolyte, atmos- 
phere, etc.) are effectively cancelled. It is also 
possible to obtain time-dependent spectra, con- 
duct spectrocoulometric titrations, and perform 
other experiments as well. In surface IR appli- 
cations, usually potential-dependent difference 
spectra are required, although it is possible to 
obtain absolute spectra of surface species at a 
single potential by the technique of polarization 
modulation.* For solution IR applications no 
light polarization is required. In surface IR 
spectroscopy of electrodes’ [at least for poten- 
tial-dependent IR spectroscopy (PDIRS)“], the 
light must be p-polarized. The lack of the neces- 
sity for a polarizer is a decided advantage, since 
polarizers are rather expensive and also serve to 
attenuate the infrared beam. Solution species 
can be distinguished from surface species by 
employing s-polarized radiation.14 However, 
since in most cases the signal from surface 
species is much weaker than that from solution 
species, polarization of the incident radiation is 
not typically necessary for solution IR appli- 
cations. It should also be mentioned that in 
cases where semiconductor electrodes are em- 
ployed, the field strengths of p- and s-polarized 
components near the surface are similar, so 
there is clearly no benefit in using polarized 
radiation in this situation to determine between 
surface and solution species. 

APPLICATIONS 

Solution IR spectroelectrochemistry has been 
used to study electrode reactions involving inor- 
ganic, organic, organometallic, and biological 
systems. Such investigations have also been 
done in conjunction with surface IR spectroelec- 
trochemistry in efforts to elucidate the identities 
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of reactants, intermediates, and products of 
electrode reactions both on the electrode surface 
and within the diffusion layer. In this section a 
few examples of studies in which solution IR 
spectroelectrochemistry has been employed in 
the above areas are presented, and the utility of 
the technique is discussed. 

Organic systems 

The earliest applications of IR spectroelectro- 
chemistry were in studies of the redox behavior 
of conjugated and aromatic organic molecules 
23,35*36. Early solution studies employed IR- 
OTTLE cells,23 but the electrochemical charac- 
teristics of the thin layer cell were poor and 
spectral quality was substandard due to a num- 
ber of factors, not the least of which was the 
unavailability of FTIR instruments. More 
recent thinlayer cell designs demonstrate much 
better cell characteristics than were previously 
attainable. Thin-layer cells were originally sub- 
ject to severe potential drop problems caused by 
high solution resistance, but newer thin-layer 
cells are designed to alleviate effects of solution 
resistance within the thin layer as much as 
possible. Furthermore the advent of FTIR in- 
struments enabled spectra to be obtained much 
faster than was possible with dispersive IR 
spectrometers. 

An OTTLE cell was employed to study 
the reduction of tetracyanoquinodimethane 
(TCNQ) to its radical anion and dianion in the 
aprotic solvent acetonitrile:24 

TCNQ + e- = TCNQ- 

TCNQ- + e- = TCNQ2-. 

Both electron transfers are nearly reversible, 
and the radical anion and dianion are stable on 
the experimental timescale. Figure 4 shows the 
cyclic voltammetry of this system in the thin- 
layer transmittance cell illustrated in Fig. 2. The 
two cathodic waves are well separated and show 
rather large peak separations compared to the 
voltammetry that is obtainable in bulk sol- 
ution3’. However, it is important to emphasize 
that the quality of the voltamperogram is excel- 
lent, considering that the thin-layer geometry 
results in increased solution resistance. The 
effects of solution resistance in this cell are 
minimized by careful placement of the working 
and auxiliary electrodes. 

Figure 5 shows potential-difference IR spec- 
tra produced by stepping the Pt gauze OTE 
through the first and second reduction waves. 

I I I 
a5 QO -0.5 

Fbtential, V w SCE 

Fig. 4. Thin-layer cyclic vohampcrogram of a solution of 
5mM TCNQ in acetonitrile (O.lM tetraethylammonium 
perchlorate supporting electrolyte) obtained in the cell 
described in Fig. 2. Potentials are us. SCE, and the sweep 
rate was 5mV/sec. Reproduced with permission from the 

American Chemical Society from Ref. 24. 

The upper spectra correspond to the first re- 
duction wave (due to the formation of anion 
radical from neutral TCNQ), while the lower 
spectra correspond to the second reduction (di- 
anion formation from the radical anion). Nega- 
tive bands are due to the disappearance of 
species present at the base (reference) potential, 

I 

2135 

Wavenumbcrs,cm-t 

Fig. 5. Potential difference IR spectra obtained during 
reduction of TCNQ. Upper spectra (referenced to + 0.5V): 
E = 0.295,0.255,0.210, and 0.130 V us. SCE. Lower spectra 
(referenced to -0.15 V): E = -0.250, -0.315, -0.350, 
-0.400, -0.450 V. Reproduced with permission from the 

American Chemical Society from Ref. 24. 
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while positive bands are due to species prevalent 
at the sample (pulsed) potential. The upper 
spectrum of Figure 5 shows the disappearance 
of a weak IR band due to neutral TCNQ, and 
the appearance of two strong bands due to 
TCNQ-; the spectral features are due to normal 
C%N stretching vibrations. The observation of 
significantly greater extinction coefficients for 
radical anions than for neutral reactant species 
has been made previously for aromatic andfor 
conjugated organic molecules such as an- 
thracene and tetracyanoethylene (TCNE)3s,39. 
The lower spectra show the appearance of posi- 
tive bands due to TCNQ2-, concurrent with the 
disappearance of bands attributed to TCNQ-. 
The quality of the different spectra are quite 
good, and are in agreement with previous stud- 
ies40. This work illustrates the benefits of the 
thin-layer IR spectroelectrochemical cell design 
shown in Fig. 2, which has also been employed 
in solution IR studies of redox reactions in 
molten salts4’. This cell can therefore be used in 
severe solution environments. The novel appli- 
cation to molten salt electrochemical measure- 
ments is a demonstration of the applicability of 
solution infrared spectroelectrochemistry to a 
variety of diverse and previously unforeseen 
systems. Other app~cations of these techniques 
in materials science and engineering may also be 
forthcoming. 

The external reflection technique has been 
used to study the ion pairing reactions of the 
dianions of TCNE and TCNQ mentioned 
above.@ A polished mirror electrode was used, 
and the electrode surface was pulled back from 
the window to give a thin layer about 50 
microns across. PDIRS experiments were then 
performed by pulsing between potentials at 
which different species involved in the reduction 
of TCNE or TCNQ were predominant. Spectra 
were collected at pulsed and reference poten- 
tials, and ratioed as described previously. 

The IR bands due to TCNE2- and 
TCNQ’- ((3=,N stretching modes) were found 
to be dependent upon the supporting electro- 
lyte. In acetonitrile the C=N stretching fre- 
quencies of the dianions were observed to shift 
to higher wavenumhers in the presence of alkali 
metal salts than in the presence of tetraalkyl- 
ammonium salts. Figure 6 shows representative 
IR difference spectra (in the C%N stretching 
region) obtained during the electroreduction of 
TCNE to TCNE- at a Pt mirror electrode. 
While there are differences in reflectance intensi- 
ties for spectra obtained in lithium perchlorate 

a 
2 
a 

Y TBAF 

L 
24ot 

W~enurnb~, cni’ 

Fig. 6. Potential differential spectra in the C-N stretching 
region for the reduction of TCNE to TCNE at a Pt mirror 
electrode. Spectra were obtained with an external reflection 
cell similar to the cell described in Fig. 1. Solutions consisted 
of 5mM TCNE in CH,CN with either O.lM LiClO, (top 
spectrum) or 0.1 M TBAF (bottom spectrum) as background 
electrolyte. The potential was modulated from + 0.5 V to 
-0.5 V vs. Ag/O.OlM Ag+ reference. Reprinted with per- 

mission from Elsevier Science Publishers from Ref. 40. 

tetrabutylammonium tetrafluoroborate 
y&AF) electrolyte, there are no differences in 
band frequencies for the two bands observed. 
Figure 7 shows IR difference spectra obtained 
during the reduction of neutral TCNE to its 

a 
2 
a 

2 

LiCQ 

TBAF 

Wavenumbers, cm-’ 

Fig. 7. PDIRS results (obtained in the C-N stretching 
region) for the reduction of TCNE to TCNE- at pt; 
solution ~nditions and reference electrode are the same as 
in Fig. 6. Top spectrum: 0. I M LiClO, as supporting ehctro- 
lyte; potential modulated from + 0.5 to - 1.2 V. Bottom 
spectrum: O.lM TBAF as supporting electrolyte; potential 
modulated from + 0.5 to -0.2 V. Reproduced with per- 

mission from Elsevier Science Publishers from Ref. 40. 
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dianion. In this case a clear shift in the frequen- 
cies of the CN stretching modes is observed, 
suggesting environmental differences in the two 
electrolytes. Similar effects were seen in PDIRS 
results for the TCNQ system. 

The observed frequency shifts seen during the 
formation of the TCNE’- species were at- 
tributed to ion pairing between the dianion and 
the alkali metal cation. No shifts of this kind 
were observed, however, for the radical anion 
species. The observed frequency shifts (or ab- 
sence thereof) correlated well with observed 
voltammetric behaviour, i.e., if ion pairing was 
observed, the voltammetry indicated shifts in 
the value of the half-wave potential for the 
radical anion ( = = ) dianion redox couple. 
This work was one of the first applications of 
solution IR spectroelectrochemistry to studies 
of ion pairing interactions between solute 
anions and cations dissolved in solution. 

Other studies of organic systems have dealt 
with features from both the solution within the 
thin layer as well as the electrode surface.42*43 
Reflectance cells are necessary for such investi- 
gations, since surface features can only be eluci- 
dated from a bulk electrode surface and not 
from an OTE. In one study it was possible to use 
real-time FTIR spectroscopy to monitor the 
temporal behavior of electrode reactions on a 
voltammetric timescale. 

Inorganics and organometallics 

A number of solution IR studies have fo- 
cussed on inorganic and organometallic redox 
systems. Several investigations have focused on 
the ferro-ferricyanide redox couple.‘7*40,45 This 
redox couple is used routinely in electroanalysis 
as an example of a well-behaved, ‘totally revers- 
ible’ couple in most solvent and electrolyte 
systems. Surface IR spectroelectrochemical 
studies of this system, however, have shown that 
adsorbed intermediates exist on the electrode 
surface, suggesting that the electron transfer 
reaction is not a simple process involving the 
formation of an activated transition state com- 
plexU. These results confirmed radiotracer 
measurements which indicated the presence of 
irreversibly adsorbed hexacyanoferrate and 
cyanide ions at platinum electrode surface@. 
Solution IR spectroelectrochemical studies (em- 
ploying an external reflectance cell) of the 
ferro/ferricyanide system in aqueous electrolytes 
showed that the C = N stretching frequency of 
the ferrocyanide anion (formed as a result of 
reduction of the ferricyanide species) was depen- 

Table 1. C E N stretching infrared frequencies for various 
hexacyanoferrate complexes4 

Complex Wavenumbers, cm-’ 

Fe(III)(CN)~- 2116 
K,Fe(II)(CN)~‘-“)- 
K,HFe(II)(CN)g-“‘- z 
K, H, Fen-“)- 2067 
K Li Fe(II)(CN)$4-“-m)“- 
K: Mim Fe(II)(CN)&‘-“-=“)- 

2040 
2038 

K,, La, Fe(II)(CN#-n-ti)- 2064 

dent on the pH and on the identity of the 
supporting electrolyte cation. A mechanism was 
proposed for the overall redox process: 

M, Fen-“)- + M + 

= [M,, , Fe(II)(CN)f-“)-I* 

[M, + , Fe(II)(CN)&3-“)-]* 

= [M,, , Fe(III)(CN)g-@- ]* + e- 

[M,, , Fe(III)(CN)~2-“)-]* 

= Fe(III)(CN)i- + (n + l)M + 

where M+ is an electrolyte cation, and the 
superscript * denotes an activated complex. 
Table 1 lists the various solution complexes that 
were detected in the IR spectroelectrochemical 
study, along with their observed C=N stretch- 
ing frequencies. This study shows how solution 
IR spectroelectrochemistry is useful for detect- 
ing dissolved redox species in the diffusion layer 
which are not otherwise detectable. 

Other studies have been concerned with 
monitoring the redox chemistry of various 
rhodium organometallic complexes by solution 
IR spectroscopy. 25,28 Transmittance spectroelec- 
trochemical cells were used for this work. In one 
study25 the cell shown in Fig. 3 was employed. 
The cyclic voltammetry of the ferro-ferricene 
redox couple was first studied in this cell. At 
slow sweep rates the peak separation between 
cathodic and anodic peaks was extremely 
narrow, indicating a small solution resistance 
across the thin layer. Subsequently, redox 
systems of interest were investigated in the 
cell. A case in particular is that of Rh,(ap), 
(C-=CH) in CH2C12 system, where ap = 2- 
anilinopyridinate. The neutral compound can 
either be oxidized or reduced reversibly through 
one-electron transfers, and the product of the 
first oxidation can in turn be oxidized to a 
dication:47 

Rh,(ap),(C--CH) + e - 

= [Rh2W4(~W1- 
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= [Rh,(ap)&=CH)l + + e - 

= [RhZ(ap),&=CH)]2+ + e- 

The cation and anion are stable on the exper- 
imental timescale, while the dication is unstable 
and rapidly forms decomposition products. 

PDIRS data were obtained for the first 
oxidation and reduction waves of the neutral 
rhodium species in CH2C12 containing O.lM 
tetrabutylammonium perchlorate (TBAP) 
(Fig. 8). The band at 1954cm-’ is due to the 
C=C stretching mode of the neutral compound, 
as indicated by the transmission IR spectrum 
obtained at O.OV us. Ag/Ag+ [Figure 8(a)]. 
Difference spectra taken during reduction and 
oxidation [Figures 8(6) and (c), respectively] 
indicate a Cc band shift to 1922 cm-’ for the 

“1954 cm+ 

‘1954 cm-’ 

lr ,I922 cm-’ 

‘1954 cm-1 

L 

I I I I I 

2100 2Coo lsoo I800 
Wavenumber, cm-l 

Fig. 8. FTIR spectra of [Rh,(ap)@&H)~ (where 
x = + 1, 0, or - 1) complexes in 0.1 M TBAPjCH, Cl,. (u) 
Initial spectrum of the neutral complex; applied poten- 
tial = 0.0 V us. Ag/Ag+. (b) Difference IR spectrum of 
neutral and singly reduced species; applied (sample) poten- 
tial = -0.8 V, reference voltage = 0.0 V. (c) Difference IR 
spectrum of neutral and single oxidized species; applied 
potential = + 0.7 V, reference potential = 0.0 V. Repro- 
duced with permission from the American Chemical Society 

from Ref. 25. 

anion and a shift to 1972 cm-’ for the cation. 
While not stated in the original study,25 the shift 
to lower wavenumber (of the anion) is probably 
due to higher occupancy of antibonding x* 
orbitals of the c---=C moiety, which causes an 
overall decrease in bond order and a corre- 
sponding decrease in frequency. For the cation, 
a shift to higher frequency (with respect to 
neutral species) is attributable to decreased e- 
donation to the Rh metal center, which results 
in an increase in bond order of the C%C bond. 
This work demonstrated the utility of an inex- 
pensive, easily fabricated, and reusable OTTLE 
cell for solution IR applications. It was deter- 
mined, however, that use of a thin-layer trans- 
mittance cell is not reliable for quantitative 
purposes in spectral regions where solvent 
and/or electrolyte absorbance is strong. 

Another study concerned the IR spectro- 
electrochemistry of the Creutz-Taube ion, 
[Ru(NH,),],pyrazine]’ + , in aqueous solution.@ 
Near- and mid-IR spectroelectrochemical stud- 
ies of this ion revealed a low frequency elec- 
tronic transition, which had been postulated 
previously based on results from other 
spectroscopic studies. It was shown that each 
ruthenium center of the Creutz-Taube ion bears 
a charge of + 2.5, indicating that on the 
vibrational timescale the odd electron is fully 
delocalized between the two metal centers. This 
work represents the first application of spec- 
troelectrochemical techniques to the study of 
low energy electronic transitions of mixed- 
valent compounds. 

Several other investigations have been 
reported20.26,2W’ concerning the redox chemistry 
of organometallic compounds. Other work has 
focussed on potential-dependent dynamic pro- 
cesses within the thin layer.W It is clear that from 
the evidence of these few successes, solution IR 
spectroelectrochemical methods ought to be 
applicable to studies of many organometallic 
and inorganic redox systems. 

Biological systems and ‘model’ biosystems 

A few IR spectroelectrochemical studies have 
been concerned with systems of biological inter- 
est. In one investigation, an OTTLE cell was 
used to characterize the electro-oxidation of a 
series of selected metalloporphyrins.30 Metallo- 
porphyrins form the central redox sites in a 
number of biomolecules, including heme pro- 
teins, chlorophyll, and the cytochromes, to 
name a few. Analysis of the potential-dependent 
IR difference spectra of certain metallopor- 



Solution infrared spectroelectrochemistry: A review 1217 

phyrins allowed the site of electroxidation on 
the metalloporphyrin molecule to be deduced.m 
Furthermore, it was possible to determine 
the oxidation state of the electrogenerated 
species and the fate of any axially coordinated 
NO or CO group. Additionally, it was found 
that other axial ligands oriented tram to 
the electrooxidized metalloporphyrin could be 
spectrally monitored. Such a degree of spectral 
characterization had not previously been 
obtained (for electro-oxidized compounds in 
solution) prior to the advent of solution IR 
spectroelectrochemistry. 

The redox behavior of (TPP)Co(NO) (where 
TPP is the dianion of tetraphenylporphyrin) has 
been studied by a number of electrochemical 
and spectroscopic techniques, including in situ 
FTIR spectroelectrochemistry in an OTTLE 
cel150 This metalloporphyrin can undergo two 
one-electron oxidations and three one-electron 
reductions in CH,Cl, solvent,” but the third 
oxidation is observed only at very high potential 
scan rates or at low temperature. The voltam- 
metry of the (TPP)Co(NO) system, presented in 
Fig. 9, clearly shows the first two oxidations 
and reductions, which are reversible at a micro- 
electrode. IR spectroelectrochemistry was em- 
ployed to study the first two oxidations of 

LF (b) 

I I I I I I I I I_ 
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Fig. 9. (a) Top: cyclic voltamperogram (scan rate = 10 
V/arc); and bottom: steady-state voltamperogram (scan 
rate = 50 mV/sec) of (TPP)CO(No) at a 25-micron diameter 
Pt microelectrode in O.lM TBAP/CH,Cl, . (b) Conventional 
cyclic voltamperogram (scan rate = 100 mV/sec) of 
(TPP)Co(NO) in 0. IM TBAP/CH,Cl, . Potentials are us. the 
Ag/AgCl reference. Reproduced with permission from the 

American Chemical Society from Ref. 50. 
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Fig. 10. Solution PTIR difference spectra of (fPP)Co(NO) 
species. (a) Spectrum of neutral species dissolved in 0.M 
TBAP/CH,Cl,; reference spectrum is that due to blank 
electrolyte. (b) Spectrum obtained after controlled potential 
oxidation at + 1.1 V; referenced potential =O.O V. (c) 
Spectrum obtained after controlled potential oxidation at 
+ 1.4 V. Reproduced with permission from the American 

Chemical Society from Ref. 50. 

(TPP)Co(NO). Figure 10 shows the in situ IR 
difference spectra taken (in the N-O stretching 
region) as a result of pulsing to potentials 
positive enough to effect the first two oxi- 
dations. The spectra indicate that the NO moi- 
ety remains associated with the singly oxidized 
species, but dissociates from the dication at a 
long time scale. Evidence for this dissociation 
had not been determinable previously. 

IR spectroelectrochemical studies of redox 
biosystems have appeared. A recent study was 
concerned with the redox chemistry of bacteri- 
ochlorophylls and bacteriophytins.‘* IR spec- 
troelectrochemical studies allowed detailed 
structural analyses of the redox states, and 
provided for implications concerning the bind- 
ing of pigments with the reaction centers of 
photosynthetic bacteria. 

CONCLUSION 

It is apparent that while surface IR spec- 
troscopy of electrode surfaces is presently a 
well-developed methodology, solution IR spec- 
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troelectrochemistry needs expansion. Compara- 
tively few studies have been conducted in which 
solution IR spectroelectrochemistry was used as 
a tool. This is rather surprising, considering the 
wealth of detailed structural, dynamical, and 
other information that can be gleaned from IR 
studies of redox species which are dissolved in 
solution. Numerous advances in this area have 
been made recently owing to improvements in 
spectroelectrochemical cell design and instru- 
mental sensitivity. In the next few years it is 
probable that many redox systems of interest 
will be investigated with solution IR spec- 
troelectrochemical techniques, and much more 
elegant experiments than those described in this 
review are anticipated. 
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Srmrmuy-A simple, rapid and sensitive spectrophotometric procedure for the assay of tetracycline 
hydrochloride and oxytetracycline hydrochloride has been developed. 2,2-Diphenyl-l-picrylhydraxyl 
(DPH), an intensely violet-coloured stable free radical, is changed in colour on reaction with the antibiotics 
investigated. The decrease in the intensity of the violet colour is used to measure the concentration of the 
drug. All measurements are made at 520 mn on methanolic solutions of the drug and reagent, buffered 
at pH 6. Beer’s law is obeyed in the concentration ranges 2.545 and 2.5-20 pg/ml for tetracycline and 
oxytetracycline mspectively. The proposed method has been successfully applied to analysis of the bulk 
drugs and their pharmace utical formulations. 

The tetracyclines are broad-spectrum antibiotics 
that are effective against nearly all gram-positive 
and gram-negative organisms. However, tetra- 
cycline and oxytetracyline are unstable under 
certain conditions, yielding structurally related 
decomposition products which have no signifi- 
cant antibacterial activity,’ and determination 
of the active drugs in the presence of their 
decomposition products is therefore of import- 
ance. 

Various titrimetric,* colorimetric,~‘O, spectro- 
photometric,“*‘* spectrofluorimetric,‘3*‘4 polaro- 
graphic,is complexometric,‘6~17 voltammetric,** 
radioimmunoassay,ig TL(?” and HPLC*’ 
methods have been reported. The official B.P,** 
and U.S.P.23 methods are biological assays. 

In this work, a simple, rapid and sensitive 
spectrophotometric method is adopted for the 
determination of tetracycline and oxytetracy- 
cline, in the pure forms and in pharmaceutical 
preparations, with 2,2-diphenyl- 1 -picrylhy- 
draxyl (DHP). 

EXPERIMENTAL 

Reagents 

Pharmaceutical grade tetracycline hydro- 
chloride (TC) and oxytetracycline hydrochlor- 
ide (OTC) (Cid, Cairo, Egypt) were used as 
working standards. 

DPH (Sigma) was used as received. A 
1 x 10m3M methanolic solution was used except 
in the solvent study, where a solution of the 

reagent was prepared in the solvent in question. 
The solution is stable for one week when kept 
at 4” and protected from sunlight. 

A O.lM acetate buffer was prepared and 
adjusted to pH 6. A 0.2M calcium chloride 
solution and a 0.5M 5,%diethylbarbituric acid 
solution were prepared, both in distilled water. 

All solvents used were of spectroscopic grade 
(Merck) and analytical grade reagents (or equiv- 
alent) were used whenever possible. 

Calibration procedure 

Weigh 50 mg of TC or OTC into a separating 
funnel and dissolve the drug in 30 ml of water. 
Add 2.0 ml of 0.2M calcium chloride and 2.0 ml 
of 0.5M 5,5_diethylbarbituric acid, and extract 
the undecomposed drug (as its complex with 
calcium and the barbituric acid)” with three 
IO-ml portions of ethyl acetate. Filter the or- 
ganic phase through anhydrous sodium sul- 
phate, evaporate the ethyl acetate under reduced 
pressure, dissolve the residue in methanol and 
dilute the solution to volume in a 50-ml stan- 
dard flask. Dilute this solution stepwise with 
methanol to obtain drug concentrations in the 
ranges 25-150 pg/ml for tetracycline hydro- 
chloride and 25-200 pg/ml for oxytetracycline 
hydrochloride. For each solution accurately 
transfer 1.0 ml into a lO-ml standard flask, add 
2 ml of the buffer solution followed by 2 ml of 
DPH solution, and mix well. Heat the mixture 
in a water-bath at 60 f 5” for 12 min. Cool and 
complete to volume with methanol. Measure the 
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Scheme 1. 

absorbance of the test solution and of a reagent 
blank against methanol at 520 nm. Plot the 
difference in absorbance (AA) against drug con- 
centration to obtain the calibration graph. 

Assay of tablets 

Weigh and finely powder 20 tablets. Extract 
an accurately weighed portion of the powder, 
equivalent to about 50 mg of the drug, with 
three lo-ml portions of methanol and filter. 
Transfer the filtrate and washings to a separ- 
ating funnel and proceed as above, beginning 
with the addition of 2.0 ml of 0.2M calcium 
chloride. Use an aliquot containing N 100 pg of 
the drug. 

Assay of capsules 

Weigh an amount of the mixed contents of 
20 capsules that will be equivalent to about 
50 mg of the antibiotic drug, extract with two 
15-ml portions of methanol, and extract the 
active drug with calcium etc., as for assay of 
tablets. 

RESULTS AND DISCUSSION 

Diphenylpicrylhydrazyl (I) is used for the 
determination of phenols.25 It is employed here 
to abstract a hydrogen atom from a phenol 
group on the tetracycline molecule (II), resulting 
in the formation of yellow diphenylpicrylhy- 

,I”“““““““” 
0 450 

Time, mm 

Fig. 1. 

drazine (III) and a phenoxy radical (IV) as 
shown in Scheme 1. 

The decrease in the violet colour of the DPH 
is proportional to the amount of tetracycline 
that has reacted. 

Optimization of variables 

At room temperature, the reaction proceeds 
very slowly. When mixtures of the drug with 
DPH and buffer solutions were heated in a 
water-bath at 60”, the optimum reaction time 
was found to be 12 min for both tetracycline and 
oxytetracycline hydrochlorides (Fig. 1). Higher 
temperatures result in a decrease in AA, which 
may be due to decomposition of DPH and/or 
the drugs studied. 

The most suitable range of pH for the reac- 
tion was found to be 5.545. A O.lM acetate 
buffer (pH 6) was used throughout all further 
experiments. Highly acidic and highly alkaline 
media led to destruction of the reagent. 

Different solvents (methanol, ethanol, l- 
butanol, 1-propanol, 2-propanol and mix- 
tures of these with water) were investigated. 
Methanol was found to be the best solvent and 
was used for dissolving both the drugs and the 
reagent. 

Interferences. The commonly used tablet ex- 
cipients, such as starch, talc and magnesium 
stearate, were found not to interfere with the 
proposed method. 

Table 1. Spectral characteristics of the products from the reaction between DPH and the drugs studied 

Quantitative parameters* 

QiU9 Linear range, correlation 
Compound 10’1. mole-‘. cm-’ Pgglml Intercept Slope coefEcient 

Tetracycline hydrochloride 1.92 2.5-15 0.0094 0.0458 0.9993 
Oxytetracycline hydrochloride 1.44 2.5-20 0.0233 0.0466 0.9976 

*From five determinations. 
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Table 2. Determination of tetracyclines by DPH and reported methods 

DPH method Reported method% 

Recovery,* SD, Recovery SD, 
Sample % % % % r# F$ 

Micycline capsules 98.5 1.3 99.8 1.1 0.72 1.48 
Hostacvcline tablets 100.3 1.0 99.2 0.9 0.69 1.14 
OxyteGacid capsules 99.9 1.6 98.6 1.1 1.55 2.15 
Tetracid capsules 100.7 1.3 99.5 1.6 1.53 1.73 

*Average of 5 determinations. 
TTabulated t for 4 degrees of freedom at P 0.05 is 2.776. 
STabulated F for (4,4) degrees of freedom at P 0.05 is 6.39. 
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(Received 31 July 1989. Revised 16 Mzy 1991. Accepted 29 May 1991) 

Smnmry-A method for substitution complexometric determination of cadmium is based on the 
decomposition of the Cd-EDTA complex by the combined action of ethylxanthate and zinc. The reaction 
is performed in a slightly acid homogeneous water-organic solvent medium in which the cadmium 
ethylxanthate complex is stable and soluble. 

In two earlier papers’v2 we have described the 
theoretical basis of some analytical procedures 
generalized by the equation 

MY + N + iA = NY + MA,(ML,) (1) 

where MY is the complexonate of the metal (M) 
to be determined, N is the ion used for titrating 
the complexone (Y) released, and A (or L) is an 
auxiliary reagent used to form a slightly soluble 
compound (MA,) or a soluble complex (ML,). 

The methods are applied in two steps, 
1. Determination (direct or by back-titration) 

of the sum of the elements reacting with the 
complexone under the given conditions. 

2, Selective displacement of the metal to be 
determined, by formation of a sparingly soluble 
compound or another complex of M. The Y 
released is titrated with N. The earliest example 
of this type of reaction was reported by Pfibil 
and W&9.3 

In an earlier paper we reported4 a complexo- 
metric method for determination of cadmium in 
the presence of zinc, in aqueous solution, by 
means of the reaction 

C.!dF- + Zn2+ + 2Ex- = ZnyZ- + Cd(Ex), (2) 

where CduZ- and ZnY*- are the EDTA com- 
plexes of the two metals, Ex- is the ethylxan- 
thate ion and Cd(Ex), is cadmium 
ethylxanthate. 

The sum of cadmium and zinc is first deter- 
mined by addition of excess of EDTA and 
back-titration with zinc in acetate-buffered 
medium at pH 5.1-5.7 with Xylenol Orange as 
indicator or at pH 5.7-6.2 with Methylthymol 

Blue as indicator. Back-titration is preferred to 
direct titration with Me~ylth~ol Blue as indi- 
cator, as the end-point is sharper. Addition of 
ethylxanthate then produces a precipitate of 
cadmium ethylxanthate during further titration 
with zinc. The quantity of zinc required to reach 
the second end-point is equivalent to the cad- 
mium. By similar procedures Pb, Cu(II.), Hg(I1) 
and Bi can be determined. 

This cadmium determination is based on the 
considerable difference between the solubility 
products of cadmium and zinc ethylxanthates 
(2.6 x 10mi4 and 4.9 x IO-* respectively’). 

The ~~lib~urn constant for the reaction in 
equation (2) is 

[ZnYl 
Kq = [Cdyl [Zn] [Ex12 (3) 

Since the activity of a precipitate is conven- 
tionally taken as unity, muItipli~tion of 
equation (3), top and bottom, by [yI[Cd] and 
substitution of the stability constants for the 
EDTA complexes and the solubility product of 
the precipitate will give 

4 = ~z”~~~~~~~~~~ (4) 

Because the reaction is done in OSM acetate 
buffer at pH 5, the side-reactions of zinc, cad- 
mium and EDTA must be taken into account, 
and the conditional concentrations and con- 
stant& must be used: 
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;.d@$s== K&~~,,c&,, , and substitution into 

-K& = ~~~l~~v~~~~~u~~~ (6) 

For 99.9% conversion of CdY into Cd(Ex), 
and 99.9% conversion of the liberated Y into 
ZnY, the value of lul, must be not less than 
K&, given by 

K tZny1 
gv.9 = [Cdyl [Zn’] [Ex’ J2 

FW 
= O.OOlC, x O.ool(C, + C&[Ex’]2 (7) 

where mx’] = (C, - 1+998C,)), Cz,,, C,, and 
C, are the initial concentrations of zinc, cad- 
mium and e~y~anthate respectively. Note that 
[Znu] must be the sum of the ZnY formed in the 
first titration and that formed in the second. 

Under the conditions given in the procedure, 

G~(AC) = 1+ BI [Ac’I/~Ac(H) 

+ 82 tA~‘l~/&wr~, 

= 1 + 101,’ x 0.5/1.45 

+ lo2 x 0.25/1.452 5: 23 

Since KMWfi)21 = 2.6 x lo-‘*, KW = 1.7 x 10i2. 
For C,= C, = O.OlM, and C, = O.lM, 
Kb.,, = 0.02/2 x lo-” x 0.0g2 x 1.6 x 10” < K& 

It is known that metal xanthate complexes are 
soluble in certain organic solvents”’ and the 
stability constants of some of them have been 
determined in aqueous methanol media.12 It 
therefore seemed logical to extend the approach 
indicated by equation (2) by using a medium in 
which the cadmium ethy~anthate would be 
soluble. 

The experiments showed that cadmium 
ethylxanthate is readily soluble in ethanol, 
dioxan, acetone and other organic solvents that 
are completely miscible with water. At < 103M 
cadmium concentration, in the presence of 
10-‘&f ethyhanthate, no precipitate is formed 
in solutions containing not less than 25% v/v 
ethanol or 20% v/v acetone or dioxan. 

EXPFWMENTAL 

Apparatus 

A Zeiss Specol 10 instrument for photomet~c 
titration with 30-ml cells (path-length 20 mm) 
was used. 

Reagents 

Analytical grade chemicals were used 
throughout, and O.OlM disodium EDTA, zinc 
acetate and cadmium acetate solutions and 10% 
~o~urn acetate solution (adjusts to pH 
5.5), were prepared. A 0.02% Xylenol Orange 
solution (X0) was used as indicator. 

Procedure 

To a slightly acid solution containing some 
mg of cadmium and zinc, add 4-5 ml of pH-5.5 
ammonium acetate solution and a knowu and 
excessive volume of EDTA solution. Add a few 
drops of X0 and back-titrate with zinc solution 
to a sharp rise in the absorbance measured at 
570 mu. This gives the sum of the cadmium and 
zinc. Then add enough ethanol (or other organic 
solvent) to keep the cadmium ethylx~thate in 
solution, followed by ethylxanthate in 10-15” 
fold ratio to the expected cadmium content, and 
titrate again with zinc solution to a sharp and 
stable absorbance change. The zinc required is 
equivaIent to the cadmium content. 

RESULTS AND DLSCUSSION 

Figure 1 shows the back-titration curve and 
the substitution titration curve obtained with a 
water-ethanol medium. 

The absorbance changes are very sharp at the 
equivalence points. This permits the very precise 
determination of the consumption of back- 
titrant and practically no construction is needed 
for interpretation of the titration curves (a fact 
of real importance in routine analysis). 

The broken line on the first titration curve 
marks its shape in the absence of ethylxanthate. 
Addition of e~y~an~ate, however, causes the 
absorbance to return to nearly its initial value, 
which is then maintained until just before the 
equivalence point in the back-titration (in prac- 
tice, owing to the kinetics of the exchange 
reaction the absorban~ momenta~ly rises and 
then falls as each drop of zinc solution is added 
in this region). 

The difference between the titrant con- 
sumptions for the second and the first titration, 
which is equivalent to the cadmium content, is 
in practice the same whether it is determined by 
means of the equivalence points E& and g& or 
the end-points E& and E&,, i.e., by means of 
AV=V,--V,RV,--V,. 

The absorbance change in the first titration is 
smaller than that in the second because at the 
first titration end-point the indicator colour 
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Fig. 1. Photometric titration with O.OlM Znz+; I, 2.08 ml of 
Cd*+ + 2.00 ml of O.OlM Zn*+ + 5.00 ml of O.OlM EDTA 
in the presence of 4.0 ml of 10% ammonium acetate solution 
and 1.0 ml of 0.02% Xylenol Orange solution; II, the 
back-titration of the EDTA liberated by addition of 6 ml of 
ethanol and 1 ml of 0.02SM potassium ethylxanthate to the 

titrated solution I. 

change will be due to formation of a mixture of 
the zinc and cadmium X0 complexes (owing 
to the exchange reaction CdY2- + Zn2+ e 
ZnY2- + Cd2+), and the molar absorptivity of 
the Zn-X0 complex is higher than that of the 
Cd-X0 complex, and only the Zn-X0 complex 
will be formed at the second end-point. 

The proposed method can be applied for 
complexometric titration with photometric end- 
point detection, especially when a very high zinc 
concentration is present. The procedure has 
been used for analysis of “Weltz-oxides”. These 
are intermediate products in zinc production 
technology, and contain 5457% Zn, 13-15% 
Pb, 1.5-3.0% Fe, 061.0% Cd. 

Lead reacts like cadmium and interferes, so 
should be removed as lead sulphate (a reaction 
which can be included to allow the complexo- 
metric determination of the lead as well). Iron 
is bound as a very stable EDTA complex, so will 
not interfere in the determination of cadmium, 
The Weltz-oxides generally contain 0.1-0.4% 
copper as impurity. Copper interferes strongly, 
forming copper ethylxanthate, which has a low 
solubility even in the mixed solvents. Up to 
10-12 mg/l. concentration, the copper can be 

Table 1. Average f standard deviation of six 
determinations of the Cd content (%) in two 

samples of “Welt+oxides” (Cu = 0.36%) 

Complexometric Polarographic 
Sample method method 

1 0.62 f 0.018 0.61 f 0.016 
2 0.92 f 0.025 1.05 f 0.027 

reduced to Cu(1) and bound as the thiourea 
complex, before the first EDTA titration. The 
thiourea concentration has to be at least 5-6 g/l. 
to prevent copper from reacting with both 
EDTA and ethylxanthate, and the organic sol- 
vent concentration has to be increased by about 
10% (absolute). 

Table 1 gives the results obtained for cad- 
mium in Weltz-oxides by the proposed method 
and by polarography. 

The values obtained by the two methods 
show that the proposed method has good repro- 
ducibility and accuracy. 

In conclusion, it has to be stressed that 
the substitution titration is successful because 
the stable soluble cadmium ethylxanthate com- 
plex is formed whereas the corresponding 
zinc complex is either not formed in the aqueous 
organic solution or is less stable than the 
zinc-Xylenol Orange complex, and hence 
does not affect correct end-point detection 
in the back-titration after the substitution 
reaction. 
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S!Iy-Chlorpromaziazine and promethazine were simultaneously determined by irradiating flow- 
injection manifolds with ultraviolet light. The simultaneous determination was based on the difference in 
pH of the media where the photochemical conversion of each phenothiazine into a fluorescent product 
took place. The choice of the best flow-injection configuration and mathematical treatment for solving 
the mixturea are discussed. Chlorpromazine and promethazine can be simultaneously determined at the 
&ml level with r.s.d. values between 2 and 4% and sampling frequencies in the range 30-4O/hr. 

Flow-injection analysis (FIA) ha8 been applied 
for 16 year8 in over 2500 pieces of research 
work. However, little attention has so far been 
paid to photochemical reactions1-4 compared to 
complex formation, acid-base, redox, ion-pair 
formation and catalytic reactions. Photochemi- 
cal reactions have many advantages over 
other chemical reactions that originate in the 
great purity, cleanliness, selectivity, availability 
and affordability of the reagent (UV or visible 
light). 

Phenothiazine compounds are usually em- 
ployed in medicine as psychotropic drugs in 
pharmaceutical preparations. Several analytical 
methods have been developed for their quali- 
tative5-’ and quantitative determination.“‘O An 
interesting feature of these compound8 is their 
photochemical instability,“,‘2 which we ex- 
ploited in previous work for the individual 
determination of chlorpromazine and pro- 
methazine. Both compounds were exposed to 
W irradiation and determined at the pg/ml 
level by two different flow-injection methods. In 
the present work, chlorpromazine and pro- 
methazine were simultaneously determined by 
using different configurations for implemen- 
tation of the photochemical reactions involved. 
The resulting products were sensed fluorimetri- 
tally. 

*Permanent address: Department of Chemistry, Wuhan 
University, Wuhan, China. 

TAuthor for correspondence. 

EXPERIMENTAL 

Reagents 

Chlorpromazine and promethazine stock sol- 
utions of 1.000 mg/ml each were prepared in 
distilled water and kept in a refrigerator in the 
dark. Working solutions were prepared daily by 
direct dilution with distilled water and also kept 
in the dark. Both 1 x 10v3M hydrochloric acid 
and 1 x 10m3M sodium hydroxide were utilized 
a8 carriers. 

Instruments and apparatus 

Fluorescence measurements were made on a 
Kontron SM25 spectrofluorimeter equipped 
with a Knauer x-t recorder. W irradiation on 
the PTFE reactor was performed by a Uvaton 
70 lamp emitting at 50 Hz, 220 V and 254 nm. 
An external fan was fitted to cool the reactor to 
room temperature. The analytes were injected 
by means of a Rheodyne Teflon rotary valve 
(1 lo+1 loop) and driven through the reactor to 
the fluorescence flow-cell (1.1 mm path length) 
by the 1 x 10v3M hydrochloric acid and 
1 x 10m3M sodium hydroxide carriers, which 
were propelled by a Gilson Minipuls-2 peri- 
staltic pump. 

RESULTS AND DIRCUSSION 

Fowndation of the simultaneous determination 
Chlorpromazine and promethaxine undergo 

photodecomposition to fluorescent products 
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2x10-3 M 1.0 
NaOH - 

m Vmin 0.5mm.i.d. 2.Om 0.5mm.id.‘ 
iQ2rnz.i .d. i 

-- 

0.5 mm.i.d. 
mlhi-iin 

1 x 10e3 M NaOH 2.0 

0.5 mm. i.d. 

Fig. 1. Configurations for the simultaneous (I and III) and sequential (II) determination of chlorpromazine 
and promethazine. S denotes sample, SV selecting valve, UV ultraviolet source, D detector and W waste 

(for details see text). 

under different working conditions. Thus, the 
reaction product of chlorpromazine was highly 
fluorescent in 1 x 10e3M hydrochloric acid, but 
scarcely fluorescent in basic medium (sodium 
hydroxide). On the other hand, promethazine 
was reactive in both solutions. This distinctive 
behaviour was the basis for the simultaneous 
determination of the two phenothiazine com- 
pounds. 

Configuration designs 

The aim of the configuration used for the 
simultaneous determination was to provide 
different reaction conditions for the photo- 
decomposition of the two analytes present in the 
samples. Three configurations were tested for 
this purpose (Fig. 1). 

In configuration I, the sample solution was 
injected via the valve into a distilled water 
carrier, then split into two streams, one of which 
was merged with 2 x 10e3M hydrochloric 
acid and the other with 2 x 10T3M sodium 

hydroxide. Both streams were passed through 
FTFE reactors under UV irradiation. Arrival 
of the sub-plug in the sodium hydroxide 
carrier at the detector was delayed by using a 
3-m PTFE tube of 0.8 mm i.d. to achieve 
complete resolution of the two peaks; i.e., to 
allow the reaction products in the two reactors 
to reach the detector sequentially. The differ- 
ent i.d. of the reactors for the two sub-plugs 
was intended to balance the two channels to 
a similar pressure and hence to a similar vol- 
ume. The shorter the reactor used for the acid 
stream, the smaller the diameter it should 
have to match its flow resistance to that of the 
longer reactor (basic stream), of also a larger 
diameter. 

Configuration II included a selection valve for 
switching between the hydrochloric and sodium 
hydroxide carrier solutions, hence the sample 
solution had to be injected twice. Different 
peaks were obtained on the sample solution in 
different carriers sequentially passing through 
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Time - 

Time - 
Fig. 2. Influence of the reaction media by using configuration I. (A) 2 &ml chlorpromazine, (B) 2 &ml 
promethazine. (a) With 1+ 10-“M NaOH and, (I) 1 x 10m5M HCl, (II) 1 x lo-‘M HCl, (III) 1 x lo-‘M 
HCl, (IV) 1 x 10-2M HCl, (V) O.lM HCl. (b) with 1 x lo-‘M HCl and, (I) 1 x lO-5M NaOH, (II) 

1 x lo-‘M NaOH, (III) 1 x 10-)&f NaOH, (IV) 1 x 10b2M NaOH, (V) O.lM NaOH. 

the reactor under UV irradiation and reaching 
the detector. 

Two injection valves were internally coupledn 
in configuration III and intended to create two 
basic medium-sample interfaces (head and tail 
of the overall injected plug) and two acid 
medium-sample interfaces in the centre of the 
injected plug. The sample and hydrochloric acid 
solutions were injected through the main and 
secondary valve, respectively, into a sodium 
hydroxide stream, so the sample volume was 
divided into two parts by the hydrochloric acid 
plug. A pH gradient was formed as the plugs 
passed through the reactor. Instead of the three 
peaks expected, only two overlapped peaks or a 
single one were actually obtained even if the 
injection volumes of the hydrochloric acid and 
sample solution and the concentrations of the 
acid and sodium hydroxide were adjusted. This 
was a result of the maximum concentration of 
the two gradients (sample and acid medium) 
lying in different positions and hence of the 
insufficient fluorescence difference in the middle 
portion of the plugs. 

Configurations I and II were finally chosen 
for the simultaneous determination as they pro- 
vided better defined recordings. 

Injluence of variables 

The working irradiation wavelength was 
254 nm. The results obtained with light of 
wavelengths in the range 230-320 nm were 
similar. Between 320 and 360 nm, the yield of 
the photochemical reaction clearly decreased. 
Above 360 nm the reaction does not take place 
at all. To obtain as high a sensitivity as possible, 
the reactors were stitched across a frame of steel 
net which was placed near the UV lamp. A fan 
was used to remove the heat generated by the 
light source from the reactor. The optimal reac- 
tor lengths (i.e., those resulting in the best peak 
resolution) are given in Fig. 1. The influence of 
the hydrochloric acid and sodium hydroxide 
concentrations were studied from 0.1 to 
1 x lo-‘M, the optimal value being 1 x 10e3M 
in both cases. The shape and behaviour of the 
recordings in this study are illustrated in Fig. 2. 
The energy of the detector was adjusted at 
550 V. The photochemical products of both 
phenothiaxines showed maximum emission at 
373 nm and four excitation maxima at 253,273, 
295 and 333 nm. The excitation wavelengths at 
253 and 333 nm were the most suitable for 
the formation of the photochemical product of 
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chlorpromazine, while the amount of product 
yielded by promethazine increased with an 
increase in the wavelength. As the signal pro- 
vided by the product from chlorpromazine was 
smaller than that of the promethaxine product 
(see Fig. 2) a wavelength of 253 nm was selected 
for the simultaneous determination; irradiation 
at 333 nm was applied to samples containing 
promethazine concentrations much smaller than 
those of chlorpromazine. The optimal sample 
volume was 100 ~1 for both configurations and 
the flow-rates of the streams were 2.0 ml/min 
in configuration II, and 2.0 and 1.0 ml/rain for 
the top and bottom channels, respectively, in 
configuration I. Under the above working 
conditions, sampling frequencies of 30/hr (60 
determinations) for configuration I and 4O/hr 
(40 determinations) for configuration II were 
achieved. 

Features of the simultaneous determination 

As the mixture of chlorpromazine and 
promethazine reacts with a common “reagent” 
(W light) to form highly fluorescent products 
in two different carrier solutions, the total fluor- 
escence can be expressed as: 

HI= i hij (j=1,2) 
r-1 

(1) 

where i denotes the component and j the carrier 
solution; h, stands for the fluorescence con- 
tributed by each component, where 

h,Fa,Ci+bij (i=1,2 and j=l,2) (2) 

The values of ai/ and 6, were obtained by 
experiments at known concentration of chlor- 
promazine and promethazine alone. 

(a) Configuration I. For chlorpromazine, over 
the concentration range 0.4-10.0 pgg/ml, in 
10m3M hydrochloric acid and 10B3M sodium 
hydroxide, 

h ,, = 14.34 C, - 5.60 (r2 = 0.9984) 

h ,2 = 2.61 C, - 0.43 (r2 = 0.9993) 

For promethazine, over the concentration 
range of 0.4-10.0 pg/ml, in lo-‘M hydrochloric 
acid and 10m3M sodium hydroxide, 

h 2, = 7.63 C2 + 0.52 (r2 = 0.9992) 

h u = 14.43 C, - 0.16 (r2 = 0.9979) 

(b) Configuration ZZ. For chlorpromazine, 
from 0.5 to 4.0 pg/ml, in 10e3M hydrochloric 
acid and 10m3M sodium hydroxide, 

h II = 38.03 C, + 6.05 (r2 = 0.9995) 

h ,2 = 2.70 C, - 0.60 (r2 = 0.9998) 

For promethazine, from 0.5 to 6.0 rgjml, in 
lo-‘M hydrochloric acid and 10w3M sodium 
hydroxide. 

h 21 = 24.32 C, - 7.06 (r2 = 0.9998) 

h 22 = 18.40 C2 + 0.54 (r2 = 0.9992) 

Therefore, the concentrations of chlorpro- 
mazine (C,) and promethazine (C,) in the mix- 
ture can be obtained from the total fluorescence 
in lo-‘it4 hydrochloric acid (H,) and lo-‘M 
sodium hydroxide (H,), by solving equation (l), 

CI=[(~,-~,,-~~,)(IU 

- (H2 - b12 - J& azr I/ 

h az - a12azi) (3) 

C2 = [(HZ - hi2 - b22) alI 

-(Hi--b,,-b,,)a,z/ 

@II a22 - 42a2J (4) 

Tables 1 and 2 list the results obtained in 
the determination of chlorpromazine and 
promethazine in synthetic samples by using 

Table 1. Simultaneous determination of chlopromazine and promethazine, configur- 
ation I (from individual calibration curves) 

Added, pgglml Found, m/ml 

Chlorp. Promet. chlorp. Promet. 

1.000 1.000 0.763 0.748 0.747 0.715 0.718 0.748 
2.000 

::$!I 
1.585 1.608 1.614 1.642 1.667 1.696 

4.000 3.534 3.509 3.469 3.333 3.383 3.465 
6.000 6.000 5.595 5.626 5.624 5.360 5.354 5.415 
8.000 1.000 7.840 7.917 7.706 0.843 0.858 0.973 
8.000 2.000 7.877 7.918 7.964 1.610 1.528 1.549 
6.000 4.000 6.002 6.018 5.940 3.419 3.386 3.431 
4.000 6.000 3.670 3.695 3.711 5.585 5.536 5.503 
2.000 8.000 1.756 1.679 1.677 7.893 7.908 7.983 
1.000 8.000 0.907 0.907 0.938 8.058 8.058 8.052 
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Table 2. Simultaneous determination of chlorpromazine and promethazhe, 
configuration II (from individual calibration curves) 

Added, pgglml Found, pgglml 

Chlorp. Promet. ChlOlp Promet. 

0.5w 0.500 0.413 0.506 0.466 0.486 0.484 0.479 
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1.ooo 1.000 0.851 0.844 0.960 0.890 0.880 0.885 

::Ez 2000 2’000 
5:OOO 

0.695 1.954 0.803 1.887 0.931 1.891 1.815 1.673 1.798 1.667 1.753 1.651 
0.500 0.440 0.550 0.525 4.635 4.595 4.611 
1.000 5.ooo 0.852 1.120 0.851 4.465 4.459 4.668 
4.000 0.400 4.118 3.699 3.660 0.345 0.417 0.401 
4.000 1.000 3.871 3.811 3.799 0.740 0.760 0.740 

configurations I and II, respectively, and the 
above calibration curves. The errors made were 
generally larger than lo%, as a result of the 
interaction of the two phenothiazines, which 
reduced the reaction rate of each other, the 
effect being more significant on promethazine. 
Recoveries were usually low; thus, development 
of the photochemical reaction in isolated stan- 
dards was more extensive than in the mixtures. 

In order to solve the problem caused by the 
above-mentioned negative sinergistic effect, cali- 
bration curves were run by using different com- 
binations of known concentrations of the two 
phenothiazines in mixtures. As C, and C, were 
known, H, and Hz were determined; a,, , a,, , B, 
and B2 being calculated by multicomponent 
regression according to the following equations: 

H Ik = a,, c,k + +I c2k + 4 

(k=1,2,...n) (5) 

Hz,, =Q~~,k+~z&-,k+B~ 

(k=1,2,...n) (6) 

From the above expressions, the equations 
for the calibration curves obtained by multi- 
component regression from the experimental 
data were as follows: 
(a) Configuration I 

For the different combinations of known 
concentrations of the two phenothiazines in 
mixtures from 1.0 to 8.0 pg/ml in 10T3M hydro- 
chloric acid and 10m3M sodium hydroxide for 
chlorpromazine and promethazine, respectively. 

H, = 14.331 C, + 7.296C, - 6.44 

(r = 0.996) (10) 

H2 = 2.263C, + 13.532Cr - 4.05 

(r = 0.996) (11) 

(b) Configuration II 
For the different combinations of known 

concentrations of the two phenothiazines in 

TAL Y/II-c 

mixtures from 0.5 to 4.0 pg/ml in 10m3M hydro- 
chloric acid and 10e3M sodium hydroxide for 
chlorpromazine and promethazine, respectively. 

H, = 39SlOC, + 22.67OC, - 5.27 

(r = 0.998) (12) 

H2 = 2.137C, + 16.7OOC, - 0.00 

(r = 0.999) (13) 

Hence, the concentration of each component 
in the mixture (C, and C,) can be obtained from 
the total fluorescence in 10m3M hydrochloric 
acid (H, ) and 10W3M sodium hydroxide (Hz) by 
solving the corresponding equations. 

Tables 3 and 4 list the results obtained in 
the determination of the analytes in synthetic 
samples with configurations I and II, calculated 
from the multicomponent regression equations. 
The errors made were generally less than 
5%; only a few were larger than 10% owing to 
the large concentration ratio of the two com- 
ponents. However, this was overcome by 
weighted regression calibration. 

The relative standard deviations of con@ur- 
ation I were 3.77% and 2.11 for chlorpromazine 
and promethazine, respectively (5 rg/ml of 
each analyte in 11 different samples injected in 
triplicate), while those of configuration II were 
4.23% for chlorpromazine and 3.76% for 
promethazine (2 pg/ml of each analyte under 
the same conditions used with configuration I). 

The proposed method was also applied to 
the resolution of mixtures of pharmaceuticals 
including both phenothiazines. The results 
obtained (Table 5) are consistent with the 
certified values. 

CONCLUSIONS 

Photochemical reactions were used in two 
flow-injection manifolds to develop a simul- 
taneous determination for two analytes. 
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Table 3. Simultaneous determination of chlorpromazine and promethazine, 
configuration I (from multicomponent regression calibration curves) 

Added, pgglml Found, pgcglml 

Chlorp. Promet. Chlorp. Promet. 

1.000 1.000 1.062 1.047 1.046 0.934 0.938 0.967 
2.000 2.000 1.865 1.887 1.893 1.879 1.905 1.933 
4.000 4.ooo 3.773 3.748 3.707 3.614 3.663 3.743 
6.000 6.000 5.788 5.819 5.816 5.686 5.681 5.741 
8.000 1.000 8.042 8.117 7.908 1.260 1.277 1.386 

(7.917) (7.919) (7.783) (0.967) (1.038) (1.088) 
8.000 2.000 8.072 8.113 8.158 2.203 1.943 1.965 
6.000 4.000 6.206 6.223 6.149 3.769 3.737 3.771 
4.000 6.000 3.888 3.912 3.929 5.856 5.808 5.776 
2.000 8.000 1.979 1.903 1.900 8.097 8.109 8.184 
1.000 8.000 1.140 1.140 1.171 8.237 8.237 8.232 

(1.090) (1.090) (1.122) (7.966) (7.966) (7.965) 

Values in parenthesis are from weighted regression calibration curves. 

Table 4. Simultaneous determination of chlorpromazine and promethazine, 
configuration II (from multicomponent regression calibration curves) 

Added, pgglml Found, pgglml 

Chlorp. Promet. Chlorp. Promet. 

0.500 0.500 0.538 0.585 0.593 0.530 0.536 0.523 
1.000 1.000 0.984 0.978 1.004 0.988 0.977 0.997 
1.000 2.000 0.806 0.841 0.961 2.004 1.998 1.954 
2.000 2.000 1.924 2.044 2.135 1.909 1.876 1.894 
0.500 5.000 0.493 0.562 0.582 5.109 5.077 5.086 
1.000 5.000 0.840 1.091 0.871 4.945 4.949 5.157 
4.000 0.400 3.979 3.944 3.904 0.533 0.549 0.530 

(3.983) (3.949) (3.911) (0.423) (0.429) (0.385) 
4.000 1.000 4.117 4.055 4.042 0.910 0.930 0.908 

(4.103) (4.043) (4.031) (0.999) (0.997) (0.961) 

Values in parenthesis are from weighted regression calibration curves. 

Table 5. Determination of phenothiazines in pharmaceuticals 

Reference value, pgglml Found, pgglml 

Sample Chlorpromazine Promethazine Chlorpromazine Promethazine 

Largactil + Fenergan 2.50 5.00 2.46 2.44 2.13 2.34* 5.52 5.36 5.18 5.35* 
Largactil + Hemotripsin 2.50 1.20 2.42 2.51 2.25 2.39* 1.52 1.34 1.40 1.42* 
Largatrex + Fenergan 2.00 2.50 1.78 1.69 1.96 1.81’ 2.82 2.51 2.65 2.66* 
Largatrex + Hemotripsin 4.00 1.80 3.88 3.88 3.99 3.92* 2.05 2.16 1.96 2.06* 

*Average value. 

From our experience, ‘J-~ light-wavelength is 
more critical to photochemical reactions than 
the intensity and irradiation time, just like the 
features of the reagents are more influential than 
their concentrations and reactions times. As a 
rule photochemical reactions do not take place 
at wavelengths above 360 nm, and start 
immediately on “addition” of the “reagent” 
(W light of a wavelength usually below 320 
nm) and stop as this unique reagent is removed. 
As a result, methods based on this type of 
reaction (e.g., the proposed method) are quite 
selective and sensitive. 
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FLOW-INJECTrON SUCCESSIVE DETERMINATION OF 
CYSTEINE AND CYSTINE IN P~ARMACE~ICAL 

PREPARATIONS 
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Spmmuy-A flow-injection configuration is proposed for the individual determination of cysteine and 
cystine and for the mixtures of both analytes. The procedure is based on the inhibitory effect of cysteine 
on the oxidation of thiamine to thiochrome by mercury(I1). Linear calibration graphs were obtained 
between 1.0 x IO-$ and 1.0 x IO-‘M, with a sampling rate of 22 samples&r and relative standard 
deviation of 1.14%. The inch&on of a selecting valve in the lotion, to pump water or 
hydroxylamine, allows the successive determination of these two analytes. The applicability of the method 
to the determination of cysteine and cystine in pharmaceutical preparations was demonstrated by 
investigating the effect of potential interferences and by the analysis of commercial preparations. 

The amino acids L-cystine and L-cysteine 
are substances of great biological importance. 
L-Cysteine participates in a number of bio- 
chemical processes that depend directly on the 
particular reactivity of thiols. The high nucleo- 
philicity of thiols facilitates the role of cysteine 
as an active site, covalent catalyst (e.g., in 
papain’ and glyceraldehyde-3-phosphate dehy- 
drogenase2) and allows the cysteine residue of 
glutathione to scavenge and detoxify electro- 
philes during mercapturic acid bios~~esis3,4 
and peroxide reduction.’ Oxidized derivatives of 
L-cysteine have additional metabolic roles. The 
disulphide bonds of L-cystine residues stabilize 
the tertiary structure of proteins, for example. 
As L-cystine is hydrolysed to L-cysteine in 
water, and L-cysteine is readily oxidized to 
L-cystine in air, they are often presented to- 
gether (in hair, liver, horn, etc.). Several differ- 
ent methods have been developed for the 
determination of cysteine and/or cystine.” How- 
ever, the analysis of cystein~ystine mixtures 
has rarely been performed by non-chromato- 
graphic techniques. Photometric>* electrochem- 
ical,q titrimetric,“’ flow-injection” and catalyticI 
methods have been used with this aim. 

Flow-injection analysis offers the chance to 
determine species in a mixture without prior 
separation, by several methods based on the 
ditferent working conditions with the use of a 
very simple manifold and a flow cell in a single 
detector.‘3*‘4 The indicator reaction chosen for 

the development of the determination method 
of cysteine and cystine in mixtures is the oxi- 
dation of thiamine to fluorescent thiochrome by 
mercury(I1). Cysteine is an inhibitor of this 
reaction while cystine requires reduction to cys- 
teine in order to do so. On this basis, a sequen- 
tial method involving the use of a simple 
manifold with a diverting valve which provides 
carriers with water or hydroxylamine for 
the determination of cysteine or cystine plus 
cysteine has been applied. Hence, the method 
will involve the following reactions: 

Thiamine + Hg(II)+ Thiochrome 

Cysteine + Hg(II)+Hg(II)-Cysteine 

t 
I 

Cystine + NH,OH*Cysteine 

The technique chosen was the reversed FI mode 
because it enables a higher sensitivity to be 
reached and wider dynamic concentration 
range. i4 

EXPERIMRNTAL 

Apparatus 
A Gilson Minipuls peristaltic pump was used 

and the ~rn~nen~ of the system were linked 
by polypropylene connectors and 0.5~mm i.d. 
PTFE tubing. An Omnifit selecting valve was 
used to select the carrier solution for the simul- 
taneous determination. A Perkin-Elmer 3000 
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Fig. 1. Reversed FIA mode manifold for the individual determination of cysteine and cystine and for the 
simultaneous determination of both analytes (inclusion of selecting valve SV). 

s~~o~uo~rne~r connected to a Linseis 6512 
recorder was used as a detector. 

The manifold used is shown in Fig. 1. In the 
successive determination, valve SV allows 
switching between the distilled water stream 
(dete~nation of cysteine) and that of hydrox- 
ylamine (joint dete~ination of cysteine and 
cystine). This selection valve is cancelled for the 
individual determinations. 

Reagents 

All reagents were of analytical-reagent 
grade and solutions were always prepared with 
doubly-distilled water. 

A 10°3M stock cysteine solution was pre- 
pared daily by dissolving 0.0302 g of L-cysteine 
(Merck) in water and diluting to 250 ml in a 
calibrated Sask. A 10t3M stock cystine solution 
was prepared daily by dissolving 0.0600 g of 
L-cystine (Sigma) in 10 ml of 0.5M sodium 
hydroxide and diluting with water to 250 ml in 
a calibrated flask. Working solutions of both 
analytes were prepared from the stock solutions 
by appropriate dilution with water. 

A 3.5 x 10m3M: thiamine solution was pre- 
pared by dissolving 0.295 g of thiamine hydro- 
chloride in water, adjusting to pH 4 with 
hydrochloric acid and diluting to 250 ml in a 
calibrated Aask. This solution was stable for 
three months if kept refrigerated. 

A 10e3M mercury(I1) solution was prepared 
from mercuric chloride and adjusted to pH 4 
with hydrochloric acid. The working solution, 
10-‘&f, was prepared daily by appropriate 
dilution with water. 

Phosphate buffers were prepared from 0.2M 
disodium or dipotassium hydrogen phosphate 
and sufficient 5M potassium hydroxide to give 
the desired pH. 

RESULTS AND DICTION 

Stationary system 

Thiamine is oxidized to fluorescent thio- 
chrome (TC) by mercury(I1) in basic sol- 
utions.15*‘6 The order of addition of the reagents 
is critical. If the thiamine is mixed with the base 
first, a low yield of TC is obtained on the 
addition of Hg(I1). The addition of a large 
excess of Hg(I1) to the thiamine solution appar- 
ently stabilises the latter by the formation of a 
complex which can then be oxidised to TC when 
the base is added. The time taken to reach 
equilibrium decreases with increasing Hg(I1) 
and HO- concentrations; optimum values are 
obtained between pH 11 and 13. The phosphate 
buffer was selected because it provided a good 
buffering capacity at this pH range and good 
precision in the fluorescent measur~en~. 

The formation of a precipitate in a spectro- 
fluorimetric detection is unacceptable because 
of the lack of reproducibility of the measure- 
ments. Therefore, it was necessary to study the 
solubility of Hg(II) at alkaline pH. It was found 
that with 1.0 x 10v3M Hg(I1) and 0.2M phos- 
phate butIer, precipitation did not occur after 8 
min in the pH range 10-13. 

When cysteine is present in this system, the 
formation of TC is decreased because Hg(I1) 
forms a complex with cysteine {log /I = 14,21),” 
which thus acts as an inhibitor. 

Flow system 

The inhibitory effect of cysteine on the oxi- 
dation of thiamine to TC by Hg(II) was adapted 
for FIA to achieve a rapid and sensitive method 
for the determination of this amino acid. Of all 
the FIA tested, the best results were found with 
the reversed mode manifold shown in Fig. 1, 
because it resulted in an increase in sensitivity 
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Fig. 2. In!luence of pH on the peak height. [Cysteine]: (1) 0; 
(2) 5 x lo-‘M. 

and a decrease in the number and level of 
interferences. 

Optimization of the chemical variables 

To test different pH values, 0.2M phosphate 
buffers were used, and the optimum pH for 
measurement was found to be 12.0 (Fig. 2). 

The influence of the concentration of thia- 
mine was studied in the range 10V4-5.0 x 
10m3M. Maximum signals were obtained with 
3.5 x 10e3M thiamine. 

The effect of the concentration of Hg(I1) is 
shown in Fig. 3; the optimum concentration of 
the Hg(I1) stream was found to be lo-‘M 
because then the highest peaks and the largest 
concentration range for the determination of 
cysteine were obtained. 

The reaction rate of the oxidation of thiamine 
by Hg(I1) increases with increasing temperature. 
A temperature of 30 & 0.5” was found to be 
suitable to obtain an appropriate peak height. 

Optimization of the FIA variables 

The reactor R, is where the complex for- 
mation reaction between Hg(I1) and cysteine 
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Fig. 3. Influence of Hg(II) concentration on the peak height. 

takes place. A length of 100 cm is sufficient 
for the chemical reaction to reach or come 
near to completion with a flow-rate between 
1.7 and 3 ml/mm. Changes in the volume of 
thiamine injected in the range 90-130 ~1 yields 
an almost constant signal, which decreases out- 
side this range; a volume of 100 ~1 was always 
used. The peak height increased with increasing 
residence time because the oxidation of the 
thiamine to TC by Hg(I1) is not fast. The best 
results were obtained if the pump was stopped 
when the plug was located in the reaction coil 
R2. After a given period of time the pump was 
triggered by a timer and the reaction zone 
was directed towards the detector. A coil 
length of 100 cm and a timer programmed to 
stop the flow after 30 set for 1 min were chosen 
as a compromise between analytical signal and 
sampling rate. 

Determination of cysteine 

A series of standard solutions were pumped in 
triplicate to test the linearity of the calibration 
graph. The calibration graph is linear from 
1.0 x lo-’ to 1.0 x 10e4M with a correlation 
coefficient of 0.9997. The sample rate is about 22 
samples/hr. The statistical study performed on 
11 samples of triplicate pumping of 2.0 x IO-‘M 
concentration yielded a r.s.d. of 1.14%. 

Determination of cystine 

The determination of cystine involved the 
previous reduction to cysteine. In the manifold 
shown in Fig. 1 (with no selecting valve) the 
cystine stream and hydroxylamine stream 
merged, after the reduction step, with the mer- 
cury(I1) solution. 

A r.s.d. of 1.23% was obtained when 11 
samples of 2.0 x 10m5M cystine were pumped in 
triplicate. 

Interferences 

An interference study, aimed at the determi- 
nation of cysteine in pharmaceutical prep- 
arations, was performed. Samples containing a 
fixed concentration of cysteine (5.0 x lo-‘M) 
and various concentrations of the foreign sub- 
stance were injected into the FIA system. A 
substance was considered not to interfere if the 
variation in the peak height of cysteine was less 
than 3% in its presence. The results are shown 
in Table 1. 
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Table 1. Tolerance of the proposed procedure to other substances* 

Substance 

Tolerable 
molar ratio 

Interfere& cysteine 

Leucine, isoleucine, ph~ylal~ine, glycine tryptophan, 
cystine, se&e, alanine 

1OOt 

Methionine, valine, tyrosine, threonine, pyridoxine, 
biotin, calcium phantothenate cyanocobalamin 

Glutathione, riboflavin 

50 

1 

‘I.0 x 10msh4 cystine added. 
image tested. 

Table 2. Analysis of synthetic mixtures of cysteine and cystine 

Mixture taken, PM Found,* PM 

Cysteine Cystine Cysteine Error (%) Cystine Error (%) 
5.00 - 5.01 -to.2 - - 
5.00 10.00 5.02 +0.5 10.13 t1.3 
5.00 15.00 5.03 +0.6 15.16 Cl.1 
5.00 20.00 5.03 to.6 20.22 +1.1 
5.00 25.00 5.06 +1.2 25.32 + 1.3 
5.00 30.00 5.05 +1.1 30.48 +1.6 
5.00 35.00 5.06 l-l.2 35.52 +1.5 
5.00 40.00 5.06 +1.2 40.68 +1.7 

*Mean of four dete~inations. 

Successive determination of cysteine and cystine 

The resolution of the cysteine-cystine mix- 
tures was based on the fact that cystine did not 
inhibit the oxidation of thiamine by Hg(I1). The 
behaviour of both amino acids with reduc~nts 
was the basis for their successive determination. 
The use of a selecting value to pump a distilled 
water stream or hydroxylamine stream merging 
with the sample stream in an alternate fashion 
(Fig. 1) makes possible the dete~ination of the 
~stein~stine mixture to obtain analytical 
signals due to the contribution of cysteine or 
both analytes, respectively. 

The results for the determination of cysteine 
and cystine in a series of synthetic mixtures are 
given in Table 2. 

Analysis of pha~ac~ti~al prep~atio~ 

The method was applied to the determination 
of cysteine and cystine in pharmaceuticals. 
Commercially available formulations were 
analysed and the results obtained are summar- 
ized in Table 3. As can be seen for all the 
formulations the assay results were in good 
agreement with the declared content. 

Table 3. Determination of cysteine and cystine in pharmaceuticals 

Nominal value, mg Found,? mg 

Sample* SOWiX Cysteine C&tine Cysteine Cystine 

Pil-Food Pamies 80 
Tulgrasum Liade 0.356 

15 79.2 24.6 
0.349 - 

Cistina Quim.Med. - 250 - 249.6 
Freamine Farmiberia 20 - 21.1 - 

*~m~sition of ~mple~~l-Foo~ me~io~ne, 200 mg; cysteine, 80 mg, 
cystine, 25 mg; millet, 20 mg; calcium pantothenate, 25 mg; riboflavin, 
1 mg; pyridoxin, 10 mg; biotin, 0.2 mg; a-tocopherol acetate, 3 mg. 
Tulgrasum: benzalconium chloride, 0.04 mg; bencil benzoate, 1.58 mg; 
threonine, 15.8 mg; cysteine, 0.356 mg; glycine, 0.216 mg. Cistina: 
cystine, 250 mg; excipient, 70 mg. Freamine: isoleucine, 300 mg; 
leucine, 770 mg; L-lysine acetate, 870 mg; methionine, 450 mg; 
ph~yl~~ne, 480 mg; threonine, 340 mg; tryptophan, 130 mg; valine, 
560 mg; alanine, 600 mg; arginine, 8 10 mg; his&line, 240 mg; proline, 
950 mg; serine, 500 mg; glycine, 1190 mg; cysteine hydrochloride, 
20 mg; sodium, 1 meq; acetate, 7.4 meq; phosphate, 2 meq; chloride, 
0.2 meq; water and excipient up to 100 ml. 

tAverage of four determinations. 
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The accuracy of the proposed method was 
verified by carrying out recovery studies. When 
synthetic preparations that reproduced the com- 
positions of the commercial formulations spiked 
with known amounts of these analytes were 
analysed, quantitative recoveries, 99.5100.4% 
for cysteine and 99.~100.3% for cystine, were 
obtained. 
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DETERMINATION OF BROMAZEPAM BY COUPLING A 
CONTINUOUS LIQUID-LIQUID EXTRACTOR TO AN 

ATOMIC-ABSORPTION SPECTROMETER 
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Snmmar-Bromazepam, in the form of the ion-pair (bromazepam),Cu(ClO,),, can be extracted into 
methyl isobutyl ketone, and determined indirectly by atomic-absorption spectrometry with a limit of 
detection of 0.1 &ml bromazepam at the 324.8 nm copper resonance line. The optimum conditions for 
determining this drug (0.4-4.Opg/ml) are described. The relative standard deviation achieved is 1.7%. 
The method is selective and free from the interference of other l+benzodiazepines. It was applied to the 
determination of bromazepam in pharmaceuticals and was also spiked in plasma samples. 

The potential of the 1,Cbenzodiazepines as 
medical drugs was first exploited by Zbinden 
and Randall in their studies on chlordiazepox- 
ide.’ Since then, many of these compounds have 
been synthesised and tested for pharmacological 
activity. Comprehensive reviews by different 
authorsz3 have compared the pharmacological 
actions of the therapeutically active members 
and the methods of analysis of this group. 
Bromazepam [7-bromo- 1,3dihydro 5-(2-pyridyl)- 
2H-l@enzodiazepin-2-one] is a major sedative 
hypnotic drug widely employed in clinical as 
an anti-anxiety agent. Only the parent com- 
pound has been found to occur in blood 
after therapeutic administration. Both gas and 
liquid chromatographic methods with electron 
capture and ultraviolet detection, respectively, 
have been developed for the determination of 
bromazepam in plasma with a sensitivity of 
5 ng/ml.4 Other techniques including spectro- 
photometry’ and voltammetry6~’ have been used 
for its determination. 

The occurrence of the a-a’-dipyridyl moiety 
enables bromazepam to form cationic 3: 1 
complexes with divalent metal ions such as 
copper( cobalt(II), iron( nickel(I1) and 
zinc(IIJ6* &lo These complexes have been 
employed for the indirect determination of 
bromazepam by spectroscopic techniques such 
as spectrophotometry and atomic-absorption 
spectrometry after manual solvent extraction 

*Permanent address: Chemistry Institute, University 
Federal Fluminense, N&r&-24020, Brazil. 

into methyl isobutyl ketone (MIBK) of the 
ion-pair formed with perchlorate. 

The combination of flow-injection and 
atomic-absorption spectrometry (FI/AAS) has 
been shown to be of use in extending the 
performance of atomic spectrometers, increas- 
ing nebulization efficiency and diminishing 
physical manipulation of the samples by use 
of continuous separation systems.” We have 
conducted research into the use of FI/AAS in 
conjunction with liquid-liquid extraction for the 
indirect determination of perchlorate in human 
urine and serum samples,12 nitrite and nitrate in 
meatI and surfactants in waters.‘4*‘5 

This paper reports a simple and accurate 
method for the determination of bromazepam 
in plasma and pharmaceuticals involving the 
continuous liquid-liquid extraction of the ion- 
pair formed between the chelate, copper (bro- 
mazepam):+, and perchlorate (as counter-ion), 
and the determination of copper in the extract 
by AAS. 

EXPERIMENTAL 

Instrumentation 

A Perkin-Elmer 380 atomic-absorption spec- 
trometer equipped with a copper hollow- 
cathode lamp (absorbance measured at 324.8 
mn, spectral bandpass 0.7 nm) and an air- 
acetylene flame was employed with a multi- 
range Radiometer REC-80 recorder. The flow 
system comprised two peristaltic pumps (Gilson 
Minipuls-2), an injection valve (Rheodyne 

1241 
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5041), an A-1OT solvent segmenter and a phase 
separator furnished with a Fluoropore mem- 
brane (1 *O-pm pore size, FALP 02500, Milli- 
pore) described elsewhere,14 and displacement 
bottles for pumping methyl isobutyl ketone 
(MIBK). Poly(viny1 chloride) pumping tubes 
and Teflon tubing for the coils were also used. 

Reagents 

A stock solution of bromazepam (from 
Sigma) was prepared by dissolving 0.100 g in 
100 ml of methanol and was stored at O+ in 
the dark. A lOOO-mg/l. copper solution was 
prepared by dissolving 1.000 g of copper metal 
in a minimum volume of nitric acid (1 + 1 v/v) 
and diluting to 1 litre with 1% v/v nitric acid. 
A 5M perchlorate solution was made from 
sodium perchlorate. 

The carrier solution was prepared by mixing 
2.5 ml of 1000 mg/l. copper, 20 ml of 5M 
sodium perchlorate and 10 ml of 1M acetic 
acid/W sodium acetate buffer (pH 4.75) and 
diluting to 100 ml with distilled water. 

Sample preparation 

Bromazepam standards with concentrations 
in the range 0.4-4.0 pg/ml were made by pipet- 
ting appropriate volumes into 50-ml calibrated 
flasks and diluting to the mark with 1:4 (v/v) 
methanol-water. 

The contents of 2-8 capsules of each Lexatin 
sample (from Roche, Spain) were placed in a 
lOO-ml vessel, 25 ml of methanol were added, 
the mixture was shaken electromagnetically for 
10 min, filtered, and the residue washed with 
water. The filtrate was then diluted to volume 
with water in a loo-ml standard flask. For 
continuous flow analyses, different aliquots of 
the sample solution (0.5-2.0 ml) were placed in 
50-ml calibrated flasks and diluted to the mark 
with a 1:4 (v/v) methanol-water mixture. 

Bromazepam spiked in plasma (5 ml) was 
extracted into 20 ml of chloroform, the solvent 

was evaporated off at 50” on a water bath, and 
the residue was diluted to 25-ml with 1: 4 (v/v) 
methanol-water. 

Procedure 

The manifold used for the extraction is illus- 
trated in Fig. 1. The sample, containing 0.4-4.0 
pg/ml of bromazepam in methanol-water (1: 4 
v/v) at pH 3%9.8, was continuously pumped 
into the system and mixed with the carrier 
solution. The ion-pair formed was extracted 
into MIBK from a displacement bottle. A frac- 
tion of the extract, controlled through another 
displacement bottle, was separated in the mem- 
brane phase separator. The determination was 
effected by injecting 100 ~1 of the organic 
extract via injector I into a water stream that 
was directly aspirated by the nebuliser. The 
heights of the peaks were proportional to the 
bromazepam concentration in the sample. No 
blank extraction was required. 

RESULTS AND DISCU!3!3ION 

Prior to selecting perchlorate as counter-ion, 
nitrate, chloride and chlorate were also tested. 
These anions, however, did not allow the 
Cu (bromazepam):+ complex to be extracted. 
MIBK, ethyl acetate and 1,2 dichloroethane 
were tested as extractants. MIBK was chosen 
because it yielded a negligible blank absorbance 
and was neither viscous nor toxic. On the other 
hand, Fe(II), Zn(II), Co(II), Ni(I1) and Cu(I1) 
were also assayed as metal ions forming com- 
plexes with bromazepam. The copper ion pro- 
vided the highest extraction efficiency in terms 
of sensitivity and reproducibility. Finally, a 1: 4 
v/v methanol-water medium resulted in a sig- 
nal 50% greater than that provided by water 
alone. This was probably the result of the etha- 
nol molecules competing with those of water, 
thereby hindering the formation of hydrated 
ions and hence favouring ion-pair formations. 

Fig. 1. Manifold for the determination of bromazepam. SS, solvent segmenter; FS, phase separator; I, 
injector; W, wastes; flow-rates in ml/min. 



Influence of chemical variables 

This study was performed by introducing a 
standard solution containing 1 pg/ml of bro- 
mazepam into the system. The effect of the 
carrier and sample pH was studied in the range 
l-6 and 3-l 1, respectively. The pH was found 
to have no influence on the signals over the 
ranges 3.5-6.0 and 3.8-9.8 for the carrier and 
sample, respectively. Above pH 6, the carrier 
solution (copper) was precipitated. A 1M acetic 
acid&W sodium acetate buffer (pH 4.75) was 
selected to adjust the pH (it was added to the 
carrier solution). The effect of changing the 
concentration of the buffer between 0.2-M was 
negligible. The concentration of the perchlorate 
(ion pairing reagent) was varied between 0.1 
and 5M in the carrier solution. To study the 
influence of the concentration of copper on the 
absorbance, several carrier solutions with con- 
centrations in the range l-200 p g/ml were inves- 
tigated. A 10 pgfml solution of copper was 
found to be suEicient for max~um response. 
The absorbance remained constant at higher 
concentrations (up to 200 pg/ml). The ionic 
strength (adjusted with potassium nitrate or 
ammonium chloride) had no effect, at least up 
to 1M 

A carrier solution containing 25 pg/ml Cu”, 
1M in perchorate and 0.2M buffer was selected 
for routine analyses. 

Influence of Jlow -injection variables 

The flow-rates of the aqueous and organic 
phases were studied. For this study an extrac- 
tion coil length of 300 cm (0.7 mm i.d.) and an 
injected volume of 100 ,~l were used. The carrier 
flow-rate was kept at 0.22 times the sample 
flow-rate in order to avoid excessive dilution of 
the continuously pumped sample (1 .O pg/ml 
bromazepam). 

First, the sample flow-rate was varied be- 
tween 1.4 and 3.8 ml/min while keeping that of 
the organic phase constant at 0.5 ml/min. The 
absorbance did not increase with increasing 
sample flow-rate, as one would expect taking 
into account that it increased the preconcentra- 
tion ratio. A similar effect was observed by 
decreasing the organic phase flow-rate (1.0-0.3 
ml/min) at a sample flow-rate of 2.5 ml/min. 
These results were checked by carrying out six 
experiments at three aqueous/organic phase 
flow ratios (1, 5 and 10) and two bromazepam 
concentrations (0.4 and 4.0 pg/ml). The blank 

instance and the absorbance of the two samples 
assayed remained constant at the three flow- 
ratios used. 

The infhrence of the residence time was 
also studied by changing the length of the 
extraction coil in the range 30-500 cm (0.7 mm 
i.d.) at an aqueous and organic phase flow-rate 
of 3.9 and 0.8 ml/min, respectively. The 
absorbance was not affected by extraction coil 
lengths longer than 200 cm (residence time 10 
set), which ensured the fast extraction of 
the ion-pair. The tube length between the 
mixing point for the sample and carrier stream 
and the segmenter did not affect the signal 
at values above 30 cm for an inner diameter 
of 0.7 mm. 

The extracted sample volume injected into 
the water line had a significant effect on the 
absorbance. The peak height increased with 
increasing injected sample volume up to 90 ~1, 
above which it remained constant up to 300 ~1. 
The areas of the peaks recorded at a low chart 
rate increased with increasing injected volume 
(Fig. 2). 

Determination of bromazepam 

Under the optimum conditions, a linear cali- 
bration graph (absorban~ VS. ,ug/ml) for 
044.0 gg/ml bromazepam was obtained. The 
equation of the graph was: 

A = 0.004 + 0.052 (bromazepam) (r = 0.997) 

where A is the peak height absorbance and the 
concentration is expressed in pg/ml. The detec- 
tion limit, 0.1 lug/ml, was calculated as 3 times 
the standard deviation of the peak height for 30 
injections of the same sample. The precision 
of the method was checked on 11 samples 
containing 1.0 pg/ml bromazepam. The relative 

-I 

Fig. 2. FIA peaks obtained with diRerent injected volumes 
at three chart rates. A, B and C: 2 min/cm, 10 set/cm and _ solutions yielded negligible signals in every 5 SW/Cm. 
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Table 1. Determination of bromoxepam in pharmaceutical preparations 

Sample 

Mean 
Recovery,i 

Manufacturer* Nominal amount Found % 

Lexatin 1.5 Roche 1.5 i capsule mg I.51 f 0.05 loo.4 
Lexatin 3 Roche 3 mg/ psule 3.03 * 0.01 98.7 
Lexatin 6 Roche 6 mg/capsule 5.8 f 0.1 101.6 

*Spanish, tMean of 7 determinations. 

standard deviation was 1.7% and the sampling 
frequency was 4O/hr. 

To test the specificity of the method for 
bromazepam, other narcotic-analgesics and 
hypnotic drugs were investigated. The benzo- 
diazepines assayed were chlordiazepoxide 
(librium), nitrazepam, diazepam, oxazepam, 
flurazepam, medazepam and lorazepam. 
Codeine, metamphetamine and pentobarbital 
were also assayed. Foreign species were added 
at a maximum level of 1 mg/ml per 1 .O pg/ml of 
bromazepam. There was no interference from 
any of the substances studied. (Tolerated ratio 
1000: 1.) 

Applications 

The proposed method was applied to the 
determination of bromazepam in three commer- 
cial pharmaceuticals (lexatin) containing 1.5, 3 
and 6 mg of bromazepam per capsule. The 
results found were consistent with the nominal 
contents, as can be shown in Table 1. 

The procedure was also evaluated on the 
determination of bromazepam spiked in human 
plasma. A maximum volume of 1 ml of plasma 
was diluted to 25ml with methanol-water (1: 4 
v/v); the recovery was about 99%. Higher vol- 
umes of plasma resulted in greater recoveries 
because of the interfering organic substances 
present in the fluid, and resulted in incomplete 
phase separation as a result of the formation 
of emulsions. Thus, plasma volumes larger 
than 1 ml must be treated as described in 
the Experimental section. Blanks of different 
human plasmas treated like the samples, yielded 
negligible absorbance values. Different amounts 
of bromazepam (2550 and 100 pg) were added 
to 5 ml of plasma and subsequently treated as 
described above. Application of the continuous 
mode of analysis yielded bromazepam recover- 
ies of about 96% (average of five determinations 
on the whole amount added). 

CONCLUSIONS 

The proposed automatic method for the de- 
termination of bromazepam allows the direct 

assay of formulations. Plasma samples require 
prior extraction into chloroform for volumes 
higher than 1 ml (diluted to 25-ml). The pro- 
cedure yields acceptable results and is subject to 
no interference from other 1 ,Cbenzodiazepines 
at concentrations lOOO-fold higher than that of 
bromazepam. 

The method compares favourably with its 
batch counterpart and has several advantages: 
small sample volume, low reagent consumption, 
and higher sampling frequency (inherent in 
the FIA techniques); wide pH range (3.8-9.8 
and 4.0-5.4 for the continuous and manual 
extraction, respectively); higher sensitivity 
(0.052 and 0.031 ml/pg for the continuous and 
batch extraction, respectively and higher pre- 
cision thanks to the lesser sample manipulation 
involved. 

In this paper it has been demonstrated that 
liquid-liquid extraction implemented in FIA 
manifolds is an excellent way for eliminating 
any influence due to the potential lability of 
the copper-bromazepam complex formed and 
the possible negative effects of acetate because 
of the reproducible and exact timing of this 
approach. 
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Summp-A rapid procedure for the determination of lead in commercial paprika samples is described. 
The samples are first calcined at 350”, then suspensions are prepared in water containing 0.1% V/Y Triton 
X-IO0 and O,lYG W/Y about phosphate and injected into the electrothermal atom&r. The use of 
platform atomisation with a p~a~~~tion cooling step allows for simple calibration with aqueous 
standards. When using 0.4% suspensions the detection limit is 0.2 &g/g. The results for seven paprika 
samples agree with those obtained by an alternative method involving calcination and dissolution in acid. 

Paprika, the ground dried ripe fruit of C&p&cm 
unnruu, is widely used as a garnish and gavorant 
in foods. The lead content in paprika is re- 
stricted by law to less than 10 fig/g and the 
products must be periodically analysed to verify 
this condition, Lead dete~nation in these 
samples, as well as in other biological materials, 
involves time-consuming steps and is subject to 
error due to contamination from reagents and 
the lengthy processes involved. 

On the other hand, the direct analysis of 
slurries by electro~e~al atomisation atomic- 
absorption spectrometry (ETA-&AS) offers 
recognized advantages over the conventional 
methods involving dissolution of the samples, 
and appears to be a suitable alternative for the 
rapid determination of a nnmber of elements in 
a wide range of products, including foods. Thus, 
this analytical approach has been extensively 
studied by several researchers to determine lead 
in a variety of biological materials.‘-*o 

As far as we know, lead determination in 
paprika has been carried out with emission 
s~tro~opy,~’ vol~et~12 and ETA-AAS 
after a minerahsation and acid digestion step, 
but no slurry-ETA-AAS procedure has been 
specifically developed for this purpose. Re- 
cently, we were asked for a reliable and fast 
procedure for the determination of lead in 
commercial paprika and the sly-ETA-US 
approach appears to be the most suitable way to 

*Author for corruspondence. 

develop such a simple procednre for routine 
purposes. This paper describes the results of our 
study and as a consequence, a simple, rapid 
method for the dete~ination of lead in com- 
mercial paprika samples is reported. 

Apparatus 

A Perk&-Elmer Model 1lOOB atomic- 
absorption spectrometer with deuterium-arc 
background correction and an HGA-400 graph- 
ite furnace were used, Meas~ments were per- 
formed at the 283.3~nm line of lead with a 
spectrometer bandpass of 0.7 mn and a hollow- 
cathode lamp (Perkin-Elmer) operated at 8 mA, 
Background-corrected absorbance peak areas 
were measured. Grooved pyrolyti~~y coated 
graphite tubes were used with Ptolemy 
coated platforms, unless otherwise stated. The 
samples were weighed with an analytical 
balance (Mettler, Model AJlOO, precision 
f 0.01 mg). Slurries were injected into the 
graphite furnace with precision ~cropi~ttes 
(Bppendorf). 

Reagents 

All inorganic chemicals used were of analyti- 
cal-reagent grade and were used without further 
patron. Doubly distihed water was used 
exclusively, 

A stock solution of lead (1000 mg/lJ was 
prepared by dissolving lead nitrate @‘l&a 
Chemie AG, Switzerland) in 1% v/v nitric acid. 

‘PAL x¶/tt-Ll 1247 
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The solution was stored in a polyethylene bottle 
and working solutions were prepared daily by 
appropriate dilution. 

Triton X-100 (octyl phenoxy polyethoxy- 
ethanol) and concentrated nitric and sulphuric 
acids were obtained from Merck (Merck, 
Germany). 

Ammonium dihydrogen phosphate was from 
Fluka Chemie AG. 

Procedure for the determination of lead in 
paprika with slurries 

Weigh 1 g of dried sample (110’) and ash at 
350” in a porcelain crucible for 2 hr. Weigh the 
ash, grind it in an agate ball mill for 10 min and 
sieve with a 325-mesh sieve. Discard the small 
fraction containing larger size particles. Take an 
amount of sieved, ashed sample ranging l&l00 
mg and add 25 ml of a solution containing 0.1% 
Triton X-100 and 0.1% ammonium phosphate. 
Stir magnetically for a minimum of 10 min. 
While the suspension is being stirred, take 20-~1 
aliquots by means of a micropipette and inject 
into the furnace. Start the heating programme 
given in Table 1, where all temperatures quoted 
are values set on the HGA400 power supply, 
and obtain the absorbance peak area values. 
Prepare a calibration graph up to 2 ng of lead 
with aqueous lead standard solutions containing 
0.1% Triton X-100 and 0.1% ammonium phos- 
phate. If the standard additions procedure is 
preferred, calibration graphs are easily obtained 
by adding aliquots of standard lead solution to 
the slurry. 

Determination of lead by dissolution of the 
samples 

For comparative purposes, paprika samples 
were analysed with the following procedure. 
The samples were dried, weighed (1 g) and 
placed in a porcelain crucible. Concentrated 
sulphuric acid (2.5 ml) was added and the 
mixture carefully heated to dryness with a 
sand-bath. The crucibles were then heated in a 
furnace at 400” for 2 hr. After cooling, 1 ml of 
concentrated nitric acid was added and the 
heating steps were repeated. The entire process, 
addition of nitric acid and heating, was per- 
formed three times. Finally, the ashes were 
dissolved in 1 ml of concentrated nitric acid and 
small amounts of a solution containing 0.5% 
ammonium phosphate and 0.5% nitric acid 
were added to a volume of 50 ml. Aliquots of 
this solution were taken and analysed for lead 
by ETA-AAS with the standard additions 

Table 1. Recommended furnace programme for the 
Perkin-Elmer HGA-400, grooved pyrolytic graphite coated 
tubes with solid pyrolytic graphite L’vov platforms placed 
inside them; purge gas-argon, the flow- (300 ml/min) 

stopped during the atomisation step 

Stage Temperature/” Ramp time/= Hold time/set 

Dry 120 1 30 

Dry 170 1 Char 1000 10 : 
Cool 200 5 10 
Atomise 1900 0 2.5 
Clean 2600 1 5 

procedure. A reagent blank was performed to 
correct the results. 

RESULTS AND DISCUSSION 

There have been several reports of slurry 
analytical results which depend on particle size. 
Thus, Fuller et al.14 noted particle size effects 
for solids with 225 pm diameter and Jackson 
and co-workers’5*‘6 confirmed that successful 
ETA-AAS determinations required particle size 
diameters of less than 30 pm for slurry prep- 
arations of soil. On the other hand, Miller-Ihli* 
in an elaborate study on slurry sample prep- 
aration with ETA-AAS purposes, suggested 
that very small particle sizes (~30 pm) may 
not be essential for precise slurry analyses of 
biological or botanical materials. With this in 
mind, a number of experiments were performed 
on two previously analysed commercial paprika 
samples containing 6.6 and 2.2 pg/g of lead, 
respectively. The samples were dried and sieved 
through 200, 100, 50 and 30-pm sieves. The 
particle size distribution was very similar for the 
two samples and, as can be seen in Fig. 1, only 
2-3% of particles were less than 30 pm with the 
bulk of the particles in the 50-200 pm range. An 
attempt was made to decrease the particle size 
by grinding the commercial samples in an agate 
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Fig. 1. Particle size distribution for two commercial paprika 

samples. 



Determination of lead in paprika 1249 

ball mill for 15, 30 and 90-min periods. How- 
ever, because of the physical characteristics of 
paprika, the particle size distribution was not 
significantly modified even after 90 min of 
grinding. Several suspensions were then pre- 
pared with the same percentage of the 100-200, 
50-100, 30-50 and ~30 pm sieved fractions. 
Aliquots of 20 ~1 from these suspensions were 
injected into the electrothermal atomiser and 
the signal from lead was obtained in the pres- 
ence of ammonium phosphate as a chemical 
modifier with wall atomisation and 1000” and 
1900” as charring and atomisation temperatures 
respectively. The lead signals from the slurries 
prepared from the 100-200, 50-100 and 30-50 
pm fractions were only 1.1, 2.4 and 10.5% of 
that obtained from the slurry prepared from 
less than 30 pm fraction, suggesting that 
in this case a considerable particle size effect 
occurs. On the other hand, the reproducibility 
of the signals from the slurries prepared from 
the coarse fractions was worse than that of 
the finest (RSD was f 15.6% for the 50-100 
fraction and + 5.6% for the less than 30 pm 
fraction). 

These problems appear to be direct conse- 
quences of the sampling error which occurs 
when the aliquots are taken with the micro- 
pipette and of an ineffective action of the chemi- 
cal modifier on the larger particles, leading to 
premature determinant losses. The latter point 
was proved when the charring temperature was 
decreased to 500” and the signal from the slur- 
ries prepared from the coarse material (100-200 
pm) increased, being 21% of that obtained for 
the c 30 pm slurries under the same experimen- 
tal conditions. Furthermore, the separated frac- 
tions were mineralised and lead determined as 
indicated in Experimental, very similar lead 
contents being obtained in the four fractions. 
There is no doubt that the determinant is homo- 
geneously distributed throughout the samples 
and the above quoted problems of low signal 
and poor reproducibility are exclusively due to 
an excessive particle size. 

Taking into account all the above, the 
samples were calcined and then ground in an 
agate ball-mill, as indicated in Experimental, in 
order to render the particle size diminution 
possible. Under the recommended conditions, 
more than 90% of the ground calcined samples 
was easily sieved through a 325-mesh size. Since 
the determinant is homogeneously distributed 
through the sample, the sieved fraction was 
considered as representative and the small frac- 

tion (3-7%) containing larger particles was dis- 
carded. The sieved portions were then used for 
the preparation of the slurries. 

When suspensions were prepared from cal- 
cined samples, the ashes tended to float on top 
of the liquid and dispersion was difficult. For 
this reason, several concentrations of Triton 
X-100 were tried in order to obtain a stable 
suspension more rapidly and a 0.1% concen- 
tration was found to be the most adequate. 
Although only partial stabilisation was achieved 
and the aliquots had to be taken while the 
suspension was being continuously stirred, it 
was proved that the presence of the surfactant 
improved the reproducibility. 

In spite of the pre-treatment of the samples at 
350”, which allows the decomposition of most of 
the organic matter, problems from spluttering 
and high values for the background were en- 
countered. To overcome this, a number of ex- 
periments were performed on a 0.2% w/v slurry 
prepared from a sample containing 6.6 pg/g of 
lead, using both wall and platform atomisation. 
The suspension was prepared in the presence of 
0.1% w/v ammonium phosphate to avoid pre- 
mature loss of lead, and a charring step at 1000” 
with atomisation at 1900” was used. Both maxi- 
mum power heating and a l-s ramp for the 
atomisation step were considered. The best re- 
sults were found when using platform and maxi- 
mum power heating. Under these experimental 
conditions, the background signal was the low- 
est (0.094 A.s for peak area) with a peak height 
nearly constant during the development of 
the signal from lead (0.030 A), which makes 
the correction by the deuterium device more 
reliable. 

Figure 2 shows char curves for a 0.2% slurry, 
without addition of a chemical modifier and 

Temperature, OC 

Fig. 2. Effect of the charring temperature on the relative 
signal for (A) aqueous Pb solution, (B) slurry paprika 
sample, (C) and (D) as (A) and (B) in the presence of 0.1% 

w/v ammonium phosphate. 
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with the addition of 0.1% ammonium phos- 
phate solution. For comparison, curves for 
aqueous solutions of lead are also included and 
absorbance peak areas have been normaiised, 
i.e., data on the ordinate are the ratios between 
the signal obtained when using the charring 
temperature given in abscissas and the maxi- 
mum signal obtained. As can be seen, when a 
0.2% slurry was used (curve b), the charring 
temperature could be raised to 700” without loss 
of determinant. It was proved that this matrix 
auto-stabilising effect depends on the slurry 
percentage and it is preferable to add 0.1% w/v 
~onium phosphate. Under this condition, 
the maximum char temperatures for slurries 
and aqueous solutions (curves d and c) were 
virtually identical, the charring step could be 
raised to looo” and a lower background signal 
in the atomisation step was obtained. 

The atomisation temperature was studied in 
the range 1400-2300” and the maximum signal 
for lead was obtained for temperatures ranging 
between 1800 and 2ooo”. Only for temperatures 
higher than 2100” did the signal decrease. This 
is a similar result to that previously reported by 
Hoenig and Van Hoeyweghen,$ which showed 
that when using ammonium phosphate as a 
modifier it was possible to use an atomisation 
temperature of 2200”. On the other hand, Lynch 
and Littlejohn9 proved that the temperature 
must not be higher than 1300” for a 4% w/v fish 
slurry and 1600” for a 4% w/v bovine liver 
slurry. As indicated by these authors,g the dis- 
crepancy may be due to the use of lower slurry 
concentrations, as is the case reported here. 

Because it has been reported that, in some 
instances, the inclusion of a cooling step before 
the atomisation stage improves the performance 
of ETA-AAS procedures, this point was also 
studied. When this cooling step was included in 
the programme, the time differentiation between 
the analyte and background signals increased 
and the background signal remained very small 
at the maximum of the analyte, permitting a 
more reliable background correction by the 
deuterium device. 

Calibration, reproducibility and accuracy 

From a practical point of view, it is desirable 
for calibration to be performed with aqueous 
standards, avoiding the need for using suspen- 
sions from samples of known lead content. 
Under the above conditions, the background- 
corrected peak areas obtained from atomisation 
of aqueous standards and slurries were additive. 

Table 2. Slopes of the standard addition 
graphs with a charring temperature of 1000” 
and ammonium phosphate as chemical 

modifier+ 

Slurry, w/u Slope,7 A *sing 

0.05 0.1%5 f 0.0008 
0.09 0.1970 IO.0006 
0.16 0.1968 * 0.0005 
0.20 0.1952 f 0.0010 

*Slope for aqueous standard, 0.1960 A.s/ng. 
tThe slopes were calculated from four-point 

standard additions. Each addition point 
was measured three times. 

To prove this point, several slurries in the 
0.05-0.2% w/v range were prepared from a 
paprika sample containing 6.6 f 0.3 pg/g lead 
and standard addition calibrations graphs were 
obtained. The results shown in Table 2 demon- 
strated, as expected, that the slopes of these 
graphs and the slope from a calibration graph 
for aqueous standard solutions, obtained under 
the same experimental conditions, are virtually 
identical. Therefore, direct calibration against 
aqueous standards is valid. 

A linear relationship between the peak area 
and the percentage of sample in the slurries in 
the 0.04-0.4% range was verified for a sample 
containing 2.2 f 0.1 pg/g of lead. The back- 
ground signals were in the 0.04-0.188 A.s range 
with a peak height nearly constant during the 
development of the lead signal ranging from 
0.006 to 0.039 A. More concentrated suspen- 
sions were not studied because the sensitivity 
is high enough for the routine purposes for 
which the procedure was designed. Taking into 
account that the thermal pre-treatment of the 
sample at 350” involves a weight loss of about 
80%, a 0.4% slurry prepared from the calcined 
sample is equivalent to a 2% slurry from the 

Amount of Pb, ng 
0.26 0.52 0.78 

I 

Peak area, A.s 

Fig. 3. Reproducibility of the procedure. (A) aqueous 
Pb solution, (B) paprika slurries. Numbers on the graph 

indicate the percentage of the slurry. 
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Table 3. Lead content in paprika samples those obtained by the slurry method reported 
Value ( f SD) obtained, ~g/g here, using both direct calibration with aqueous 

Proposed method standards and the standard additions procedure. 

Standard AiFleouS Acid-digestion 
Sample &iitiOllS calibration and ETAAS ~c~~ff~~~~~-~e authors are grateful to the Spanish 

DGICYT (Projo-% PB87-0053) for Snancial support. 

: 6.5 2.3 f f 0.2 0.1 6.4 2.4kO.l f 0.2 6.4 2.2 & f 0.3 0.1 

: 7.5 5.2 f f 0.3 0.2 7.5 5.5 f f 0.2 0.2 7.7 5.4 f f 0.3 0.3 

: 9.6 3.9 f f 0.4 0.1 9.5 3.8kO.l f 0.3 4.0 9.7 f f 0.4 0.2 
7 1.5 f 0.1 1.5*0.1 1.6 f 0.2 
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POTENTIOMETRIC TITRATION OF PHENOTHIAZINE 
COMPOUNDS IN CHLOROFORM AND ITS USE IN 

PHARMACEUTICAL ANALYSIS 
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Summary-The potentiometric titration of some phenothiazine drugs in chloroform is described. A 
standard solution of bromine in chloroform was used as titrant and the end-points were detected with 
a small platinum indicator electrode, and an Ag/AgCl electrode in O.OlM Et,NCl in chloroform as 
reference. A fast redox reaction occurs during the titrations and the phenothiazine ring is oxidized to the 
phenothiazonium free radical (P+). The low dielectric constant of the medium favours the formation of 
(P+Br-) ion-pairs or (P+Br,) ion-pairs on further addition of bromine, which has no influence on the 
position of the Crst end-point. The method was used for the determination of promethazine, chlor- 
promazine, trifluoperazine and thioridazine in pharmaceutical preparations after extraction into chloro- 
form. The relative standard deviation for the determination of 5 mg of all these phenothazines was 
about 1%. 

Numerous electroanalytical methods for the 
determination of phenothazines are available 
in the literature. I4 Potentiometry with ion- 
selective membrane electrodes has also been 
rep~rted’~ and is applicable to aqueous buffered 
solutions, but a specific electrode is needed for 
each phenothiazine compound. 

The official method proposed for the assay 
of phenothiazines in pharmaceuticals involves 
their extraction into chloroform and subsequent 
determination by ultraviolet spectropho- 
tometry. ‘W An investigation of the polaro- 
graphic properties of phenothiazines has shown 
that they can be anodically oxidized in chloro- 
form mediunQ3 and this suggests that they might 
be determined oxidimetrically in this solvent. 

In this work, the potentiometric character- 
istics of some phenothiazines in chloroform 
have been studied and the compounds in vari- 
ous pharmaceutical forms were determined by 
potentiometric titration with bromine. 

EXPERIMENTAL 

Apparatus 

Potentials were measured with a Metrohm 
recording potentiograph, type E536, equipped 
with an E578 titration stand. A Metrohm 
EA201 platinum electrode was used as indicator 
and the reference electrode was Ag/AgCl in 

*Author for correspondence. 

O.OlM tetraethylammonium chloride solution in 
chloroform. 

Reagents 

All chemicals were of analytical reagent 
grade. Chloroform (Merck) was used as solvent 
without further purification. Stock bromine sol- 
ution (O.lM) was prepared by dissolving pure 
bromine in chloroform. Titrant solutions (0.01 
or O.OOSM) were prepared by dilution just 
before use. These solutions must be protected 
from light to avoid the disappearance of 
bromine. A 0.005M phenothiazine solution in 
chloroform was prepared from the pure sub- 
stance (Aldrich). N-Substituted phenothiazine 
solutions were prepared by dissolving an accu- 
rately weighed amount of each phenothiazine 
(as its hydrochloride) in water and then extract- 
ing with chloroform. The extracted phase was 
diluted quantitatively with the same solvent to 
give a 0.005M solution. The extraction was 
implemented by the procedure described in the 
U.S. Pharmacopeia,” except that the ammonia 
was replaced by 1044 sodium hydroxide.13 The 
solutions can be used as standards instead of 
the phenothiazine solution. 

Pharmaceutical preparations were purchased 
from local sources in various forms (tablet, 
syrup, injection, drops) and were treated by the 
dissolution procedures in the U.S. Pharma- 
copeia ” before the phenothiazines were ex- 
tracted as above. 

1253 



Procedure 

Standardization of bromine. A 5 or 10 ml 
portion of standard phenothiazine solution 
in chloroform (0.~5~) was pipetted into the 
reaction vessel. The bromine titrant (ea. 0.01 or 
O.OOSM) was added at 1 mllmin. The potential 
ranges from 800 to 1300 mV us. reference elec- 
trode. The variation of electrode potential as a 
function of the voiume of titrant is shown in 
Fig. la and the cor~spon~ng differential plot 
in Fig. 1 b. 

Potentiometric titration of phenothiazines. 
The titration is carried out as above with 5 ml 
of solution obtained from extraction of pharma- 
ceutical samples with chloroform. Quantitative 
dete~nation of phenot~azine drugs in the 
extracted phase and therefore in pharmaceutical 
preparations is achieved in one of the following 
ways. 

(i) Comparison with standard. Another 
titration is carried out with 5 ml of a standard 
solution of the ~-substitu~ phenot~~ne. 
The quantity of pharmace Utica1 ingredient is 
calculated by comparison of the volumes of 
bromine consumed in the two titrations. 

(ii) Standard addition method. Another 
titration is carried out, with a second 5 ml 
aliquot of extracted phase and 1 or 2 ml 
of standard phenothiazine or iv-substituted 
phenothiazine solution. The content of pheno- 
thiazine is calculated from the ratio of the 
volnmes of bromine consumed in the two 
titrations, and the amount of standard added. 

Vobme of imxnine (ml) 

Fig. 1. Titration of 5 ml of 0.005M phenothiazine with 
O.OOSM bromine in chloroform. (a) Plot of E as a function 

of V,,. (b) Plot of AE/AV, as a function of V,,. 

RESULTS AND DISCUSSION 

Reaction stoichiometry 

The electron-transfer reaction between pheno- 
thiazine (P) and bromine can proceed by the 
following schemes. 

(i) The reaction product is the P+Br- ion- 
pair: 

2P + Br,e2P+Br- (1) 

The potentiomet~c curve for such a reaction 
is expected to be the iirst part of curve a in 
Fig, 1. 

(ii) Following the oxidation of phenothiazine 
to P+Br-, the complex P+Brc is formed:‘4 

P+Br- + Br$P+Br; (2) 

In this case, a second potential jump is ex- 
pected to appear at V, = 3 V, (the second part of 
curve a in Fig. 1). 

In both cases, the low dielectric constant of 
the solvent (E = 6.2) favours the fo~ation of 
P’Br- and P+Br; ion-pairs. 

In practice, the potentiometric titration of 
phenothiazine with bromine, curve a in Fig. 1, 
shows the second end-point expected for 
formation of P+Br, following P+Br-, when 
V, = 3V,, iteratively, this can be tested by 
analysis of the experimental curve. The elec- 
trode potentials on the two sides of the equival- 
ence point can be expressed as follows (at 25”). 

Before the equivalence point (P+Br- + e e 
P + Br-): 

E = ET + 0.0591 log(F+Br-]~~]~r-]) (3) 

After the equivalence point and assuming the 
formation of stable P+Br;, (P+Br; + 2e+ 
P+Br- + 2Br-): 

0.0591 
E=E;f---- 2 log 

EP’Br; 1 
[P+Br-]fBr-]2 (‘) 

If the P+Br, ion-pair is not sufhciently 
stable, the potential after the equivalence 
point (X > 0.5) will be associated with 
(Br, + 2e G 2Br-): 

E = E; + (0.0591/2)log([Br,]/[Br-]2) (5) 

For an initial concentration of phenothiazine 
equal to C,, we have the following concen- 
tration balance during the titration: 

xc*=carz= bromine added. 
2xc, = c,, s*- = ion-pair produced. 

c, - 2xc, = C, (1 - 2x) = P = concentration of 
unreacted phenothiazine. 
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Table 1. Potentiometric determination of phenothiaaines in pharmaceutical preparations 

Found? 

Product* 
Nominal 
content 

Potentiometric 
titration U.S.P. method 

Promethazine syrup 
Promethazine ampoule 
Promethazine tablet 
Chlorpromazine ampoule 
Chlorpromazine drops 
Chlorpromazine tablet 
Trifluoperazine ampoule 
Thioridazine tablet 

5 mg/5 ml 
50 mg/2 ml 
25 mg/tab. 
50 mg/2 ml 

1 mg/drop 
25 mgjtab. 

1 mgld 
25 ma/tab. 

5.20 mg/5 ml 
50.6 mg/2 ml 
25.2 mg/tab. 
51.4 mg/2 ml 
0.97 mg/drop 
25.8 mg/tab. 
0.98 mg/ml 
27.3 mg/tab. 

5.28 mg/S ml 
50.5 mg/2 ml 
25.3 mg/tab. 
50.8 mg/2 ml 
0.98 mg/drop 
25.8 mg/tab. 
1.01 mg/ml 
26.1 mg/tab. 

*In each case, the active principle is the hydrochloride of the drug. 
tAl1 values are the average of 3-5 determinations by the standard addition or reference 

method. 

xc, - C,/2 = C,,(2x - 1)/2 = P+Br; produced 
after the equivalence point, or the 
excess of added bromine, when 
the P+Br; is supposed to be 
nearly dissociated. 

The dissociation of P+Br- can be considered 
as follows: 

P+Br-SBr- + P+, & = [p’] [Br-]/[P+Br-] 

[p+] = [Br-] = K~~zIZ[P+Br-]1/2 (6) 

Substituting [Br-] from equation (6) into 
equations (3), (4) and (5) and considering the 
concentration balance, we have: 

(i) before the equivalence point (0.5 > x > 0): 

E = A + (O.O591/2)log[2x/(l -2x)*] (7) 

with A = Ey - (O.O591/2)log yd C,, 

(ii) after the equivalence point (1.5 > x > 0.5); 
according to equation (4): 

E = B + (O.O591/2)log[(4x - 2)/(3 - 2x)*] (8) 

with B = E; - (O.O591/2)log&C, 

or according to equation (5): 

E = C + (O.O591/2)log[(2x - 1)/2] (9) 

with C = E; - (O.O591/2)log& 

The plots of log[2x/(l - 2x)*] against E for 
0.5 > x > 0 and log[(2x - 1)/2] against E for 
1.5 > x > 0.5 gave straight lines with slopes of 
0.0591/2 V (see Fig. 1). This agrees with the 
proposed stoichiometry for the titration reac- 
tion and confirms the instability of the P+Br; 
ion-pair. 

Analysis of pharmaceutical preparations 

Several preparations of phenothiazine drugs __ 

by the U.S.P. spectrophotometric method. The 
results are given in Table 1. Errors are typically 
l-4%, except for thioridazine. Figure 2 illus- 
trates the potentiometric titration curves of 
chlorpromazine and promethazine in chloro- 
form. The relative standard deviations of five 
assays of samples containing 5 mg of pheno- 
thiazines were about 1%. 

CONCLUSIONS 

The use of bromine as a convenient titrant 
in the oxidimetric titration of phenothiazine 
derivatives in chloroform with potentiometric 
end-point detection has been demonstrated. The 
stoichiometry of the titration reaction is the 

S 
.TE, 
w II. 

bz 

, v’%&,o / 
0 2 4 6 6 

VBr, 

Fig. 2. Potentiometric titration of chlorpromazine (a, and 
a2) and promethazine (b, and b2) with 0.005M bromine 
in chloroform. The titrands were obtained from pharma- 
ceutical preparations. a, and b,, E vs. V,,,; a, and 9, .- .._. _. were analysed by potentiometric titration and AE/AV,, vs. I',,. 
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same for all phenothiazines and the reaction 
product is always a coloured cationic free 
radical (P’) which is stabilized by formation of 
P+Br- ion-pairs. The P+Br- ion-pairs can be 
partially transformed into P+Br; ion-pairs in 
the presence of excess of bromine. The reaction 
is adequately rapid and shows a sufhciently 
large potential jump at the equivalence point to 
make detection of this easy. However, the use of 
derivative curves is recommended for precise 
detection of the end-point at the first equival- 
ence point. The second equivalence point in the 
derivative method is not quite sharp because the 
P+Br; formation reaction is not quantitative 
and cannot be used for the end-point detection. 
The method can be used for concentrations as 
low as 0.2 mg/ml phenothiazine and allows the 
accurate and precise determination of pheno- 
thiazines in pharmaceutical products after 
extraction into chloroform. 
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Summary-High-performance liquid chromatography with electrochemical detection by means of a 
re-polishable graphite-epoxy resin composite electrode, modified with the electrocatalyst cobalt phthalo- 
cyanine, has been used for the determination of reduced glutathione (GSH) in 25-pl samples of whole 
blood. The mobile phase was 0.05M phosphate buffer @H 2.3) containing 1 mM EDTA, used 
in conjunction with a Waters PBondapak ODS chromatography column. The use of the electro- 
catalyst reduced the overpotential for the oxidation of GSH at a carbon electrode by _ 750 mV, and the 
applied potential used was +0.5 V us. Ag/AgCl. The mean recovery of GSH added during the sample 
pretreatment step was 95%; the assay imprecision was l-2% for triplicate analyses of the whole blood 

Within the human circulation glutathione exists 
predominantly in the erythrocytes, where it is 
maintained primarily in the reduced form 
(GSH, L-Y-glutamyl+cysteinylglycine). It is an 
important factor in conferring protection 
against toxic effects of reactive oxygen com- 
pounds, such as hydrogen peroxide and super- 
oxide, which are produced during normal 
metabolism and the detoxification of some 
drugs. 1-3 

Determination of GSH in whole blood is 
important since depressed concentrations aris- 
ing from some types of infection or treatment 
with oxidant drugs may lead to acute 
haemolytic anaemias in both neonates and 
adults3 These deficiencies may arise from faults 
in a number of enzyme pathways; the most 
common involves a deficiency, or reduced ac- 
tivity, of glucosed-phosphate dehydrogenase 
(G6PD).3A 

In a previous study we gave some results 
demonstrating that trace concentrations of 
GSH in human plasma could be determined 

*Author for correspondence. 

accurately with a graphite-epoxy resin com- 
posite electrode modified with the electrocata- 
lyst cobalt phthalocyanine (CoPC),’ which 
reduces the overpotential necessary for the oxi- 
dation of GSH at plain graphite electrodes by 
-750 mV to only +0.45 V ZIS. SCE.6 

In the present investigation, we tested this 
electrode for the determination of GSH in 
whole blood. In particular, for future clinical 
use, we required a method that would be appli- 
cable to very small volumes of whole blood, 
taken from neonates without venepuncture. 

EXPERIMENTAL 

Apparatus 
High-performance liquid chromatography 

with electrochemical detection (HPLC-EC) was 
performed at room temperature with an LDC 
Constametric III twin-piston reciprocating 
pump (flow-rate, 1 ml/mm). Samples were in- 
jected with a syringe-loading Bheodyne valve 
(model 7125) fitted with a lo-p1 sample loop, 
into a Waters ~Bondapak (10 pm) ODS column 
(30 cm x 3.9 mm i.d.). An Uptight guard 

1257 



1258 STSPHW A. WRING et al. 

column containing 30-40 pm ODS pellicular 
packing (kit No. 1602, Upchurch Scientific) was 
positioned in series before the main column. 

For electrochemical detection a three-elec- 
trode thin-layer flow-through cell (BAS TL-3) 
with a 0.05 mm thick gasket was employed; the 
Ag/AgCl reference electrode was in a separate 
compartment, and the auxiliary electrode was 
the stainless-steel outlet tube. The working elec- 
trode was incorporated in an acrylic base which 
fitted the top half of the TL-3 cell. The acrylic 
base and working electrode were made as de- 
scribed previously.6 The electrode surface was 
washed with a jet of demineralized water and 
dried with tissue paper at the start of a day’s 
work; it could be used all day without further 
cleaning. When properly polished and cleaned, 
individual electrodes could be used for several 
months.6 

An EDT LCAlS amperometric detector, in 
conjunction with a J.J. Instruments PN4 x/t-r 
plotter, was used to record the chromatograms. 

Reagents 

All chemicals were of analytical-reagent grade 
and were obtained from BDH unless stated 
otherwise. The GSH and sulphosalicylic acid 
(SSA), CoPC, graphite (Ultra “F” grade, UCP- 
1M) and epoxy resin (CY 1301 GB/HY 1300 
GB) were obtained from Sigma, Kodak, John- 
son-Matthey, and Ciba-Geigy Plastics, respect- 
ively. 

The mobile phase used for all studies was 
0.05M sodium phosphate buffer @H 2.3) con- 
taining 1 mM NazEDTA, filtered through a 
glass micro-fibre membrane (Whatman GF/F) 
and deaerated with helium immediately before 
use.6,7 All solutions were prepared with deminer- 
alized water obtained from a Millipore Milli-Q 
system. 

Standard solutions of GSH, perchloric acid 
and SSA were freshly prepared in deaerated 
mobile phase for each investigation, and pro- 
tected from light during all studies. 

Procedures 

Calibration. Calibration graphs were pre- 
pared by injecting lo-p1 aliquots of standard 
solutions containing 0.76, 1.52, 3.04, 4.56 and 
6.08 pg/ml GSH. Injections of standard GSH 
solutions and samples were alternated to 
provide a continual check of electrode response. 

Sample collection and analysis. Whole blood 
samples were collected by finger prick from 
normal adult males and females. The hands 

were thoroughly washed and dried. The index 
Ilnger was wiped with isopropyl alcohol and 
allowed to dry, then was pricked with a dispos- 
able sterile lancet and a drop of blood was 
allowed to form; 25 ~1 of this was drawn into a 
sterile plastic micropipette and expelled into 2 
ml of a 50-mg/ml solution of SSA. This solution 
was mixed on a vortex mixer and allowed to 
stand in the dark for 5 min to ensure protein 
precipitation was complete. It was then cen- 
trifuged at N 3000 rpm for 10 min. The super- 
natant was decanted and passed through a 25 
mm diameter Metricel filter membrane (5 pm 
pore size) and an aliquot of the filtrate (10 ~1) 
was loaded onto the HPLC column. Each 
sample was analysed immediately after pretreat- 
ment, to avoid loss of GSH by oxidation during 
storage. 

RESULTS AND DlsCUSSION 

The optimization of the conditions for 
the quantification of GSH with the modified 
electrode has already been reported.6 The 
optimum applied potential was +0.45 V 
us. Ag/AgCl when the mobile phase was a 
phosphate buffer at pH 3. However, since the 
electrocatalytic current was shown to be pH- 
dependent, and a l-electron oxidation is in- 
volved, an applied potential of +0.5 V is 
required with the pH 2.3 buffer used in the 
present investigation. 

Comparison of protein precipitating agents 

Perchloric acid and SSA have both been used 
successfully to precipitate proteins and to in- 
hibit oxidation of GSH by endogenous en- 
zymes. ‘s9 However, perchloric acid proved 
unsuitable in the present method, since it re- 
sulted in chromatograms with a large number of 
anodic peaks at retention times between 2.7 and 
4.4 min, followed by a very broad cathodic 
response lasting for about 4.5 min. In contrast, 
SSA did not give any interfering peaks, and a 
50-mg/ml solution was selected for protein pre- 
cipitation. 

Calibration and recovery 

The calibration graphs were linear over the 
range studied, in agreement with previous inves- 
tigations;6 higher concentrations were not stud- 
ied, as they were not needed for the proposed 
application. The limit of detection (3 : 1 signal to 
noise ratio) was 450 pg of GSH when a full-tale 
deflection of 1 nA was ~sed.~ 
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To assess the recovery, replicate samples of 
blood from the same volunteer were subjected 
to the analytical procedure, and spiked with 
small volumes of a GSH standard prepared in 
50-mg/ml SSA solution. The mean recovery of 
GSH, calculated from the slope of a recovery 
graph of amount of GSH added vs. GSH recov- 
ered, over the range 0.38-3.02 pg/ml, was 95%. 

Determination of GSH in normal human whole 
blood 

Figure 1 shows chromatograms of (A) normal 
human blood, and (B) the same blood sample 
spiked to give a final concentration of 3.4 pg/ml 
GSH in the SSA solution. The endogenous 
GSH concentrations were determined in the 
blood of five normal male and female volunteers 
(Table 1). The ranges are in agreement with 
earlier studies on healthy human subjects.‘“*l* 

CONCLUSIONS 

Other workers have determined GSH in vari- 
ous biological matrices, e.g., animal tissues,‘2*13 

Fig. 1. Chromatograms obtained by HPLC-EC with the 
CoPC modified carbooqxy ekctrode for (A) a typical 
normal male human blood sample (GSH in the diluted 
solution, 2.03 &ml, equivalent to 0.66 mM in the original 
sample) and (B) the same blood spiked with GSH to give a 
linal concentration of 3.4 fig/ml in the solution injected onto 

the column. 

Table 1. Replicate whole blood GSH levels determined by 
HPLC-EC with the modifkd electrode 

Normal male subjects, Normal female subjects, 
mM mM 

(a) 0.488, 0.455, 0.461 (a) 0.588, 0.606, 0.606 
(b) 0.778, 0.791, 0.804 (b) 0.725, 0.698, 0.725 
(c) 0.501, 0.501, 0.501 (c) 0.633, 0.646, 0.651 
(d) 0.685, 0.692, 0.692 (d) 0.685, 0.685, 0.693 
(e) 0.573, 0.567, 0.560 (e) 0.519, 0.527, 0.540 

by HPLC-EC with conventional carbon elec- 
trodes. In both case~‘~*‘~ a series dual electrode 
coulometric cell was used, operated in the 
screen mode’* to remove spurious peaks, which 
probably arise from the oxidation of other 
naturally occurring species at the high operating 
potentials necessary for detection of GSH at 
plain carbon electrodes. Oxidized glutathione 
(GSSG) was also determined.13 

Other workers have attempted to improve 
selectivity by developing methods incorporating 
pre-column derivatization with electron me- 
diators” or by including the mediator in carbon 
paste electrodes. ‘O Shimada et al I’ studied the . 
use of derivatization reagents containing the 
ferrocene moiety for pre-column reactions with 
several biological compounds containing thiol 
groups. For electrochemical detection these 
workers still used the coulometric cell, operated 
in the screen mode, but were able to obtain less 
complicated chromatograms than those re- 
ported later,‘2**3 owing to the lower applied 
potentials employed. The disadvantage of the 
procedure was the extra sample pretreatment 
step, involving incubation of the thiol with 
the derivatization reagent. Post-column deriva- 
tization with o-phthalaldehyde has been in- 
vestigated by Buchberger and Winsauer,” 
who applied the method to liver, eye lens and 
blood samples; however, no chromatograms 
or normal values were given for the latter 
samples. 

A similar approach to ours was reported by 
Halbert and BaldwinlO who incorporated CoPC 
into carbon paste electrodes and successfully 
determined GSH in whole blood. Wang et al. 
have also described a graphite-epoxy resin elec- 
trode containing CoPC, which they used for 
some preliminary studies on standard solutions 
of hydrazine, cysteine, penicillamine and oxalic 
acid.16 We consider our method, using the 
modified carbon-epoxy resin composite elec- 
trode, to provide a significant advantage. The 
electrode can be used for several hours in a 
flowing stream without any significant deterio- 
ration in the measured current responseP and 
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only 25 ~1 of whole blood is needed for the 
analysis. The pretreatment with SSA to prevent 
blood proteins from being loaded into the chro- 
matographic column leads to a significant re- 
duction in extraneous chromatographic peaks 
and should extend the column’s usable life. The 
simplicity of the procedure permits rapid sample 
handling, which should minimize losses of GSH 
prior to analysis.’ 

4. R. D. Eastman, Clinical Haematology, 6th Ed., p. 126, 
Wright, Bristol, 1984. 

5. S. A. Wring, J. P. Hart and B. J. Birch, Analyst, 1989, 
114, 1571. 

6. Idem, ibid., 1989, 114, 1563. 
7. D. Perrett and S. R. Rudge., J. Pharm. B&ted. Anal., 

1985, 3, 3. 
8. R. C. Fahley, in Glutathione-Chemical, Biochemical 

and Medical Aspects. Part A, D. Dolphin, R. Paulson 
and 0. Avramovic (eda), p. 303. Wiley, New York, 
1989. 
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Summary-Two methods for determining sulphamethizol in the presence of nitrofurantoine in mixtures 
by first-derivative spectrophotometry and by the first derivative of the ratio spectra are described. The 
procedures do not require any separation step. In the first method the measurements are obtained in the 
zero-crossing wavelengths and the calibration graphs were linear up to 32 &ml of sulphamethlzole at 
251 and 278.5 nm. In the second method, the calibration graphs were linear up to 43 &nl by measuring 
at the maximum (263 mn), at the minimum (244 nm) and peak to peak. The methods were applied for 
determining sulphamethizole in a pharmaceutical product containing nitrofurantoine. 

Sulphonamides are widely used in medicine and 
veterinary practice as antibacterial drugs. Many 
sulphonamides are now available as pharmaceu- 
tical products and numerous methods have been 
developed for their determination. Different 
chromatographic techniques have been reported 
for the analysis of sulphonamide mixtures.‘” 
Methods for the determination of the total 
content of sulphonamides have also been 
reported. These methods involving spectro- 
photometric techniques based on the Bratton- 
Marshall procedure6 have been studied and 
have been automated by using an air-segmented 
continuous flow analyser’ and by using flow- 
injection analysis.’ Recently, derivative spectro- 
photometry has been used for determining the 
total content of sulphonamides in urine and 
honey without pretreatment of the samples.’ 

of a standard solution of one of the chro- 
mophores (amplitudes by amplitudes at each 
wavelength) and the fist derivative of the ratio 
spectrum is obtained. The concentration of the 
other component is then determined from a 
calibration graph obtained previously. 

In this work, the determination of sulphame- 
thizole (SMT) in the presence of nitrofurantoine 
(NFT) is proposed by using first-derivative spec- 
tra and the first derivative of the ratio spectra 
for resolving a pharmaceutical product, with 
good results. The nitrofurantoine is an anti- 
bacterial agent that increases the effect of the 
sulphamethizole. 

EXPERIMENTAL 

Derivative spectrophotometry can also be 
used to resolve mixtures with few chromophores 
without sample pretreatment. This is the case 
for some pharmaceutical products that contain 
one sulphonamide mixed with another drug. In 
this way derivative spectra have been used for 
resolving the mixture of sulphametoxazole and 
trimethoprim.‘O 

Apparatus 

A Beckman Instruments DU-70 spectropho- 
tometer connected to an IBM PS/2 fitted with 
Beckman Data Leader Softwarer2 and an Epson 
FX-850 printer were used for all the measure- 
ments and treatment of data. 

Solutions 

Recently, Salinas et al.” developed a new All solvents and reagents were of analytical 
method for resolving mixtures of chromophores reagent grade. Sulphamethizole ethanol-water 
with overlapped spectra. This method is based 1: 1 solution and nitrofurantoine ethanolic 
on the use of the first derivative of the ratio of solution were prepared from Sigma products 
the spectra. The absorption spectrum of the at a concentration of 25Opg/ml. Ammonia/ 
mixture is divided by the absorption spectrum ammonium chloride buffer solution (0.5M, 
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pH = 10) was prepared from analytical reagent 
grade materials. 

Procedures 

First derivative spectrophotometry. Samples 
were prepared in 25-ml calibrated flasks con- 
taining up to 32 pg/ml of sulphamethizole (in 
the presence of nitrofurantoine), 5 ml of buffer 
solution and were diluted with water and 
ethanol to the mark (the resulting final solution 
was 10% ethanol). The absorption spectra of 
the samples thus prepared were recorded against 
a reagent blank and stored in the IBM com- 
puter. The sulphamethizole content is deter- 
mined from the first derivative spectrum 
(obtained with Al = 6 nm) by measuring the 
signal at 251 or 278.5 nm (zero-crossing 
points for nitrofurantoine) and by using an 
appropriate calibration graph. 

First derivative of the ratio spectra. Samples 
were prepared and their absorption spectra were 
recorded and stored in the computer as de- 
scribed above. For determining sulphamethi- 
zole, the stored spectra were divided by a 
standard spectrum of nitrofurantoine of 5.0 
pg/ml. From the ratio spectra thus obtained, 
first derivatives were calculated with AIZ = 6 nm. 
The concentration of sulphamethizole was pro- 
portional to the amplitude of the maximum at 
263 mu, the minimum at 244 nm and the peak 
to peak (244-263 nm). The calibration graph can 
be extended up to 43 pg/ml of sulphamethizole. 

RESULTS AND DISCUSSION 

Method development 

The influence of pH on the absorption spectra 
of SMT and NFT was studied. The best results 
for analytical purposes were obtained at 
pH = 10 (ammonia/ammonium chloride buffer 
solution) because SMT absorption spectra were 
stable between pH 7 and 12 and NFT between 
pH 9 and 12. 

The ethanol content slightly affects the ab- 
sorption spectra of SMT and NFT, and as a 
result 10% was selected to be optimum. Under 
these conditions (pH = 10 and ethanol lo%), 
diluted solutions of SMT and NFT are stable 
for at least 4 hr. 

Derivative spectrophotometry 

The zero-order spectra of SMT and NFT in 
the 200-500 nm wavelength range are shown in 
Fig. 1. It can be seen that the absorption spectra 
of nitrofurantoin shows a prominent peak that 
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Fig. 1. (a) Absorption spectrum of 10.8 &ml SMT, (b) 
absorption spectrum of 14.3 &ml NFT. 

can be used for reliable direct absorbance 
measurements. However, the absorption spec- 
trum of sulphamethizole is completely over- 
lapped with the spectrum of NFT and because 
of that the determination of SMT in the pres- 
ence of NFT cannot be used for reliable direct 
absorbance measurements. 

Derivative spectrophotometry can be suitable 
to obviate this problem. The commonest pro- 
cedures for the preparation of analytical cali- 
bration graphs are “peak to peak” and “base 
line” measurements (generally called graphical 
measurements) and “zero-crossing” measure- 
ments. In practice, the measurement selected is 
that which exhibits the best linear response, 
gives a zero or near zero intercept on the 
ordinate of the calibration graph, and is less 
affected by the concentration of any other 
component. The shape of the tist derivative 
spectra is adequate for determining SMT in the 
presence of NFT. Figure 2 shows the first 
derivative absorption spectra of a solution of 
SMT and other samples with different NFT 
concentrations, 

It can be seen that due to the overlapping 
spectra of these compounds in a determined 
region, the zero-crossing method is the most 
appropriate for resolving mixtures of these com- 
pounds and it was used in this work with 
satisfactory results. 

Preliminary experiments showed that the 
height, h, , of the first derivative at 251.0 and 
278.5 nm (working zero-crossing wavelength 
of NFT) was proportional to the SMT con- 
centration. The results obtained for the SMT 
in the presence of the nitrofurantoin were in 
accordance with the above calibration graph. 
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Fig. 2. (a) First derivative spectrum of 10.8 &ml SMT, (b) 
first derivative spectrum of 6.7 pg/ml NFT, (c) first deriva- 

tive spectrum of 19.0 fig/ml NFT. 

Selection of optimal instrumental conditions. 
The main instrumental parameters that affect 
the shape of the derivative spectra are the 
wavelength scanning speed, the wavelength 
increment over which the derivative is obtained 
(An) and smoothing. These parameters need to 
be optimized to give a well-resolved, large peak 
i.e., to give good selectivity and larger sensitivity 
in the determination. Generally, the noise level 
decreases with an increase in Al thus decreasing 
the fluctuations in the derivative spectrum. 
However, if the value of AI is too large, the 
spectral resolution is very poor. 

Therefore, the optimum value of Al should be 
determined by taking into account the noise level, 
the resolution of the spectrum and the sample 
concentration. Some values of A.1 were tested 
and 6.0 nm was selected as the optimum in order 
to give a satisfactory signal to noise ratio. In this 
way, a smoothing function was not necessary. 

Once the experimental conditions were estab- 
lished, the calibration graphs were tested be- 
tween 2.16 and 32.4 pg/ml SMT concentration 
at 251.0 and 278.5 nm. Good linearities were 
observed in both cases. 

First derivative of the ratio spectra 

When derivative spectrophotometry is used 
for resolving a mixture of chromophores with 
overlapped spectra it is often necessary to use 
zero-crossing, which causes a considerable loss 
of sensitivity. The name “ratio spectra deriva- 
tive” permits the use of the wavelengths corre- 
sponding to a maximum or minimum and, also, 
the use of the peak to peak between consecutive 
maxima and minima. 

Figure 3A shows the ratio spectra of different 
SMT standards (spectra divided by the spew 
trum of a 5.0 pg/ml NFT solution) in basic 
medium and in Fig. 3B their first derivatives are 
calculated. The first derivative amplitudes at a 
given wavelength are proportional to the SMT 
concentration. As the noise levels were small a 
smoothing function was not needed. 

The influence of the Arl for obtaining the first 
derivative was tested and A1 of 6 nm was 
considered suitable. The concentration of the 
NFT solution used as divisor can be modified 
and different calibration graphs are obtained. A 
standard spectrum of 5 pg/ml of NFT was 
considered as suitable. 

Calibration graphs were constructed at wave; 
lengths of 263 and 244 nm corresponding to a 
maximum and minimum, and measuring the 
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Fig. 3. A. Ratio spsctra for different concentrations of SMT 
when NFT divisor was 5.0 &nl. (a) 5.4 &I& (&) 7.6 
&ml, (c) 10.8 /q/ml, (d) 21.6 /q/ml, (e) 32.4 &ml. B. 
First derivatives for different concentrations of SMT when 
NFT divisor was 5.0 &nl. (a) 5.4 pg/ml, (b) 7.6 &ml. (c) 

10.8 p&ml, (d) 21.6 pg/ml, (e) 32.4 /~/ml. 
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Table 1. Statistical parameters for SMT determination Table 2. Accuracy of the 20 rg/ml SMT 

Detectiotl determination 

Regression limit (3a), 
coeftlcient 

Promedium, RSD, 
EquatiOll l4Tcglml Signal measured &ml % 

‘Du, = 0.0088 + 0.0016C 0.9991 <O.Ol 
’ 4n.s 0.012 0.0012c 

’ %I 19.6 0.20 
= + 0.9988 0.223 ’ 21.2 0.28 

‘DDm = 0.010 + 0.0142C 0.9996 0.086 ‘DD,, Dz7,s 20.5 0.10 
‘DDw = 0.012 + 0.0208C 0.9991 0.059 20.2 0.10 

‘DDxu,, = 0.023 + 0.035OC 0.9997 0.035 
’ DD, 
’ DD,az,, 20.3 0.05 

Table 3. Results obtained for different mixtures by using the proposed methods 

Relation NF-f, 
NFT/SMT pglml 

5:l 14.29 
512 14.29 
5:3 14.29 
5:4 14.29 
5:5 14.29 

SMT, 
SMT recovery, % 

pg/ml ’ % ’ D,,, ’ DD, ’ DDm ’ D&w 
2.86 79.37 73.43 87.06 107.34 95.10 
5.72 93.88 94.06 98.42 109.44 102.80 
8.58 98.72 101.98 102.21 110.49 105.48 

11.44 95.02 97.90 98.60 103.93 100.69 
14.29 95.94 98.39 98.88 103.71 100.77 

peak to peak between this maximum and 
minimum. Straight lines were obtained up to 
43 pg/ml. 

Statistical comparative study. Tables 1 and 2 
summarize the most characteristic statistical 
data obtained from the different calibration 
graphs and from the reproducibility of the 
reagent-blank and a standard by eight 
successive scans. In all cases good results were 
obtained. The best limit quantification was 
obtained from the first derivative at 251 nm. 
Nevertheless, in general the methods that used 
the first derivative of the ratio spectra show a 
bigger accuracy and comparable limit quantifi- 
cations. 

Applications 

The proposed methods were applied for re- 
solving the determination of SMT in the pres- 
ence of NFT in artificial mixtures. The results 
corresponding to these determinations are sum- 
marized in Table 3. The obtained recoveries 
were in the range 90-110%. The recoveries by 
first-derivative spectrophotometry were in the 
order of 95% except when the ratio of NFT to 
SMT was 5 :2. In this case the recovery was 
lower. Better results were obtained from the first 
derivative of the ratio spectra method as can be 
seen in Table 3. In conclusion, both methods 

gave good results for the determination of SMT 
in the presence of NFT. 

The proposed methods were applied to the 
determination of SMT in the pharmaceutical 
Micturol from Liade laboratory (Spain) with a 
content of 50 mg NFT and 1OOmg SMT per 
tablet. The determination of SMT in the phar- 
maceutical Micturol gave recoveries around at 
96%. 
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Summary-The effect of several concomitant easily ionisable elements @E’s), Li, Na, K, Rb and Cs on 
the line intensity of Sr II (first ionised state) and Al I and He I (atomic states) has been studied by atomic 
emission spectrometry (AES) hollow cathode (HCD) analysis. The spectral line intensities emitted by Sr 
II, Al I and He I have been measured while varying the volume of the EIFs concentrations, ranging from 
0.1 mg ml to IO mg ml. In the presence of EIE’s at higher inactions than 0.5% a considerable decrease 
of the line intensities of Sr II at 430.54 nm and 407.71 nm was observed, together with a gradual decrease 
in the line intensities of both Al I 494.40 nm and 396.15 nm, and He I 412.1 nm. It is demonstrated in 
the present experiments with a water-cooled WCD source that interference effects caused by EIE’s are 
observed when the ratio of the number of gas atoms (ns) and atoms with low ionisation energy 
(n,)--ns/n,--is lower than lo’*. 

The first publications on emission sources of 
atomic spectrometry such as various low press- 
ure discharge tubes (e.g., Grimm’s lamp) and 
hollow cathode discharge tubes (HCD) indi- 
cated freedom from all sorts of interelement 
effects. I4 

However, it has been proved in later studies 
that these spectrochemical emission sources do 
not offer complete freedom from interelement 
effects.” 

The interelement effect may exert its interfer- 
ing actions in two ways: it may affect the 
evaporation, i.e., the entrance of the element 
into the plasma or alternatively it may alter the 
conditions of excitation prevailing in the 
plasma. 

The sample volatilization of copper-base 
alloys in hot-type HCD was investigated by 
Broekaert.’ His experiments proved that the 
sample volatilization is due to thermal evapor- 
ation processes and atomic sputtering. It has 
been pointed out that the volatile elements can 
only be evaporated quantitatively from a less 
volatile base when the sample is completely 
molten and when the cathode temperature is 
sufficiently high for allowing a quick thermal 
evaporation of the elements studied. 

Broekaert also investigated matrix effects in 
hot HCD and observed that detection capability 
decreased in the presence of Mg which, at 
increasing concentrations, diminished the 

number of useful collisions of analyte atoms 
with argon metastables because it possesses a 
low ionisation potential and decreases the exci- 
tation of the rare earths, except for Sc and Y, 
which have equal relative atomic masses to Mg 
and Ar.9 Maksimov and co-workers studied the 
effects of cadmium vapour introduced into the 
plasma by the HCD excitation processes and he 
reported that the addition of Cd resulted in 
increased intensity of some analyte elements.‘“i2 
He observed that particular levels of Ca and Na 
are excited with higher intensity at the optimal 
Cd concentration of 6%. He assumes that the 
possible source of the enhancement of the inten- 
sity of some Ca and Na lines in the presence of 
Cd is the resonance transfer of the energy of the 
metastable levels of Cd atoms and ions. 

Analysing biological samples, Caroli and 
Delle Femine performed a comparative study of 
matrix effects hollow cathode under conditions 
and concluded that slight matrix effects can also 
be observed in HCD, but the HCD emission 
source is affected by this type of interference to 
a lesser extent than with graphite furnace MS 
and arc-emission spectrography.13 

Its assay of Al tracers in various organs and 
brain tissues led to su~~n~lly identical con- 
siderations, i.e., matrix effects were practically 
negligible. ‘* 

Typical interelement effects can be found in 
the excitation of gas mixtures. Thus, the emission 
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of helium excited in a Geissler-tube is 
suppressed by introduction of 1% argon, and 
only the small amount of argon present is 
excited to emission. ” 

The excitation energies of the metastable 
states of He 1% and 23S are 20.55 and 19.77 eV, 
respectively. The first ionisation energy of He is 
24.77 eV. The metastable state of Ar is 11.83 eV. 
The presence of Ar in the He discharge, even in 
an Ar concentration of 1 %, quenches the 
excited and ionised states of He. This can be 
explained by the collision of Ar atoms with fast 
electrons, leaving so called slow electrons 
behind which do not allow high energy He levels 
to be produced. 

All these experiments indicate that some in- 
terference effects also occur in the HCD during 
analyses of multi-component samples, such as 
the majority of biological and environmental 
samples, etc. 

The interference effects can exert positive 
effects, e.g., the increasing effects of Cd, Zn on 
line intensity, or negative effects, decreasing line 
intensities and worsening detection limits. 

Similar phenomena can be found in other low 
pressure discharges such as HCD tubes, that is, 
elements with higher ionisation potentials are 

not excited if the concentration level of EIE’s 
present exceeds a specified value. 

In this study, the minimum concentration 
values of EIE’s present causing detectable inter- 
ferences have been investigated. The effects of 
EIE’s on elementary processes and plasma 
characteristics of HCD have been studied and 
changes of spectral line intensities of Sr II, Al I 
and He I in the presence of EIE’s have been 
interpreted. 

EXPERIMENTAL 

Instrumentation 

The experimental method used has been de- 
scribed by Szilvissy. I6 A brief description is as 
follows. 

The discharge tube applied in our exper- 
iments was made of steel. Both the anode and 
cathode units have double walls and can be 
cooled by water. The cylindrical cathode cups 
made of aluminium or spectroscopic grade car- 
bon and having a cylindrical hole can be placed 
in the cathode unit (Fig. 1). 

The secondary discharge is defined as a nega- 
tive glow light occurring in the hot hollow 
cathode placed perpendicularly to the main axis 

Fig. 1. CROSS-section of the improved demountable hollow cathode lamp. Silicon rubber sealing [l], brass 
cathode block [2], brass anode block [3], quartz window [4], PVC clamping disc [5], cathode hole for 
negative glow discharge [6], Pyrex glass tube [7], steel spring [8], PVC ring clamp [9], tungsten lilament 
[lo], auxiliary cathode block [I 11, carbon cathode cup [12], water cooling system [C, l-41, gas inlet, outlet 

[C, 5, 61, connecting branch [C, 7]. 
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of the discharge tube. This cathode consists of 
a carbon cathode cup on a tungsten wire. 

The secondary cathode, which can also 
contain samples, can be switched on after an 
appropriate delay, once the main discharge has 
stabilised. It has been proved in earlier studies 
that in this case the standard deviation and the 
detection limits can be decreased.” 

The secondary discharge can function with- 
out samples as a source of electrons, ions and 
metastable state gas atoms. Having no charge, 
the metastable state gas atoms can reach every 
part of the discharge tube by diffusion, so they 
also reach the excitation zone, thus increasing the 
number of excitation and ionisation processes. 

In the present work, the discharge tube shown 
in Fig. 1 was applied with parameters listed in 
Table 1. 

The discharge tube was mounted on the op- 
tical axis of a PGS-2 Zeiss plane-grating spec- 
trograph and connected to a vacuum system, (as 
described previously)‘6 with a dual-rotating- 
vane pump. A 2 kW D.C. power supply (2000 V, 
1 A) was connected to the discharge tube. 

Sample preparation 

A series of aqueous solutions were prepared 
containing the analytical element-Sr-at a 
concentration of 0.1 mg/ml, together with the 
easily ionisable elements (Li, Na, R, Rb and Cs) 
in a concentration range of 0.1-10 mg/ml. 

A sample volume of 0.1 ml was placed in an 
altinium cathode cup. The analytical sol- 
utions were dried in a cabinet drier at 40”. 

Table 1. Experimental conditions 

Excitation: D.C. power supply of 2 kW connected to the 
modified version of the water-cooled hollow cathode 
discharge tube 

Hollow cathode: material of the cathode cups: at the 
primary and secondary discharges; aluminium and 
carbon, respectively 

Diameter of cathode holes: 5.5 mm 
Depth of the cathode holes: 10 mm 

Carrier gas: gas mixture of 75% He and 25% Ne at a 
pressure of 666 Pa 

Discharge current: 500 mA-700 mA 
Voltage: 400-500 V 

Exposure time: 5 min 
Spectrograph: Zeiss/Jena/PGS 2 plane grating 

Wavelength scale 1st order 200-780 nm 
Dispersion 1st order, 651 lines/mm 
Grating: 0.74 nm/mm 

Jllumination of spectrograph: intermediate focusing 
Entrance slit: 0.02 mm 
Step filter: lOO/SO/lO% average light transmission 
Photographic plate: ORWO WU 3 
Developer: KODAK D 19 
Developing temperature: 19” 
Microdensitometer for spectroscopy: Zeiss G II 

Evaluation of spectrograms 

“Y-Transformation” was applied to trans- 
form blackening values measured with a Zeiss 
G-II microphotometer for spectroscopy; “t” 
blackening transformation assigns a quantity to 
the blackening (8) which remains linearly pro- 
portional to the logarithm of intensity (Y), 
thereby to the logarithm of the concentration 
also. 

The equation of “Y transformation is: 

e=s -(k -S)d 

where: s = S/y (reduced blackening, y = 
gradation, the slope of the straight portion of 
the characteristic curve), k = constant of “e” 
transformation (the lowest blackening value on 
the straight part of the characteristic curve) and 
d = s - 1 g (10” - 1) (Gaussian subtraction log- 
arithm belonging to s). Therefore, the “d” 
transformation relates only to the underexposed 
part of the characteristic curve. When s 3 k, 
s = e, i.e., only in the case of s < k is the 
transformation necessary. 

For the determination of relative standard 
deviations (r.s.d.), 7 parallel measurements were 
carried out. This value was found to be less than 
8%. 

RESULTS AND DISCUSSION 

Decrease of spectral line intensities 

The effects of EIE’s were investigated 
spectral line intensities of (i) rare gas 

on the 
atoms 

having high excitation energies, (ii) Sr+ ions 
having medium excitation energies and (iii) two 
Al atom lines having low excitation energies. 

The excited and ionized states can be formed 
in the following processes: 

A +eJ-+AX+e, (1) 

A +e,+A+ +2e, (2) 

A +ef+A+X+2eS (3) 

A+B,,,+AX+B (4) 

A+B,,,+A++B+e, (5) 

A+B,,,+A+X+B+e, (6) 

A+B+A++B+e, (7) 

A+B++A++B (8) 

A+BX+AX+B 

B+e,-+B,+e, 

B+e,+BX+e, 

B+e,+B++e, 

(9) 

w-0 

(11) 

(12) 
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Fig. 2. Background corrwted Sr+ curves as B function of EIE concentration. X, and Xz values on axis 
Y show Sr+ Y intensity values without HE’s present; Y = log X/I, background corrected relative signal. 

B+~f+B’x+2es WI 

B,+e,-,B+ey (‘141 

B,+ep Bf +2e, (15) 

W&w A is the atom of the sample, AX is the 

excited state, A + is the ionized state, B iS the 

atom of the rare gas, B,,, is the metastable state, 
e, is fast electron and e, is slow electron” 

The presence of EIE’s in the plasma reduces 
the nmber of fast GlGCtl’OnS CprOcGssGs (l)-(9)] 
and hinders process (10) that is, less me&stable 
rare gas atoms are produced. Process (14) de- 
scribes a possible -form of decay of metastable 
states of rare gas atoms, which is significant in 
view of high energy collision processes, because 
the fast electrons are reproduced in this 
process. 

Decrease of line intensities of He I 412.10 nm 
(23.97 eV) and He Z 447.15 nm (23.73 eV) lines 

Figure 2 shows the changes in line intensities 
of He carrier gases for Li, Na, K, Rb and Cs 
concentration ranges from 0.01-l%. It can be 
observed that a decrease in intensity occurs at 
0.01% concentration and the intensity of spec 
tral lines further decreases gradually as the 
EIE’s concentration is increased. 

Processes (11) and (12) describe the gener- 
ation of rare gas ions and excited rare gas atoms 
by collisions. The number of both processes 
decreases if there are less fast electrons in the 
discharge zone. Therefore the spectral line in- 
tensities of the carrier gas decrease under the 
effect of EIE’s. 

The ionization energies of the alkali metals 
are listed in Table 2. 

The eJff”ects of EIE’s on Sr II 407.11 nm (3.04 eV) 
rmd 430.54 nm f5.91 eV) spectral d&e ~t~~i~~~ 

For the present investigations two St-+ ion 
lines of the highest intensity were selected from 
the Sr spectrum. For both spectral lines the 
decrease of intensity was observed. 

The presence of EIE’s in the negative glow 
light results in the decrease of the number of fast 
electrons participating in processes (I), (2) and 
(3) thus reducing the number of higher energy 

Table 2. First ionisation energies 
of the alkali metals 

Element Energy, e6F 

Li 5.390 
Na 5.138 
K 4.340 
Rb 4.176 
CS 3.893 
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excited atoms and ions, as well as the number of 
single-step excited ions. [Penning ionisation, 
Process (311. 

The sum of ionization and excitation energies 
in the present measurements are higher than 8 
eV, the probability of process (3) therefore 
occurring is less, which causes the intensity of 
Sr+ spectral lines to decrease. 

Figure 3 shows the changes of two ion lines 
of Sr under the effect of EIE’s. Detectable 
decreases in intensity can only be detected when 
the concentration of EIE’s is higher than 
0.5%. 

Changes in Al I 396.15 nm (3.14 e V) and Al I 
394.40 nm (3.14 eV) spectral line intensities due 
to EIE’s 

The excitation energy of the above two Al 
spectral lines is 3.14 eV. The atoms of the 
cathode cup made of Al are sputtered by the 
rare gas ions and metastable rare gas atoms into 
the plasma. 

The decrease of Al line intensity in the pres- 
ence of EIE’s-as shown in Fig. 4-tan be 
explained by the lower efficiency of sputtering. 
The presence of EIE’s does not reduce the 
number of lower energy collisions, the decrease 
of intensity can be explained by the lower 
number of sputtered Al atoms. 

The decreased sputtering yield indicates that 
a reduced number of rare gas ions and 
metastable state atoms with lower energies 
occur in the plasma due to the EIE’s. 

The increase of the conductivity does not 
contradict this phenomenon. Greater numbers 
of charged particles are present due to the easy 
ionisation of EIE’s, however, the energy distri- 
bution of the charged particles changes to the 
detriment of higher energies. 

Changes in current intensity under the e$ects of 
Li, Na, K, Rb and Cs 

The entrance of EIE’s in the plasma is indi- 
cated by an increased conductivity, and an 
increase in current between 10 and 150 mA was 
noted. Current intensities were measured at 
constant voltage. 

Table 3 contains the changes of the absolute 
values of current in the presence of Li, Na, K, 
Rb and Cs at concentrations of 0.01 and 1% for 
the latter four, and 0.01 and 0.1% for Li. It is 
well illustrated that the maximum 25% increase 
of relative current intensity occurs at 1% Cs 
concentration. 

CONCLUSIONS 

From the results presented in this paper it 
is clear that the sputtering, excitation and 

- l+Q I 447.14 

----- Ho I 412.1 
oLi,rNa,eK. rRb, q cs ‘A 

b 

I I I I - 3.01 1 
0.05 0.1 0.5 

_ 
1 

~entmtian of EIE,% 

Fig. 3. Background corrected He I curves as a function of EIE concentration. X, values on axis Y rep- 
resent He I Y values obtained using empty Al cathode cup. X, values represent He I intensity values in 
the presence of 0.1% Sr (dried from aqueous solution); Y = log I/I, background corrected relative signal. 
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Fig. 4. Background corrected Al I curves as a function of EIE concentration. X, values on axis Y represent 
Y values obtained with empty Al cathode cup. X, values represent Al intensities in the presence of 0.1% 

Sr (dried from aqueous solution); Y = log I/I, background corrected relative signal. 

ionisation processes in the HCD are not com- 
pletely free from interelement effects. 

The EIE’s in the plasma cause ion and elec- 
tron densities, and electron energies to change, 
and as a consequence the conditions for the 
ionization and excitation processes are also 
changed, a smaller number of metastable state 
excited gas atoms are produced; all these pro- 
cesses causing changes in the spectrum. 

The interelement processes can be detected 
for Sr, He and Al spectral lines in the presence 
of concomitant EIE’s. 

A considerable decrease in Sr+ ion line 
intensities measured in the presence of EIE’s 
was observed at concentrations higher than 
0.5% for Li, Na, K and over 1% for Rb and Cs. 

Table 3. Changes in current intensity 
under the effect of Li, Na, K, Rb and Cs 

% i/mA “‘Sr (560 mA) 

Li 0.01 570 1.02 
0.1 580 1.04 

Na 0.01 610 1.09 
1 630 1.13 

K 0.01 620 1.11 
1 640 1.14 

Rb 0.01 650 1.16 
1 670 1.20 

cs 0.01 680 1.21 
1 700 1.25 

This phenomenon can be explained by the 
decreased electron energies and the reduced 
number of metastable gas atoms. The decrease 
in the spectral line intensities of He carrier gas 
clearly indicates a decrease of energy in the 
plasma. The decrease in spectral line intensities 
of Al originating from the cathode cup in the 
presence of EIE’s indicate the decrease of 
the sputtering yield, which may be explained 
by the decrease in the number and energy of gas 
ions and metastable gas atoms. 

It has been observed that the effect of EIE’s 
is considerable when the ratio between the 
number of gas atoms (n,) and the number of 
atoms with low ionisation energy (n,) -ng/na- 
is lower than 10i2. 

Although a relative standard deviation of 
less than 5% can generally be achieved with the 
HCD/AES method, in the present experiments 
the relative standard deviation obtained from 7 
parallel measurements was found to be up to 
8% due to the presence of EIE’s in the plasma. 
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Summary-A sensitive and selective kinetic enzymatic method for the determination of N-methylcarba- 
mate pesticides is presented. It is based on their inhibitory effect on electric eel acetykholinesterase and 
the use of 5,S’~t~obis(2-~~o~oic) acid (DTNB) as chromo~nic reagent for the ~i~ho~ne released 
from the a~tyl~i~holine iodide substrate. The fast DEB-t~~ho~ne reaction is monitored photometri- 
cally by the stopped-flow technique. Carbaryl, propoxur and carbofuran can be determined at concen- 
trations in the ranges 6.5420, 2-15 and 0.1-5.0 ng/ml, respectively, by the proposed method, An 
interference study was also reported. 

Pesticides of the carbamate family have become 
increasingly important in recent years because 
of their wide ranging biological activity. Among 
the analytical methods available for their deter- 
mination, enzymatic methods based on cholin- 
esterase (ChE) inhibition are widely used and 
can be combined with opticaPT and chromato- 
graphic techniques3” for detection. On the other 
hand, the inhibitory effect of pesticides (includ- 
ing organophosphorous and chlorinated pesti- 
cides) on cholinesterase is known to depend on 
enzymes sources (human serum, rat liver, elec- 
tric eel, etc.), which also affects the detection 
limit and sensitivity of determinations. In this 
context, some attempts have been made2*’ 
at establishing a relationship between the 
Michaelis-Menten constant I&,), an index of 
enzyme-substrate affinity and I,, the inhibitory 
concentration resulting in 50% inhibition. Kin- 
etic studies of biochemical nature on the inhi- 
bition of ChE by carbamate pesticides6-8 or 
others9 have been developed with the aid of 
stopped-flow inst~entation, However, so far 
this technique has not been applied to these 
pesticides for analytical purposes. 

This paper reports the use of a single modular 
stopped-flow system for the kinetic determi- 
nation of carbaryl, propoxur and carbofuran on 
the basis of their i~ibitory effect on electric 
eel acetylcholinesterase (AChE), using acetyl- 
thiocholine iodide (ATChI) as substrate and 
5,5’-dithiobis(2-nitrobenzoic) acid (DTNB) as 
chromogenic reagent. The use of the above- 

mentioned enzyme source, the optimized pro- 
cedure for the incubation process and the 
stopped-flow technique to monitor the chro- 
mogenic reaction improved already existing 
methods in terms of sensitivity and selectivity, 
thereby providing a useful automated means of 
carrying out analyses for these pesticides. 

EXPERIMENTAL 

Reagents 

All reagents used were anal~ical-rea~nt 
chemicals; solutions were prepared in distilled 
water and l&dioxane. Carbaryl, propoxur and 
carbofuran (Chem. Service Inc.) solutions 
(6.63 x 10e6M) made by dilution of more con- 
centrated stock solutions prepared by dissolving 
100.0 mg of the corresponding chemical in 100 
ml of l,Qdioxane, were stored in PTFE bottles 
in a refrigerator. An acetylthiocholine iodide 
(9.4 x 10p3M) solution was prepared by dis- 
solving 68 mg of this chemical (Sigma Chemical) 
in 25 ml of distilled water. A 1 x 10m3&4 DTNB 
solution was prepared by dissolving 100 mg in 
250 ml of TRIS btier of pH 7.4. A O.OSM TRIS 
buffer solution was prepared by dissolving 6.05 g 
of Tris and 6.64 g of sodium chloride in water 
and using hydrochloric acid or sodium hydrox- 
ide to adjust the pH to 7.4, 8.0 or 9.0 in a final 
volume of one litre. An electric eel acetylcholin- 
esterase (Sigma Chemical) solution of 4.0 
units/ml was prepared from the lyophylized 
powdered enzyme containing 5% ammonium 
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sulphate and featuring a protein activity of 
200400 units/mg. 

Appizratus 

A Perkin-Ehner Lambda 5 s~~ophotome~ 
coupled on-line with a stopped-flow modulei 
was used. The acquisition and treatment of 
kinetic data was performed by a Hewlett- 
Packard 98561AE computer and a 16bit 
Hewlett-P~kard 986404 Malone-to-distal 
converter. The software required for application 
of the kinetic method was written by the 
authors themselves. 

Procedure for kinetic-enzymatic &termination of 
N-~thy~-c~~te pe~ti~i~s 

Two solutions were prepared and placed in 
the drive syringes. For solution A, an aliquot 
of the pesticide solution containing a few 
nanograms of the compound (32.5-600 ng of 
carbaryl, 10-75 ng of propoxur and OS-25 ng of 
carbofuran} and 0.5 ml of electric eel acetylchol- 
inesterase solution of 4.0 units/ml were added to 
a 5-ml standard flask. The mixture was then 
diluted to the mark with 0.05M TRIS buffer of 
pH 8.0. This solution was incubated at 37” for 
30 min. Solution B was prepared by mixing 0.8 
ml of 9.4 x 10m3M acetylthiocholine iodide sol- 
ution and 2.5 ml of 10T3M DTNB solution in a 
lo-ml standard flask and diluting to the mark 
with 0.05M TRIS buffer of pH 9.0. Equal 
volumes of both solutions were mixed in the 
stops-flow system and the reaction was mon- 
itored at 400 in. The temperature was kept 
constant at 35 f 0.1” throughout. The kinetic 
curve, the initial rate (both in the presence of 
pesticide and in its absence) and the analyte 
concentration were automatically acquired by 
the computer. 

RESULTS AND DISCUSSION 

Carbamate insecticides, like other pesticides 
(organochlo~ne and organophosphoro~) are 
known to inhibit the action of acetylcholinester- 
ase, which acts on the hydrolysis of acetylthio- 
choline. The inhibitory effect involves the 
formation of a complex between the enzyme and 
the pesticide and the subsequent carbamoyla- 
tion and de~~moylation of the enzyme. The 
overall inhibition process is rather slow and 
requires several minutes for the incubation 
step, depending on the specific activity of the 
inhibitor. 

In the proposed method, the amount of the 
thiocholine released in the hydrolysis reaction of 
acetylthiocholine, which is a measure of the 
amount of pesticide-inhibitor present, is moni- 
tored photomet~cally by adding DTNB , which 
reacts with thiocholine yielding a sulphur de- 
rivative of 2nitrobenzoic acid which is respon- 
sible for the colour observed. This compound 
shows maximum absorption at 400 nm. This 
reaction is completed in a few seconds, which 
calls for the use of the stopped-flow technique to 
make the kinetic measurements. Figure 1 shows 
the kinetic curves obtained, both for the enzy 
matic (curve 1) and for the inhibited (curve 2) 
reaction, which are the basis for the develop- 
ment of this automated kinetic method for 
N-methyl~bamate pesticides. 

Three N-methylcarbamates, namely carbaryl, 
propoxur and carbofuran were selected to de- 
velop this enzymatic stopped-flow approach by 
using DTNB as chromogenic reagent. This 
reagent had previously been used for the kinetic 
determination of thiofanox with electric eel 
acetylcholinesterase on a CentrifiChem 400 
Analyser;’ however, the sensitivity achieved was 
lower than that provided by the proposed 
method. 

Influence of variubtes 

The working conditions for application of the 
method were optimized by using carbaryl only 
as pesticide-inhibitor to examine the influence of 
variables on both the incubation and the chro- 
mogenic reaction (post-incubation) processes. 

Fig. 1. Inhibitory effect of carbaryl on the enzymatic 
reaction: (1) enzymatic reaction; (2) reaction inhibited by 
120 ng/ml of carbaryl. Reaction conditions as described in 

PrOCedUE. 
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The optimal conditions found for carbaryl were 
applied to propoxur and carbofuran and appro- 
priate corrections were introduced if required. 

Incubation process. Variables were optimized 
so as to obtain the maximum inhibition of the 
enzymatic activity of the pesticide. The inhi- 
bition percentage I (%), the measurement par- 
ameter used, is given by: 

I(%) = [(VE - VJV,] X 100 (1) 

where VE and V, are the reaction rate in the 
absence and presence of inhibitor, respectively. 
There is a linear relationship between I (%) and 
the concentration of pesticide-inhibitor. 

The pH, temperature and incubation time 
were the factors which most strongly influence 
the enzyme-pesticide reaction. However, as the 
pesticide was previously dissolved in an organic 
solvent (l&dioxane), it was necessary to exam- 
ine the influence of the solvent on the enzyme 
action in the absence of pesticide. The results of 
the experiments carried out at 25” and pH 7.4 
(with 0.05M TRIS buffer) showed high 1,4- 
dioxane contents inhibit the action of AChE; 
the maximum allowed content of this solvent 
without causing inhibition was 2.8% (14 ~1 of 
l&dioxane per 0.5 ml of electric eel acetylchol- 
inesterase solution of 4.0 unit/ml). 

Other variables were also studied at a physio- 
logical pH value of 7.4 adjusted with TRIS 
buffer. By using the procedure described under 
Experimental, the effect of the temperature on 
the incubation was examined between 30 and 
40” for a constant, arbitrary incubation time of 
5 min. The results showed I (%) to increase with 
the temperature up to about 34”, above which 
it kept constant up to 37”. At higher tempera- 
tures, I (%) decreased owing to the enzyme 
denaturation [Fig. 2(a)]. An incubation tem- 
perature of 37” was thus selected. The effect of 
the incubation time on I (%) at 37” is shown in 
Fig. 2(b). An incubation time of 30 min was 
finally chosen. 

In order to check the suitability of the incu- 
bation procedure, we studied the stability of 
the incubated solution under the conditions 
described above. The inhibition percentage was 
found not to vary with time, at least up to 
2 hours after the incubation step. 

Post-incubation step. The working conditions 
for this step, which involves the fast coloured 
reaction by mixing the DTNB solution with the 
incubated solution, was aimed at obtaining the 
maximum possible rate of the chromogenic 
reaction, The slope of the initial portion of the 
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Fig. 2. Effect of (a) temperature and (b) time on the enzyme 
inhibition by carbaryl in the incubation process (conditions 

described in Experimental) 

absorbance-time curves (initial-rate method) 
was monitored by the stopped-flow technique 
and used as a kinetic parameter. 

The effect of temperature on the reaction rate 
was examined between 15 and 45”. The initial 
rate increased with the temperature up to 35”, 
above which it remained practically constant 
but decreased slightly above 40”. A temperature 
of 35” was chosen as optimal. 

The influence of the ATChI substrate 
concentration was studied over the range 
9.43 x 1O-5-9.43 x 10m4M; the reaction rate 
was found to increase with the ATChI con- 
centration up to 6.5 x lO-,M above which it 
remained constant [see Fig. 3(a)]. An ATChI 
concentration of 7.5 x 10T4J4 (0.8 ml of the 
9.4 x lo-‘M solution) was selected. From the 
dependence shown in Fig. 3(a), the Michaelis- 
Menten constant was found to be K,,, = 
2.54 x 10-4M. 

The effect of the concentration of the chro- 
mogenic reagent, DTNB, was studied in the 
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Fig. 3. Effect of (a) ATChI, (b) DTNB concentration, (c) pH of analyte solution and (d) pH of 
chromogenic reagent solution in the post-incubation step (conditions described in Experimental). 

range 0.25-3.0 x 10e4M [Fig. 3(b)]. A DTNB 
concentration of 2.5 x 10V4M was selected (2.5 
ml of 10e3M DTNB solution), corresponding to 
zero-order zone of the dependence observed. 

The study of the effect of pH on the reaction 
rate was made alternately on the analyte sol- 
ution (from the incubation process) (solution A) 
and on the chromogenic reagent solution (sol- 
ution B) by adjusting the pH between 6.2 and 
10.3 with 0.05M TRIS buffer in both cases. The 
influence of the pH of solution A is shown 
in Fig. 3(c) and a pH of 8.0 was selected as 
optimum, whereas a pH value of 9.0 was chosen 
as optimum for solution B according to the 
results shown in Fig. 3(d). The decreasing of 
the initial rate at pH higher than 8 is due to 
hydrolysis of the substrate itself. The optimal 
concentration of the TRIS buffer was found to 
be 0.05M in both cases. 

The influence of the enzyme on the sensitivity 
of the determination of N-methylcarbamate 
pesticides (using carbaryl) was studied at three 
concentrations, 2.4, 4.0 and 5.6 unit/ml under 
optimal conditions described under Experimen- 
tal over the linear concentration range of the 
pesticide. The results obtained are shown in 

Fig. 4. Although, with 5.6 unit/ml of the enzyme, 
the sensitivity was slightly higher, a concen- 
tration of 4.0 unit/ml was more than adequate 
and avoided unnecessary usage of the enzyme. 

Analytical features 

Under the optimal working conditions, 
carbaryl, propoxur and carbofuran were deter- 
mined at the nanomolar level by the proposed 

I I I I I 
1 2 3 

[Carbaryl] x IO-‘7M 

Fig. 4. Calibration graph for carbaryl at various AChE 
concentrations (conditions described in Experimental). 
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Table 1. Analytical Qtres of merit of the determination 
of N-methylcarbamate pesticides by the proposed kinetic 

enzymatic stopped-flow method 

Feature Carbarvl Pronoxur Carbofuran 

Dynamic linear range, 
aglml 6-150 2-l 5 0.1-5.0 

Sensitivity, ng/ml 0.398 2.06 13.21 
I,, nglml 120 40 3.0 
Detection limit, ng/ml 4.3 0.8 0.1 
Precision (RSD), % ,0.61 0.76 0.55 

kinetic enzymatic method. The temperature and 
time used in the incubation of carbaryl also 
yielded good results for propoxur and carbo- 
furan. Table 1 shows the analytical figures of 
merit of the determination of these pesticides. 
The linear range of the calibration graph varied 
with the pesticide, the concentration quoted 
being the actual concentration of the analyte in 
the mixing-observation chamber of the stopped- 
flow module. The comparative sensitivities, 
taken as the slope of the respective calibration 
graphs, and the 1, values (the inhibitor concen- 
tration for 50% inhibition), varied in the 
sequence: 

Carbofuran > Propoxur > Carbaryl 

The detection limit was calculated as the 
minimum pesticide concentration resulting in a 
statistically significant I (%) according to the 
expression: 

GL = IDLWYm (2) 

where IDL(%) is the minimum value statistically 
obtained by substituting VE - Vi in equation (1) 
by three times the standard deviation (3~) of the 
initial rate of the enzyme, V,, in the absence of 
pesticide; m is the slope of the calibration graph 
(analytical sensitivity). The detection limit was 
experimentally obtained by substituting IDL (%) 
in the calibration graph of each pesticide. Tak- 
ing into account the calculated value of VE was 
9.03 x 10e2 set-’ and that its 3a = 1.54 x 10m3, 
the minimum detectable value of the inhibition 
percentage DDL(%)] found was 1.7%. Substitut- 
ing this value into equation (2) gave the CDL 

Table 2. Selectivity achieved in the kinetic enzymatic 
stopped-flow determination of 20 ng/mi of carbaryl 

Tolerance 
Compound assayed ratio 

Malathion, methylparathion, aldrin, dieldrin loot 
a-HCH,* lindane, maneb, xineb, xiram 
Fenitrothion 25 
Paraoxon, carbofuran, propoxur cl 

*a-HCH = 1,2,3,4,5,6-hexachlorocyclohexane. 
tMaximum ratio tested. 

values listed in Table 1. The precision was 
determined from 11 samples containing 80, 10 
and 12 ng/ml of carbaryl, propoxur and carbo- 
furan each, respectively. These results show the 
method is highly sensitive for the determination 
of these pesticides, especially carbofuran. 

Regarding the selectivity, it is well known that 
many pesticides, not only those of the carba- 
mate family, inhibit the action of the enzyme 
ChE,” the selectivity being strongly dependent 
on the enzyme source.i2 Thus, it has been 
claimed2 that by using electric eel cholinesterase 
only chlorinated pesticides inhibit the enzyme 
activity. However, studies on the influence of 
organochlorine pesticides on the determination 
of these N-methylcarbamates pesticides by the 
proposed method (using electric eel acetyl- 
cholinesterase) showed chlorinated pesticides 
do not interfere at the maximum level tested 
(see Table 2). This selectivity study also showed 
the proposed method to be selective against 
organophosphorous pesticides assayed, except 
for paraoxon, which interfered at the same 
concentration level as the pesticide tested. 

Taking into account the good selectivity 
achieved by this method for the determination 
of these N-methylcarbamate pesticides and 
their relative reactivity, it is useful for the 
determination of carbofuran in water samples 
as well as for the analysis of these pesticides in 
formulations. 
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Summary-The aim of this study was to separate and identify by chromatographic and spectrometric 
methods, the various allergenic vulcanixation agents and antioxidants used in the manufacture of 
industrial rubber. Specimens of elastomers were manufactured specially for this study. The specificity of 
the gas chromatographic method developed allows separation of all the manufacturing additives in the 
selected rubber types after one injection only, even though they belong to extremely varied chemical 
categories. The GLC method was coupled with mass spectrometry, which permitted identification of the 
peaks obtained and the study of the fragmentation of the 4 reference products under various conditions. 
Separation by TLC was performed in parallel on the same extracts, allowing rapid identification of the 
products tested for, and showed new spots after vulcanization. 

The allergenic potential of rubber items is 
well known and has been widely investigated 
in numerous publications. In particular, many 
cases of reaction to surgical gloves have been 
reported. It appears, from the literature data, 
that the allergenic potential of rubber would 
not be essentially due to the actual polymer, 
but to secondary constituents, in particular 
manufacturing agents such as antioxidants 
and vulcanization accelerators of retardants. 
The isolated agents have also been tested for 
potential allergenicity. Such investigations do 
not however take into account the changes 
induced by the heat process in vulcanization, 
Few authors envisaged this issue.‘** 

Manufacture of industrial rubber requires an 
elastomer, sulphur, one or more vulcanization 
accelerators, an antioxidant and filling material. 
We have taken an analytical approach to these 
investigations and carried out a study on 
specially manufactured experimental specimens 
containing two accelerators and an antioxidant 
with each elastomer. Various agents were added 
to obtain formulations which could be manu- 
factured under normal industrial conditions in 
the following proportions: elastomer 100, zinc 
oxide 5, stearic acid 1, carbon black 25, sulfur 2, 
accelerator8 1 + 0.5 and antioxidant 2. 

Furthermore, we tested the composition of the 
mixtures before and after vulcanization, which 
does not seem to have been done in existing 
literature. Preparation of the initial mixtures 
takes place at a temperature of approximately 
70”, and the vulcanization process itself around 
200”, generally under pressure. 

JmPERIrklJmTAL 

Extraction 

Extraction was performed on the rubber 
specimens in a Soxhlet extractor for six hours 
with a defined amount of acetone at the boiling 
temperature of the solvent. The sample8 obtained 
were stored in a refrigerator after evaporation to 
dryness in a vaccum, to be recovered extempor- 
aneously with a small amount of acetone for 
analysis. 

Separation 

Gas-liquid chromatography. The following 
operating conditions were used: 

Temperature graded from 50 to 230” in levels 
of 100/l min without an initial plateau. 

Splitless injector. 

TN. 3811 I-F 1279 
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Table 1. Rf values of the products 
by TLC with two solvents 

Products Solvent 1 Solvent 2 

MBT 0.07 0.25 
CBS 0.52 I 
DPG I 0.65 
TMTM 0.35 0.88 
IPPD 0.31 
6PPD 0.49 ; 

Thin-layer chromatography. Two solvents 
were used: 

System 1: Toluene/ethylacetate/ammonia (lOO/ 

5/l) 
-System 2: Toluene/acetone/ammonia (45/65/l) 

Separation was obtained with the Rf values 
shown in Table 1 for the following products: 

solvent 1: CBS, MBT, IPPD, 6PPD, TMTM 
solvent 2: DPG, MBT, TMTM. 

Operating conditions 

Materials. Specimens of elastomers were 
manufactured specifically for this study. Raw 
materials were therefore selected with particular 
regard to their allergenic potential. Two types 
of elastomers were used: isoprene rubber (IR) 
and styrene butadiene rubber (SBR). 

The following vulcanization accelerators were 
selected to typify the various chemical categories, 
since it was observed that the allergic reactions 
to rubber items are most frequently related to 
groups of chemicals: cyclohexyl benzothiazyl 
sulphenamide (CBS), mercaptobenzothiazole 
(MBT), tetramethyl thiuram monosulphide 
(TMTM) and diphenylguanidine (DPG). 

The two antioxidants used are para-phenylene 
diamine derivatives: N-isopropyl p-phenylene 
diamine (IPPD) and N-l ,3(-dimethyl-butyl) N’- 
phenyl phenylene diamine (DMPPD or 6PPD). 
The specimens were manufactured with the 
additives in different formulas. In this way, the 
role of each of the additives could be derived 
from the comparison of results observed 
(Table 2). One half of each sample was vulcan- 
ized and the other half left raw to show the 
effects of vulcanization on the constituents of 
the mixtures. 

Extraction. The method of extraction is 
derived from the exhaustive study of Vimalasiri 

et aL3 The duration of the procedure was deter- 
mined by successive extractions for one hour 
each and determination by gas chromatography 
of the amounts present in each extraction. 

For a better assessment of possible losses, we 
also evaluated product degradation resulting 
from extraction by gas-chromatography in the 
presence of an internal standard. As a result of 
the disappearance of CBS, the study of this 
product was impossible with this extraction 
method. 

Preservation of the obtained organic extracts 
was evaluated by thin-layer chromatography. In 
view of the results, it was decided to eliminate 
the solvent and to store the dried extracts in 
a refrigerator before analysis. The appearance 
of additional spots on TLC performed a few 
hours after storage in the solvent, evidenced 
degradation of the extracts in the liquid phase. 

Separation. The difficulty in isolating each of 
the additives used and present in the rubber 
mixtures in one operation arises from their very 
different polarities. 

(i) Gas-liquid chromatography. Separation of 
the vulcanization agents in rubber extracts was 
obtained by gas-liquid chromatography coupled 
with mass spectrometry for identification of the 
peaks observed. We verified that stearic acid 
does not interfere with the tested agents. To 
study the effect of vulcanization, we used 
chromatographs of raw elastomer extracts 
previously performed under the same conditions 
as blanks. Reference mixtures of additives 
corresponding to the manufactured specimens 
were also prepared under the same conditions. 
The addition of measured amounts served to 
confirm the presence or absence of the test 
agents. Reproducibility and repeatability of the 
method were tested before coupling with mass 
spectrometry. 

(ii) Thin-layer chromatography. TLC was 
performed simultaneously to separate additives 
in the extracts. Results yielded by each method 
were found to be complementary. Separation of 
all test agents required the use of two solvents. 

Analysis by mass spectrometry. The reference 
additives selected for the study were fist 
injected alone under the same conditions as 
defined for the extracts to obtain reference 

Table 2. Formulas of the samples 

IR SBR 

IR, = CBS + TMTM 
IR, = CBS + TMTS + 6PPD 
IR, = CBS + TMTM + IPPD 

SBR, = MBT + TMTM + 6PPD 

SBR, = MBT + DPG + 6PPD 
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chromatograms and groups. The results ob- 
tained with a 70eV electronic impact were for 
most agents in agreement with those reported 
by several authors4-* 

However, the mass spectrum of TMTM 
obtained under these conditions did not give a 
molecular peak, and therefore identification of 
the agent in a complex mixture was impossible. 
Furthermore tests were therefore carried out 
with a 20-eV impact, at which the molecular 
peak was obtained. 

RESULTS 

Thin -layer chromatography 

The separation of the products in the extracts 
were possible, using the two solvents, as shown 
in Figs. 1 and 2. 

Analysis by mass spectrometry of reference 
samples 

The mass spectrum with 70 eV electronic 
impact and fragmentations of the 5 tested prod- 
ucts can be found in the existing literature. To 
our knowledge, however, no data are available 
on 6PPD, which was therefore investigated in 
our study (Fig. 3). 

As indicated previously, the conditions 
selected to obtain the mass spectrum of TMTM 
did not provide for the molecular peak. Further 
tests were therefore performed with 20 eV and 
the molecular peak obtained (Fig. 4). Some 
of the products were also studied under these 

0 
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IPPD 6PPD IR2 IR2 IR3 IR3 TMTM CBS 

Av Ap Av Ap 

Fig. 1. TLC of the extracts using solvent 1. @ yellow, 
fluorescent under UV. 0 yellow, no fluore.scence. 

0 fluorescent under UV. 

IPPD 
I 

IR3 - 

CBS - 

DPG - 

MBT- 

01 

0 

0 

00 @ 

0 OO@ 

Fig. 2. TLC of the extracts using solvent 2. @ yellow, 
fluorescent under UV. 0 yellow-brown, no fluorescent. 

0 fluorescent under UV. 

conditions and the new fragmentations give 
evidence of the preferential terminations; the 
fragmentation of DPG under 20 eV is given as 
an example in Fig. 5. 

The specificity of the chromatographic method 
used is that it allows separation of all the 
manufacturing additives in the selected rubber 
types, although they belong to extremely varied 
chemical categories and contain inorganic parts 
which make chromatographic analysis difficult 
in the polymer compounds. The effects of vul- 
canization on the extracts could be seen after 
just one only. 

The selected method gives the best extraction 
of the rubber for our chromatographic con- 
ditions while being least drastic in view of 
the stability of the tested products and of the 
treatments to which the specimens were sub- 
mitted prior to analysis. Indeed, acetone reaches 
boiling point at 66”, a temperature lower than 
that used to mix the additives into the gum 
before vulcanization (approximately 70”); be- 
sides, exhaustion of the specimens under reflux 
was found to be the only efficient method of 
extraction. 
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m/z = 253 m/z = 169 

m/z=211 

Fig. 3. 6PPD Mass fragmentation. 

m/z = 167 

CBS cannot withstand such temperature 
conditions and is present in the extracts in a 
degraded form: degradation may take place dur- 
ing extraction, but it is thought that it occurred 
previously, since the mixture is prepared under 
heat. 

Our chromatographic study was meant to be 
exclusively qualitative; the GLC study included 

a reproducibility study of the retention time 
results obtained with the tested products indi- 
vidually and as a mixture. We also tested the 
peak height relationship in order to detect a 
possible adsorption of the products on the 
column or interactions between products, but 
such phenomena failed to be observed. TMTM, 
however, shows some particular features with 
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Fig. 4. TMTM Mass fragmentations under 2OeV. 
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Fig. 5. DPG Mass fragmentations under 20 eV. 

chromatography. With TLC, its presence in 
the extracts before vulcanization is sometimes 
characterized by several spots, and in GLC by 
a group of peaks, one of which only has the 
molecular weight of the initial product as 
measured by mass spectrometry. The product 
therefore appears to have undergone partial 
transformation while being mixed into the 
rubber in hot air. 

Separation by TLC performed in parallel on 
the same extracts rapidly allowed the products 
tested to be identified and showed new spots 
after vulcanisation. The additional advantage 
of this method is that it allows one to detect, 
from large deposits, products present in small 
amounts in the extracts after vulcanization 
(e.g. MBT). 

Mass spectrometry permitted not only to 
identify the peaks obtained, but also to study 
the fragmentation of the 4 reference products by 
applying two diRerent electronic energy levels. 

Two examples are shown here of the preferential 
fragmentations which occur under 20 eV and of 
the new fragmentations which may occur under 
7OeV, an impact too heavy in view of the 
stability of such fragmentation intermediates. 
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Summary-The effects of a sodium dodecylsulphate micellar solution on the coupling rates of several 
diazotizated arylamines with N-(l-naphthyl)-ethylenediamine and the shifts in the protonation constants 
of the corresponding azo dyes are q~ti~tively studied. Aniline, o-, m- and p-aminobenzoic acids, ethyl 
p-aminobenzoate and several sulphadrugs are used, and the mlatio~~ among the intensity of the effects 
and the molecular structure of the diazonium ions and the dyes are discussed. A single simplified procedure 
for the determination of all the substances at pH = 1.3 f 0.3, where coupling is quickly completed to 
directly produce the protonated form of the dyes, is established and applied to the analysis of several 
pharmaceutical preparations. 

Arylamines are frequently determined spec- 
trophotometrically after diazotization and 
coupling with an adequate substrate such as 
N-( I-naphthyl)-ethylenediamine (NED).le4 The 
procedures are highly sensitive and widely 
applicable, but drawbacks are slow reactions, 
the limited solubility of many analytes or of 
their corresponding azo dyes, and finally, the 
necessary pH changes before and after coupling 
which are needed. Diazonium ions are formed 
at pH z 1, whereas pH > 4 is necessary for 
coupling if the diazonium ion lacks a strong 
activating substituent, and an additional adjust- 
ment of pH is usually done to obtain the 
protonated form of the dye, which has a higher 
absorptivity and absorbs at longer wavelengths 
than its basic form. 

In a previous paper5 we showed that in a 
sodium dodecylsulphate (SDS) micellar solution 
the rate of the coupling reactions greatly in- 
creases. Also, in this medium, the protonization 
of the azo dyes is inhibited. Both effects permit 
the rapid formation of the protonated dyes in an 
acetate buffer, thus making possible a simplifi- 
cation of the conventional procedures for the 
determination of arylamines. The possibility of 
directly analyzing hydrophobic samples, such as 
vegetable oils, in a microemulsion containing 
SDS has also been demonstrated.6 

*Author for correspondence. 

In this work, the effects of the SDS micellar 
medium on the coupling rates of several 
arylamines with NED and the shifts in the 
protonation constants of the corresponding azo 
dyes are quanti~tively studied. The relation- 
ships among the magnitude of the effects and 
the molecular structure of the diazonium ions 
and the dyes are discussed, and consequences of 
analytical interest are drawn. 

Reagents and apparatus 

Analytical-reagent grade aniline, sodium 
nitrite, sulphamic acid (Probus, Spain), NED 
dichloride (Scharlau, Spain), o- and m-amino- 
benzoic acids (Merck, Germany), SDS, p-amino- 
benzoic acid and ethyl p -aminobenzoate (Fluka, 
Switzerland) were used. Sulphonamides were 
obtained from several pharmaceutical labora- 
tories. Solutions of the diazotizable substances 
were prepared in water, as well as in a medium 
cont~ning 1.25% SDS and 0.151M hydr~~o~c 
acid. Distilled demineralized water was used 
throughout. 

A Crison micropH 2001 pH-meter, a 
Shimadzu W-240 and a Perkin-Elmer 
Lambda 9 spectrophotometer were used. All 
meas~ements were made at 25”. 

Procedures 

Acid-base titrations. A mixture of 200 ml of 
the diazotizable substance solution and 10 ml 
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of 1% sodium nitrite was allowed to react for 
5 min in a 500~ml standard flask. The nitrite 
excess was removed by adding 10 ml of 3% 
sulphamic acid. After 10 min, 200 ml of 0.5M 
sodium acetate, 10 ml of 0.75% NED, 25 ml of 
1.5M sodium hydroxide and water up to the 
mark were added. 

The final 0.5% SDS concentration was above 
the critical micelle concentration (cmc) which, at 
low and moderate ionic strengths, is below 
0.3%.‘** In addition, it has been shown that, at 
this SDS concentration, all changes produced 
by the surfactant on the log K values of the azo 
dyes have been compIeted.g 

hydrochloric acid mixture. The same mixture 
was used to conveniently dilute the extracts. 
Suspensions were treated similarly with 1 ml of 
sample. In all cases, a sixth extract was made 
and treated separately to assure quantitative 
extraction. Diazotization and coupling was 
made in 25-ml standard flasks with lo-ml 
aliquots of the sample, 0.5 ml of 1% sodium 
nitrate, 0.5 ml of 3% sulphamic acid, 0.5 ml of 
0.75% NED, and water up to the mark. The 
absorbance was measured at 550 mn. 

RESULTS AND DISCUSSION 

Titrations with 2M hydrochloric acid, in the 
absence and presence of 0.5% SDS, were done 
in triplicate with 150-ml aliquots. Simultaneous 
photometric and potentiometric monitoring was 
implemented. Protonation constants were eval- 
uated by linear regression with points within 
the range pH = log K f 1, the ionic strength 
being 0.3M. Other details have been reported 
previously.i” 

Absorption spectra 

Kinetic studies. The procedure given above 
was modified as follows: 25-ml standard flasks 
were used and the volumes were proportionally 
reduced. After elimination of the nitrite excess, 
4 ml of 0.5M sodium acetate, O-5 ml of con- 
centrated hydrochloric acid, and water were 
added. The mixture was kept at 25” in a 
thermostat. Coupling was started by adding 0.5 
ml of 0.75% NED and the reaction was spectro- 
photometrically monitored for at least 20 min. 

The wavelengths and molar absorptivities of 
the maxima of the dyes, obtained in a hydro- 
chloric acid medium of pH = 1 in the absence 
and presence of 0.5% SDS, are given in 
Table 1. Most sulphonamide dyes were not 
soluble in water but no precipitation was 
observed in the micellar medium. The micellar 
medium produces small bathochromic shifts 
and slightly enhances the sensitivity, indicating 
that the n + II * transition must take place in a 
less polar environment than in water. The dye 
formed by o-aminobenzoic acid shows a signifi- 
cantly smaller sensitivity which decreases in the 
micellar medium. This particular behaviour can 
be due to the presence of an intramolecular 
hydrogen bond. 

Protonation constants 

Analysis of pharmaceutical preparations. The protonation constants of the dyes in 
Tablets were pulverized and samples of 50-100 water and in a 0.5% SDS micellar medium are 
mg were taken. Five successive extractions were also given in Table 1. It has been shown9 that 
made by heating, stirring and centrifuging the in the latter medium, the apparent proton- 
powder with 5 ml of the 1.25% SDS-0.15M ation constants of the dyes correspond to the 

Table 1. Absorption maxima and protonation constants of several axe dyes formed with NED in the absence and presence 
of 0.5% SDS’ 

L, xm 6, I.mole-‘.cm-’ 
Diaxotixable substance Water 0.5% SDS Water 0.5% SDS log K log K," loe(K3K:) 

Aniline 
o-Aminobenzoic acid 
m - Amhrobenzoic acid 
p-Aminobenzoic acid 
Ethyl p-aminobenzoate 
Sulphanilamide 
Sulphomethoxaxole 
Sulphadiaxine 
Sulphametizole 
Sulphatiaxole 
Sulphadimetoxine 
Sulphametoxipyridaxine 

555 560 38,300 f 200 44,900 f 200 3.033 f 0.015 
546 550 64OOflOO 4300 f 100 4.55 f 0.04 
534 550 35,800 f 400 42,400 f 600 2.89 f 0.08 
538 551 
540 556 
538 550 

: 545 550 

: 555 552 

: 545 550 

46,800 f 100 501200 i 1900 
44,400 f 1000 49,000 f 100 
50,900 f 600 47,600 f 2000 

: 44,700 49,000 f f 100 100 
: 47,900 46,500 f f 500 1100 

: 41,100 37,200 f rt 2000 1000 

3.16kO.07 
3.31 f 0.15 
3.16 f 0.03 

i 

: 

4.15 io.10 1.1 
7.45 f 0.15 2.9 
3.91 f 0.10 1.0 
4.47 f 0.10 1.3 
3.66 f 0.04 0.35 
3.86 f 0.06 0.70 
4.18&0.06 - 
3.77 f 0.10 - 
3.64*0.02 - 
3.81 f 0.07 - 
3.97 *0.09 - 
3.68 kO.13 - 

*Average of triplicate experiments. 
tThe dye was not soluble in HCl at pH zz 1 in the absence of surfactant. 
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protonation of the dye-surfactant aggregates, 
log KF, and that: 

log(K,H*/K;) = log K; - log K (1) 

where K is the protonation constant of the dye 
in the absence of surfactant, and K,H* and Kt 
are the binding constants of the protonated and 
unprotonated forms of the dye to the micelles. 
Equation (1) indicates that the difference 
between log KF and log K is a measure of the 
selective ability of the surfactant to bind the 
protonated form of the dye with respect to 
the unprotonated form. In all instances, the data 
in Table 1 indicate that the former is more 
strongly bound than the latter. 

Tiie, min 

This can be explained by assuming that 
hydrophobic interactions are of the same order 
of magnitude for both forms of the dye, but 
binding of the protonated form is strengthened 
by electrostatic attraction. Consequently, the 
value of log(K,H*/Kt) must increase as the basic 
character of the dye increases. Hydrophobic 
interactions are probably of similar strength 
for aniline and the series of aminobenzoic acids 
and therefore provide a means of checking this. 
The data in Table 1 show that the values of 
log K and log(K,HA/Kr) follow the same order, 
which is: 

Fig. I. Plot of equation (2) for coupling of the p-amino- 
benzoic acid dye: (1) in the absence and (2) presence of 
0.5% SDS. Hydrochloric acid concentration was 1.92M 

and 2.16M, respectively. 

value has been reached. A plot of equation (2) 
for p-aminobenzoic acid in the absence and 
presence of 0.5% SDS is shown in Fig. 1. 

Some selected values of k’ at increasing 
hydrochloric acid concentrations are given in 
Table 2. Coupling rates follow the order of the 
activity of the diazonium ions which is: 

sulphadrugs 

ortho >> para > aminobenzoic acids > ethyl ester 

> non substituted (aniline) > meta 

In addition, the value of log(KF*/Kt) must 
decrease as the hydrophobicity of the sub- 
stituents increases, which holds for the series: 

aminobenzoic acids 

> sulphanilamide > ethyl ester 

It can be concluded that, with the exception 
of the o-aminobenzoic acid dye, the shifts in 
the protonation constants are small, approxi- 
mately of one pH-unit, increasing with log K 
and decreasing as the hydrophobicity of the 
substituents increases. 

Diazonium ions are activated by electron 
withdrawing substituents, such as sulphonic, 
carboxylate and ester groups, the former having 
a stronger effect than the others.” The intensity 
of the effect of micellar catalysis is also shown 
in Table 2 and is positive for all dyes with the 
exception again of the o -aminobenzoic acid dye. 
Micellar catalysis is particularly strong for ethyl 
p -aminobenzoate and m -aminobenzoic acid. 

Kinetic studies 

Coupling rates slow down when the acid 
concentration increases due to protonation of 
NED, which hinders electrophillic substitution. 
Since NED has two amino groups, the relation- 
ship between k’ and [H+] is not simple. As a first 
approximation, it was assumed that: 

The coupling reactions were found to be 
adequately described by the pseudo-first order 
model: 

k’ = k/[H+] (3) 

The values of n, within the hydrochloric acid 

In 
A 

: = k’r 
Am-A, 

(2) 

where k’ is the rate constant, and A, and A, 
are the absorbances at a given time t and at 
the end of the experiment when a constant 

concentration ranges of Table 2, were higher in 
the micellar medium than in water. As the 
hydrochloric acid concentration increased, the 
values of n decreased, between approximately 4 
and 1 in the micellar medium, and 3 and 1 in 
water. Therefore, when the acid concentration 
increases, coupling is more rapidly inhibited in 
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Table 2. Selected vahtes of coupling rate constants (k’) in the presence and absence of 0.5% SDS and optimum 
pH range, to obtain directly the protonated form of the dye by coupling in less than one minute 

Water, 0.5% SDS, 
[HCI], k:, x 103, kios x 103, Water 0.5% SDS 

Diazotizable substance M get-’ see-’ &os,lk: pH* A pH+ pk ApH* 

o-Aminobenzoic acid 0.24 0.33 - - 
0.96 0.11 0.033 0.3 l-2 t o-l R4 
1.44 0.03 0.020 0.7 

m -Aminobenzoic acid 0.24 
- - 0.96 ;I: 20.3 8.5 2-3 t =O.S k1.S 

1.44 
p-Aminobenzoic acid 0.48 1::: 

9.6 3.7 
- - 

2.40 1.4 2.6 1.9 O-l t so a2.5 
2.88 - 1.4 - 

Ethyl p-aminobenzoate 0.48 0.014 - - 
1.68 0.0825 0.059 24 o-l t <o >2 
2.40 - 0.014 - 

Sulphanilamide 1.44 12.7 14.9 1.2 O-l sZo.5 o-l =1 
2.88 5.7 I.2 

S~p~e~ox~oie 2.88 14.28 
817 

22.8 1.5 <o - 40 >2 
S~p~e~le 2.40 24.5 2.8 <o - *0 >2 

2.88 7.2 10.5 1.5 
Sulphatiazole 2.40 6.1 13.6 2.2 <o - go Z-2 

2.88 4.0 10.7 2.7 
Sulphametoxipyridazine 2.40 7.0 10.5 1.5 co - 40 >2 

2.88 4.5 14.5 3.2 

*ApH = pH_-pHmi. (see text). 
tAn optimum pH range does not exist or it is smaller than 0.5 pH-units. 

the micellar medium than in water. However, which corresponds to a 99% protonation of the 
micellar catalysis was always positive. dye. A practical lower limit, pHmia, will be given 

by the time allowed for coupling to be com- 
~ptirn~ pH range pleted to a ~tisfacto~ degree. Values of pH,, 

An optimum pH range for the determination 
estimated to reach a 99% degree of coupling 

of a diazotizable substance with NED can be 
in about one min are also given in Table 2. 

deduced as follows. The upper limit can be 
These values were obtained by interpolating or 

taken as: 
extrapolating the points given in the Table, in 
some cases with the aid of a few additional 

PH- = log K-2 (4) measu~ents of k’. 

Table 3. Analysis of pharmaceutical preparations 

Compound Pharmaceutical Declared Found* 

p-Aminobenzoic acid Complidermol capsules per capsuk: 48.1 * 0.4 
(Medea) p-~no~~i~ acid 50 mg; 

biotin, 150 mcg; vitamin A, 
20 000 UI; calcium pantothenate, 
25 mg; inositol, 25 mg; 
vitamin B,, 25 mg; 
vitamin B,*, 25 mcg 

Ethyl p-aminobenzoate Cinfaotin drops per mk 24.09 f 0.12 
(Cinfa) ethyl p-aminobenzoate, 25 mg; 

bydr~~ne acetate, 5 mg; 
neomycin sulphate, 3.5 mg; 

Bucometasona tablets per tablet: 18.1 kO.2 
(Neze$ ethyl p-aminobenzoate, 20 mg; 

triamcinolone acetonide, 1 mg; 
lisozyme chloride, 10 mg; 
cetyltrimethykmmonium bromide, 
10 mg, tyrothricin, 10 mg 

S~ph~e~ox~ie Septrin Pediatric suspension per mh 41 f 0.6 
(Gayoso Wellcome) sulphamethoxazole, 40 mg; 

trimethoprim, 200 mg 
ethanol, 0.033 ml 

*Average from triplicate measurements. 
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It may be observed that where these criteria advantage of micellar catalysis of the coupling 
are met, an optimum pH range does not exist or reaction particularly concerns analytes giving 
is very small in water, but ranges from 1 to 4 pH diazonium ions which lack strong activating 
units in the micellar medium. Furthermore, all substituents rather than sulphadrugs. However, 
the optimum pH ranges overlap between the the determination of the latter benefits from the 
values 1.0 < pH < 1.6, which permits the estab- advantage of higher solubility of azo dyes in the 
lishment of a single and simplified procedure micellar medium. 
for the determination of all-the diazotizable 
substances studied here. Consequently, in the 
procedure given above, the hydrochloric acid 
concentration was adjusted to give a final pH 
of about 1.3 (final hydrochloric acid concen- 
tration, O.O6M), thus avoiding the addition of 
sodium acetate before coupling and more 
hydrochloric acid after coupling, as in the 
conventional procedure. 

Analysis of pharmaceutical preparations 

Application of the simplified procedure to the 
analysis of several pharmaceutical preparations 
led to the results given in Table 3. 

CONCLUSION 

A simplified procedure which permits the 
determination of many diazotizable substances 
in an SDS micellar medium with an optimum 
pH range of 1.3 f 0.3 has been developed. The 
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Summary-The pH effect on the quinidine ion-selective electrode performance and its electroactive 
material composition were investigated. It was found that variation of the pW in the bulk solution can 
alter the ion-pair composition in the membrane phase, thus affecting the electrode bchaviour. A capacitor 
model was suggested for the description of the ekctrxxle response. 

Numerous drugs contain more than one nitro- 
gen atom which can be protonated, e.g., nic- 
otine, quinidine and cinchonine. The pK,, and 
pk;, values of their relevant protonated acids 
are different (nicotine pKu,, = 3.15, g& = 7.87 
quinidine pK,,, = 4.0, pKti = 8.54; cinchonine 
pK,, = 5.85., pJ& = 9,92).’ Each drug has a 
pH range in which both its mono- and di- 
protonated pharmaceutical ions co-exist. The 
problem that arises here is whether the 
monoprotonated or the diprotonated ion will 
show the main response when a corresponding 
ion-selective electrode is employed. It is well 
known the more responsive ions are held by the 
carriers or sites in the ion-pair complex within 
the membrane; others are interferences. But if 
the composition of the complex in the electrode 
membrane varied due to the pH influence of the 
bulk solution, the electrode behaviour might be 
affected, Efstathiou et al? reported that the 
monoprotonat~ nicotine ion-selective electrode 
became progressively sensitive to the diproto- 
nated nicotine ions with a decrease in the pH of 
the sample solution, 

ide was of Chinese Pharmacopoeia quality 
(>99%). 

pH buffers 

The method employed for the preparation of 
pH=2.2, 2.6,. . , , 7.0 Mcllvaine buffers was 
essentially the same as proposed by Elving 
et ~l.,~ except that sodium chloride was added 
instead of potassium chloride to keep the ionic 
strength constant at 0.W. The mixture at pH 
1.8 was prepared with hydrochloric acid and 
sodium chloride. 

Ion -pair complexes 

The present paper reports a capacitor model 
built to describe the electrode performance, 
based on further investi~tion of the effect of 
pH on the quinidine electrode performance and 
on oil/water extraction models of different pro- 
tonated quinidine ions, 

EXPERIMENTAL 

To investigate the pH effect on the ion-pair 
imposition of the products synthesized in 
different pH buffers ion-pair complexes, under 
their corresponding pH conditions, were pre- 
pared by continuously adding O.OlM te- 
traphenylborate (TPE) sodium solution to 
1,002 x IO-‘M quinidine solution dropwise un- 
til no further precipitate appeared when more 
drops were added. The precipitates were filtered 
with a sintered glass crucible No. 4 and then 
washed with distilled water several times. The 
filtrates were dried at 50” for 10 hr in a vacuum 
chamber. Each product was carefully weighed. 
The mole fraction of monoprotonated 
quinidine_TPB complex (g,) and the compo- 
sition ratio of quinidine to TPB [l :n, 
QH: (TPB); ] under its corresponding pH con- 
dition were calculated. 

Reagents Extraction 

Demineralized doubly distilled water and pH e$ecr. The following systems: (1) 2 ml 
A.R. grade chemicals were used throughout of 2 x 10q4M QH-TPB in chloroform and (2) 
unless otherwise stated. Quinidine hydrochlor- 10 ml of 1 x 10mSM McIlvaine pH buffered 
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Table 1. Response slope (S), composition of syn- 
thesized ion pair complexes (g,, 1 :n) and mole 
fraction of monoprotonated quinidine-TPB complex 
(h,) in organic phase under different pH conditions 

PH 
s, 

mu ldec RI 1:n h, 

1.8 29.0 0.003 1: 1.997 0.00 
2.2 29.0 0.014 1: 1.986 0.00 
2.6 29.3 0.040 1: 1.960 0.01 
3.0 30.4 0.100 1: 1.960 0.12 
3.4 32.1 0.208 1: 1.792 0.21 
3.8 36.1 0.391 1: 1.609 0.39 
4.2 42.0 0.612 1: 1.388 0.61 
4.6 47.8 0.801 1:1.119 0.83 
5.0 54.2 0.911 1: 1.089 0.92 
5.4 56.3 0.962 1:1.028 0.95 
5.8 57.6 0.988 1: 1.012 0.98 
6.2 57.8 0.98 1 1: 1.019 0.98 
6.6 58.1 0.990 1:1.010 1.00 
7.0 58.0 1 .OOo 1:1.003 1.00 

quinidine solution (pH varying from 1.8 to 7.0, 
in steps of 0.4) were employed to simulate the 
pH effect on the composition of the electroac- 
tive material in the electrode membrane. Orig- 
inally, only the monoprotonated quinidin*TPB 
complex was dissolved in chloroform. After 
mixing with different pH buffered quinidine 
solutions for thirty minutes, each organic phase 
was separated and washed with its correspond- 
ing pH buffer. The absorbances of 20,40,60 and 
80-~1 portions of the organic phase, diluted with 
2.0 ml of chloroform (giving a concentration 
series), were determined with a Pye Unicam PU 
8800 U/V spectrophotometer at llmax = 334.0 
nm. The slope of absorbance us. carrier concen- 
tration was calculated and by dividing this value 
with the value of the slope obtained when only 
monoprotonated quinidin*TPB complex ex- 
isted, the mole fraction of the monoprotonated 
quinidine-TPB complex (Table 1) under the 
given pH condition can be calculated (see 
appendix). 

Concentration efict. To study whether the 
composition of the electroactive material in the 
electrode membrane remains constant when em- 
ployed in a given pH series, the influence 
of concentration on the ion-pair composition 
was observed in the same simulation system, 
with the quinidine concentration in pH = 4.2 
buffered aqueous phase varying from 1.0 x 
lo-3M to 1.0 x lo-‘A4 (1 x 10-3, 5 x 10-4, 
1 x 10m4, 5 x 10e5 and 1 x IO-‘M). The mole 

fractions of the monoprotonated quinidine- 
TPB complex in the organic phase under differ- 
ent concentration conditions were determined 
by the same method. The results are recorded in 
Table 2. 

Electrode system and EiUF measurement 

Poly(vinylchloride) (PVC) quinidine ion- 
selective electrodes were prepared by a 
standard method.4 Contained in the membrane 
were 30% (m/m) PVC and 70% dibutyl-o- 
phthalate (DOP, in which about 5 mM elec- 
troactive material was dissolved). The 
electroactive materials used were either 
monoprotonated quinidin*TPB complex, 
diprotonated quinidine_TPB complex or any 
ratio of their mixtures prepared in the previous 
step. Cells of the type 

Hg; Hg,Cl,, KCl(std.) IO. 1M KCL 1 Sample 
solution 

11 membrane II O.OlM KCl, AgCl; Ag 

were employed. Potentiometric measurements 
were performed with an Orion 980 Digital Ion 
Analyser with the prepared electrode connected 
with a Model 217 double junction calomel 
reference electrode (Shanghai, China), with 
O.lM potassium chloride in the outer compart- 
ment. The pH adjustment was conducted with a 
Model 231 glass electrode (Shanghai, China). 
Calibration graphs were obtained for different 
pH buffered solutions containing quinidine in 
concentrations ranging from 10T2 to 10m6M. 

RESULTS AND DISCUSSION 

Effect of pH on electrode performance. 
No obvious differences were observed for 
the electrodes containing the monoproton- 
ated quinidin+TPB complex, diprotonated 
quinidine+TPB complex or any ratio of their 
mixtures; only the absolute potential may have 
a slight variation within 10 mV. The behaviour 
of quinidine electrodes depends only on the bulk 
solution conditions. The response slopes ob- 
tained in various pH buffered series are sum- 
marized in Table 1. Three typical calibration 
curves for a monoprotonated quinidine-TPB 
electrode are drawn in Fig. 1. All are linear with 
regression coefficients higher than 0.996. 

Table 2. Influence of quinidine concentration upon ion-pair composition, 
pH = 4.2 

c, M 1.0 x 10-r 5.0 x 10-4 1.0 x 10-G 5.0 x 10-s 5.0 x 10-J 

h, 0.62 0.59 0.62 0.60 0.61 
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Fig. 1. Calibration curves for a monoprotonated quinidine- 
TPB electrode, (a) pH = 6.6, (b) pH = 4.2, (c) pH = 1.8. 

Similar to an ideal univalent ion-selective 
electrode, the electrode still only responded to 
monoprotonated quinidine ions in approxi- 
mately neutral solution (pH = 6.6). But with 
decreasing pH the electrode gradually changed 
its behaviour to act in a completely different 
way. Its response slope was no longer a constant 
value or a step function VS. ionic charge (Z) as 
predicted by the Nemst equation. 

s =$In 10: 

but became a continuous function as. pH. It 
decreased synchronously with decreasing pH, 
demonstrating a transient process from re- 
sponding to monoprotonated quinidine ions to 
diprotonated ones. In strongly acidic solution, 
the electrode responded only to diprotonated 
quinidine ions (pH < 2.2), just like an ideal 
divalent ion-selective electrode. Also, the appar- 
ent charge calculated from the Nemst equation 
in the transient process was no longer a constant 
whole number. 

When testing a given pH series following 
a change in pH, the measurements must be 
performed one or more times until a stable 
and linear response can be observed. The 
two dashed curves on Fig. 1 (curves 1 and 2) 
demonstrate the initial measurement at the 
4.2 pH series following the measurement at 
the 6.6 pH series. The calibration curve 
gradually approaches linearity, first at the low 
concentration range and then over the whole 
range, implying that the electrode itself might 
have changed; increasing its sensitivity to 
diprotonated quinidine ions. 

The eflect of pH on the ion-pair composition of 
the synthesized products. In the products syn- 
thesized under different pH conditions, either 
the monoprotonated quinidin++TPB complex 
(1: l), diprotonated quinidinaTPB complex 
(1: 2) or their mixture is present. The mole 
fractions, g, of these two kinds of complexes 
in a certain product are approximately equal to 
the distribution fractions,f, of their correspond- 
ing quinidine ions under corresponding pH 
conditions. 

g, =fi; g, =f2 (2) 

KA [H+l 
fi = fH+]’ + 4, [H+] + K,, k;; 

F’12 
x=[H+Jz+&,IH+]+K,,K, 

(3) 

These kinds of ions can react with a given 
carrier to produce a precipitate, and the corre- 
sponding ion-selective electrode can be made 
with that carrier. So mono- and di-protonated 
quinidine ion-selective electrodes can be pre- 
pared with TPB carrier. Even an electrode 
which can respond to both mono- and di-proto- 
nated quinidine ions can be prepared, by using 
a mono- and di-protonated quinidine_TPB mix- 
ture as the electroactive material. 

Existing state of the ion-pair complex in the 
organic phase 

Following the pH variation in the aqueous 
phase from 7.0 to 1.8, the ion-pair composition 
in the organic phase varied synchronously. At 
first, only monoprotonated quinidine-TPB 
complex existed, then the diprotonated 
quinidine-TPB complex appeared and its pro- 
portion increased gradually. Finally, under 
strong acidic conditions, only the diprotonated 
quinidine_TPB complex can be observed. 
Under the same pH conditions, the mole frac- 
tions, h, of mono- and di-protonated 
quinidine_TPB complexes in the organic phase 
almost equal the distribution fractions of mono- 
and di-protonated quinidine ions. 

h,=f,; h,=S, (4) 

Three typical spectra are drawn in Fig. 2. The 
n - z* transition peak diminishes gradually 
with decreasing aqueous phase pH, directly 
indicating that the proportion of monoproto- 
nated quinidine+TPB complex in the organic 
phase has comparatively decreased. Since only 
monoprotonated quinidine-TPB complex can 
generate this peak, an unprotonated nitrogen 
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Fig. 2. Three. typical spectra. Total concentration of quini- 
dine species = 2.0 x 10-6iM, (a) pH = 6.6, (b) pH = 4.2, 

(c) pH = 1.8. 

atom on its molecular structure is the source for 
the n - n* transition. 

However, in a series at given pH, the ion-pair 
composition in the organic phase is essentially 
constant. The concentration of quinidine in the 
aqueous phase hardly influences it. 

The variation of the ion-pair composition 
in the organic phase is due to entering ions, 
and provides information about the states 
of extracted protonated quinidine ions. The 
experimental result is that the ratio of mono- 
and di-protonated quinidine ions “extracted” 
depend only on the bulk solution conditions. 
This result requires that the extraction ability 
of the given electroactive material is strong 
enough to instantly “extract” either the 
mono- or the di-protonated quinidine ions 
reaching the interface and that the extraction 
process is controlled by the partition diffusion 
step of protonated quinidine ions from the 
bulk solution to the interface. This is in 
agreement with the three-step model proposed 
by Buck5 and Thomas et aL6 for a single ion 
system. 

Now, it may be concluded that the extraordi- 
nary behaviour of the quinidine electrode is due 
to the variation of the electroactive material 
composition as a function of the pH. The ions 
extracted into the electrode membrane depend 
only on the probability of different protonated 
quinidine ions reaching the membrane surface 
or their distributions in the bulk solution, for 
changes in the mobility of different protonated 
quinidine ions in the bulk solution phase are 
negligible due to their large sizes, expecially 
under strong stirring conditions. The roles of 
mono- and di-protonated quinidine ions as 
host or guest ions can no longer be identified, 
since both of them contribute to the membrane 
potential. 

Capacitor model 

The electrode membrane separates two 
aqueous phases. Electroneutrality makes the 
ions on either side impossible to transfer over 
completely. But this tendency exists if the elec- 
trochemical potentials on the two sides are 
different. To make the process valid, the exist- 
ence of electroactive material is crucial. The 
TPB carriers homogeneously distribute in the 
electrode membrane, serving as sites to con- 
struct a space lattice. The mole fraction of the 
sites occupied by mono- and di-protonated 
quinidine ions respectively equals 

h,Z, MG 
m’=h,Z,+h,Z,; m2=h,Z,+h2Z2 (5) 

The site group held by a certain kind of 
ion establishes a hopping pathway which only 
allows this kind of ion to pass. The mono- 
and di-protonated quinidine hopping path- 
ways distribute on the electrode membrane 
(surface area, S) respectively at their element 
areas 

&=m,S; S,=m,S (6) 

When the responding ions transport from the 
bulk solution into the internal reference solution 
selectively through the corresponding hopping 
pathways, their counterpart ions with opposite 
sign (Cl-, etc.) are left in the bulk solution, thus 
generating a potential difference due to the 
enrichment of response ions at the internal 
reference solution side and their counterpart 
ions at the bulk solution side, much like 
recharging a parallel-plate capacitor (Fig. 3). 
When the potential rises to match the original 
electrochemical potential difference an equi- 
librium will be established. As a result, on the 
element capacitors occupied by mono- and di- 
protonated quinidine the hopping pathway is 

C,=D;; C2=D2 (7) 

where D and d are the dielectric constant and 
thickness of the electrode membrane respect- 

Fig. 3. An electrode membrane treated as two bridging 
capacitors. 
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ively, ideal Nemst potentials are generated 
independently for each element: 

(8) 

Now the membrane body is separated into 
two parts, one responding to mono-protonated 
quinidine ions, the other to di-protonated ones. 
Actually, the mono- and di-protonated 
quinidine hopping pathways are alternately and 
uniformly distributed in the electrode mem- 
brane, and so are transported ionic charges. 
Then for the whole electrode membrane, the 
apparent potential can be calculated upon the 
principle of bridging capacitors. 

D h,Z, RT a2 

+;ih,Z,+h2Z2SZ,F1nri, 
(10) 

RT 

V=F(h,Z,+h2Z2) 
[(h, In.6 + h2 lnf,) 

-(lnZ,+ln4)] 

h +hz Elna 
+h,Z, + h2Z2 F 

(11) 

Introducing equation (4), and designating the 
first term as V,, since it is constant in a given pH 
series, then 

j/Lv+RT fi+fi 
0 

F AZ, +hZ2 

In a (12) 

The slope function is 

s =-=RTln 10 
av fl+f2 

a(l0gf2) F fiz, +_I?, (13) 

To define the s-pH function for pH around 
p&i, equation (3) is introduced and the term 
K,, , I& neglected, yielding 

s=$lnlO 
lOPH-P&I + 1 

z, + z, lOP”-PKa1 (14) 

Solving 

a3 
apH2 = O 

P& = PH 
$5-0 

- wz2 P, 1 (1% 

TAL 38/l I-o 

76.0 

f ;:B-- 
I I I I I I 1 I 

2.0 3.0 4.0 60 6.0 1.0 6.0 N 0 

IO 2.0 3.0 40 6.0 6.0 7.0 c 

PH 

Fig. 4. Comparison of tested and simulated slopes for 
nicotine (N), quinidine (Q) and cinchonine (C) electrodes. 

Model ver@ation 

Figure 4 shows experimental and simulated 
slopes for different electrodes as a function of 
pH. The dots represent the experimental slope 
data, and the lines are the computer simulated 
graphs, using model equation (14). The exper- 
imental and simulated data fit quite well (slope 
data for nicotine and cinchonine were obtained 
with their corresponding TPB electrodes). McIl- 
vaine pH buffers were not employed for the 
nicotine electrode due to its lack of selectivity. 
The pH of a series was controlled by adding 
O.OlM hydrochloric acid or sodium hydroxide, 
(PH = 2.0, 3.0, 3.5, 4.0, 5.0, 6.0, 7.0). 

The pK,,, values obtained from experimental 
slope data by the numerical differentiation 
method through equation (15), (Table 3) are 
close to the literature values.’ (Note it seems 
that the pKb, rather than the p&, value for 
cinchonine had been mistakenly quoted in 
the 13th edition of “Lange’s Handbook of 
Chemistry”.) 

CONCLUSION 

Both the mono- and di-protonated quinidine 
ions can be extracted into the electrode mem- 
brane and contribute to the membrane poten- 
tial. Their individual roles as host or guest ions 
are impossible to identify, but diprotonated 
quinidine is dominant in acid solution and the 
monoprotonated form in the mid-pH range. 
The composition of the electroactive material in 

Table 3. Comparison of tested p&, values with those from 
Ref. 1 

Experimental 
Literature 

Nicotine Quinidine Cinchonine 

3.11 4.02 4.10 
3.15 4.0 5.85 (4.04)’ 

*From 12th edition of “Lange’s Handbook of Chemistry”. 
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the electrode membrane is no longer a single 
kind of ion-pair complex, but a mixture of 

4 ZI hzz2 

m’=h,Z,+h2Z2; m2=h,Z,+h2Z2 
(1) 

mono- and di-protonated quinidine_TPB com- The mole concentration of mono- and di-protonated 

plexes, varying synchronously with the bulk quinidin+TPB complexes can be presented as a function of 

solution conditions. The electrode response is the TPB carrier concentration 

controlled by the partition diffusion process of t, = m, T/Z, ; t2 = m2 T/Z, (2) 

different protonated quinidine ions from the After 20,40,60 and 80-~1 portions of the organic phase were 
bulk solution to the membrane surface via a dilute4 

kinetic mechanism. The proposed capacitor V V 

model can serve to describe the response. 
t;=1,----; 

v+v 
t;=r,- 

v+v (3) 

1. 

2. 

3. 

4. 

5. 
6. 
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APPENDIX 

(V = 2.0 ml, the volume of the solvent for dilution, v was the 
volume of the sample taken from the organic phase.) 

Only the mono-protonated quinidin~TPB complex can 
generate the n - n* transition absorption peak. According 
to Beer’s law, the absorbance under given pH conditions is 

A =t-bt; (4) 

V 
= sbm, T- 

v+v 
(5) 

= sbm, T (6) 

T’ = TV/( V + v) was the TPB concentration after dilution. 
It depends only on the volume of the sample, and its 
concentration in the series remains unvaried when the pH in 
the aqueous phase has varied, so it can serve as a reference 
to observe the existing state of the protonated quinidine ions 
associated with the carriers. 

Calculation of’ the Fraction of Monoprotonated The determined slope ratio (r) in the A - T’ coordinate 
quinidine-TPB complex(h,) system is 

The TPB carriers can be assumed to be held in the organic 
phase in the simulation system, since both the mono- and 

cbm, 
r=-=m, 

4 
(7) 

di-protonated quinidine complexes are insoluble in water. or 
The mole concentration was defined as T. The mole fraction 
of total TPB carriers occupied by mono- and di-protonated h, = rZ2 

(8) 

quinidine ions respectively equals 4 + r(z2 - 4 ) 
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Smmmuy-A series of commercial indicators in N,N-dimethylformamide has been established. Their 
chromaticity coordinates, transition pH ranges, pH of maximum &our change, optimum concentration 
for titration, quality of colour change and the effect of ionic strength have been determined. A variety 
of acids and their mixtures have been titrated to test the indicators. 

N&V-Dimethylformamide is particularly useful 
in organic reaction chemistry due to its moder- 
ately high dielectric constant, 36.7 at 25”‘, and 
its aprotic nature. It is also useful in electro- 
chemical and coordination chemistry studies. In 
addition, DMF and to a lesser extent ethylene- 
diamine (EDA) are very popular solvents for the 
titration of acids and mixtures of acid. The 
much greater basicity of EDA than DMF is an 
analytical disadvantage because of the levelling 
off effect. Also, EDA is toxic and unpleasant in 
use. 

In addition, because of its greater hydrogen 
bond accepting basicity, with a solvatochromic 
parameter /I = 0.6g2 the fo~ation of homo- 
conjugation and heteroconjugation complexes 
occurs to a lesser extent in DMF than in 
acetonitrile (AN)3 and hence often gives normal 
shaped titration curves in the buffer region.’ 

In DMF indicators have been recommended 
for acid-base titrations4 because visual end- 
point detection is very precise and accurate for 
acids. As the neutralization curves for acids can 
be calculated, if the indicator dissociation con- 
stants are known, it is possible to predict which 
indicators will have a sharp colour change at the 
end-point. 

In connection with our studies of acid-base 
equilibria and colour change quality of the 
indicators in several solvents,5-8 a series of com- 
mercially available indicators in DMF with 
pronounced colour change have been studied 
in this work. The colour changes were char- 
acterized by the chromatic parameters in both 
the CIE and complementary chromaticity sys- 
tems.“” The optimum concentrations for the 

indicators were determined by the Vytrasn and 
Kotrly and Vytrasi3 methods. In accordance 
with CIE r~o~endations, the CIELAB 
(IL’, a’, b’) and CIELUV (L’, u’, v’) co-ordinates 
were used to calculate the index of colour 
change perceptibility. The sensitivity, sharpness 
of colour change, pH corresponding to maxi- 
mum colour change, and the transition ranges 
of each indicator were determined. 

In this paper we report the pH value at which 
an indicator would show a specific colour, at 
zero ionic strength, taking into account the 
activity coefficients, as reported earliere6 Finally 
the behaviour of the indicators was tested by 
titration of different acids and mixtures of acids. 

EXPERIMRNTAL 

Apparatus 

For the dete~ination of chromaticity co- 
ordinates a Beckman DU-7 spectrophotometer 
with cells of l-cm path length and a Hewlett- 
Packard 9816 computer were used. For 
potentiometric titrations, a Crison Digilab 517 
pH-meter equipped with a Radiometer G202B 
glass electrode and a O.OlM AgNO, (DMF)/Ag 
reference electrode with O.lM tetramethyl- 
ammonium perchlorate in DMF serving as a 
double salt-bridge similar to that used by 
Kolthoff ef aLI were used (see Fig. 1). This 
system of electrodes and salt-bridge (kept at 25”) 
gave the best combination of all those tested; 
stable and reproducible potentials were ob- 
tained in 15 min or less. The glass electrode was 
kept in DMF when not used, as recommended.*6 
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Fig. 1. Potentiometric cell for titrations in DMF with the 
reference electrode and salt bridge. A, Silver electrode; B, 
AgNO, 0.0144 in DMF; C, tetramethylammonium per- 
chlorate 0.W in DMF; D, glass electrode; E, burette with 

titrant. 

The DMF solutions with Ag+ ions are 
colourless and clear when prepared, but in 
about ten days they became crimson and turbid, 
even though not exposed to light for more 
than one hour during that period.17 To mini- 
mize possible decomposition of the reference 
electrode solution, millimolar quantities of 
perchloric acid were added.17 

Since DMF hydrolyses at a relatively fast rate 
in the presence of acid or bases, we have been 
particularly careful to avoid contamination of 
the solvent by atmospheric moisture. All the 
experiments have been carried out under a 
purified nitrogen atmosphere. 

Reagents 

Tetramethylammonium perchlorate. Carlo Erba, 
R.S. grade. 
Tetrabuthylammonium hydroxide (TBAH). A 
0.1 M solution in propan-2-01 (Carlo Erba, RPE 
grade). 
Benzoic acid. (Carlo Erba, RPE grade). 
Acetic acid. (Carlo Erba, RPE grade). 
Phenol. (Panreac, AR grade). 

Salicyclic acid. (Pancreac, AR grade) 
Malonic acid. (Panreac, AR grade) 
Hydrochloric acid gas solution in DiUF. 

The indicators studied in DMF were: thymol 
blue (TB), (Scharlau, AR grade); bromocresol 
green (BCG), (Scharlau, AR grade); bromo- 
thymol blue (BTB), (Merck, ACS grade); 
m-Cresol purple (MCP), (Merck, ACS grade); 
phenol red (PR), (Panreac, AR grade) and azo 
violet (AV), (Scharlau, AR grade). 

Standard potential and DMF autoprotolysis 
constant 

To calibrate the glass electrode in DMF, 
mixtures of benzoic acid and its tetrabutyl- 
ammonium salts have been used. The pK = 
12.27 value of ‘benzoic acids in DMF16 was 
taken as a standard reference value.‘6*‘g-20 
The pH values were calculated on the basis of 
simple dissociation of the acid and complete 
dissociation of the salts.16 

The glass electrode was calibrated by titration 
of 0.005M benzoic acid in DMF with O.lM 
tetrabuthylammonium hydroxide.s*6*8 The small 
quantity of water and alcohols introduced 
with the titrant have a negligible influence on 
the chemical potential in DMF.” A computer 
program, ACETERISO, written in BASIC, 
was used to calculate the standard potentials 
in acidic and basic media (Ef = - 51.3 and 
E;= -1423.6 mV). From here, the average 
autoprotolysis constant of the medium was 

P&p = 23.2 & 0.3. 

Procedure 

Indicator solutions (approximately 10-5M) 
were titrated with 0.1 M tetrabuthylammonium 
hydroxide solution, in the presence of an appro- 
priate buffer. Hydrochloric and benzoic acid 
mixture for TB, salicylic acid for BCG, benzoic 
acid for BTB, a mixture of hydrochloric acid 
and phenol for MCP, acetic acid for PR and 
malonic acid for AV were used. Simultaneous 
potentiometric and spectrophotometric moni- 
toring at 10 nm intervals between 380 and 
770 nm was implemented. 

The test solution, stirred with a stream of 
nitrogen, was continuously circulated between 
the titration vessel and the spectrophotometer 
cell by means of a peristaltic pump. The 
temperature was 25 f 0.2”. 

Computation method 

To calculate the chromaticity parameters, the 
weighted ordinate method (An = 10 nm), with 



the coefficients for the standard illuminant C 
and “2” standard observeY9 was used. To com- 
pute the optimum concentration of the indicator 
in the titrations, the chromaticity co-ordinates 
in a variety of colour spaces,‘j and the pK 
value of the indicator, the program SUPER- 
COLOR,Z2 written in BASIC, was used. 

RESULTS AND DISCUSSION 

The criteria for selection of the indicators 
were commercial availability, widespread use, 
solubility in DMF and sharpness of visual 
transition. Involved equilibria were: 

1. AVl 

H,I = HI- + H+ 

PR = PH - log YHI - log([HI-I/[H,II) 

2. BCG, AV2, BTB, MCP, PR, TB 

HI- = 12- + H+ 

PR = PH + 1og(YH, - /Y:-) - 10td[12- I/[HI- 1) 

Table 1 shows the effect of ionic strength (I) 
on activity coefficients in DMF. However, due 
to the high dielectric constant of DMF (36.7),’ 
the activity coefficients have less influence than 
in other solvents, such as 2-methyl-2-propanol 
and propan-2-01 and similar influence to that in 
acetonitrile. Using the pH value at zero ionic 
strength (pH,) to specify a reference indicator 
colour6 we have: 

PH, = PH - log YHI- (1) 

PHI = PH + log (Y&W) (2) 

These relationships allow chromaticity par- 
ameters to be referred to pHo values, and colour 
transitions at different ionic strengths for indi- 
cators of various types to be compared. The 
activity coefficients were calculated by means of 
the Debye-Hiickel equation 

log y = --A I”‘/(1 + B A I”2) 

Table 1. Influence of ionic strength (I) on 
activity coefficients in DMF 

I logy,- log (YHL-IYW) 

IO-6 0 
10-S 0 0.01 
10-d -0.02 0.05 

5 * IO-’ -0.03 0.10 
IO-’ -0.05 0.14 

5.10-3 -0.10 0.29 
10-Z -0.13 0.39 
10-i -0.29 0.86 
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“l-----j 
56 - 

-se - 

-156 
-166 46 56 l * 

Fig. 2. Chromatic co-ordinates a’ and b’ of indicator 
solutions at optimum concentration. b TB, Q PR, 
n MCP, * BTB + BCG, x AVl and 0 AV2. The symbols 
for AVl and AV2 correspond to complete transition of the 
indicator at optimum concentration for equilibria 1 and 2 

respectively. 

were 

A = 1.594, B = 0.480 x lo8 and a = 5 A.” 

The pH range of a given colour transition can 
be calculated from the pH, range and the ionic 
strength of the solution. 

The CIELAB (see Fig. 2) and CIELUV sys- 
tems can be used advantageously in calculations 
of chromaticity. 

The complementary chromaticity co- 
ordinates (Q,, QY), were used to describe the 
colour sequence of the indicators, Fig. 3. For all 
the indicators tested, straight lines denoting 
mixtures of two pure coloured forms were 
obtained. The fact that AV gives two linear 
segments shows the presence of two equilibria, 

QY 

8.6 

Fig. 3. Colour transitions in the complementary 

2 
2 a.2 8.4 0.6 a.2 ax 

chromaticity diagram. Symbols as in Fig. 2. 
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Table 2. Colour changes of indicators 

Indicator 

TB PR 
MCP 
BTB 
BCG 
AVl 
AV2 

Optimum 
c nr, concentration Transition PK- 
M M PK PK’ PH rawe pHmcc ApH,,SCD pHmcc 

2.0 x 1o-5 8 x 1O-5 15.24 + 0.17 17.74 13.5-15.9 14.80 1.20 3.2 x 10-f 1 x 10-d 15.37 * 0.06 17.87 13.5-16.7 14.80 1.60 8:: 
6.9 x IO-’ 1 x 1o-4 15.16*0.15 17.66 14.1-15.8 14.80 0.90 0.36 
7.8 x 10-s 1 x IO-4 12.96 f 0.10 15.46 11.4-13.7 12.40 1.10 0.56 
2.3 x 1O-s 1 x 10-4 9.06 f 0.08 11.56 7.2-10.0 8.40 1.40 0.66 
1.4 x 10-S 4 x IO-4 9.15 f 0.05 11.65 8.0-9.1 8.60 0.60 0.55 
1.4 x 1o-5 6 x lo-’ 13.52 f 0.06 16.02 13.0-13.6 13.50 0.30 0.02 

each involving a particular colour change, the limit of the pH‘ scale in any solvent is con- 
first from red to yellow and the second from red ventionally defined from its autoprotolysis 
to blue. constant.28 

Thymol blue and M-cresol purple show a 
second colour change at very low pH values, 
which has no analytical interest. We have, 
therefore, studied only the transition referring 
to the colour change from yellow to that of 
the strongly blue alkaline form. 

For a solvent s, like DMF, the dissociation 
constants of a series of indicators in this solvent, 
p&T, were then translated to the absolute scale by 
the equation: 

PK’ = PK + PY LMF W+ 1 

The indicator dissociation constants were de- 
termined from the complemental chromaticity 
co-ordinates according to Reilley et al.” and by 
a procedure described by Albert and Serjeant.‘” 
The results of the two methods agree and are 
shown in Table 2. In the case of TB and MCP, 
the first protonation equilibria, perceptible as 
short lines in the ~mplementary chromaticity 
diagram, Fig. 3, were taken into account in the 
respective pK computation. The colour point 
of the pure form HI- can be found from 
the intersection of the two linear segments in 
Fig. 3.26 

In recent reviews,2g the various extrathermo- 
dynamic assumptions which have been made 
to find transfer activity coefficients have been 
discussed. Here, log &_nMF(H+) = -2.5, was 
used, as reported by Kolthoff and ChantooniM 
These data are based on the tetraphenylborate 
assumption, which with reference to water 
would appear to yield, y’ values closer to the 
true values than other assumptions do.= 

One of the purposes of studies dealing with 
the influence of solvents on acid-base equilibria 
is to obtain a solvent-independent acidity scale. 
By referring the acid-base character of non- 
aqueous solvents to the same aqueous standard 
state, an “absolute” pH scale is obtained, which 
allows the acidity of aqueous solutions to be 
compared directly,27 

The pK’ values obtained for the indicators 
studied are shown in Table 2. It must be empha- 
sized that each pK value is valid only for the pH 
scale relevant to the specific pure solvent con- 
sidered.% Values of p K pe rtaining to different 
solvents would become physicaNy comparable 
on an “intersolvental” pH scale with ultimate 
reference to the familiar pH scale in water” only 
by being first converted to pK’ values. 

PH’=PH,+PY:+,(H+) 

where pH, is the pH in solvent, s, p = -log and 

YL (H+), is the proton transfer activity co- 
efficient, which is closely related to AGL, (H+ ), 
the standard free energy of transfer of 1 mole of 
protons from water to the solvent s. 

From Fig. 3, and considering only segments 
with a similar o~~tation it can be deduced that 
the colour change qualities of BCG and BTB 
are similar. As the orientation of the other 
segments are different their transitions cannot 
be compared. Further, complementary data give 
no info~ation about the ideal concentration 
for the use of the indicators. 

log rt_, (H+) = [AG’,,, (H+)]/2.303 RT 

The proton transfer activity coefficient, repre- 
sents the acid end of the solvent independent 
pII scale in each solvent s with ultimate refer- 
ence to the familiar aqueous pH scale and with 
physical comparability with the latter. The basic 

In order to obtain the optimum concentra- 
tions of the indicators for the titration arrange- 
ment used, the method of Kotrly and Vytiasr3 
was followed. In this method, the minimum of 
the plot of ApH/AE (index of colour change 
~r~tibility) trs. log (c/c& gives the optimum 
indicator concentration; cWf is the reference ex- 
perimental value of the indicator concentration, 
c is the indicator concentration and AE is the 
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Fig. 4. Changes of SCD values in CIELAB system, with pH 
at rero ionic strength (pH,). A-TB, B-PR, C-MCP, D-BTB, 

E-BCG, F-AVI and G-AV2. 

total difference between two colours, calculated 
by using the CIELAB and CIELW systems. 
The data obtained by the two systems agree and 
the results (for a l-cm path-length) are given in 
Table 2. 

To describe the quality of colour change of 
the indicators objectivity, a modification’5 on 
the method of Bhuchar and Agrawal14 based 
on a plot of AE/ApH [or the specific colour 
discrimination (SCD) values] us. pH (Fig. 4), 
was used. 

In this plot, the band-width, of each peak 
is the transition pH range, and the pH value 
at the maximum is the pH for the maximum 
change of colour (pHmcc). The half band-width 

@~Hl,zscn) is also related to the sharpness of 
the chromatic transition, and the maximum of 
each peak (in SCD units) is taken as the sensi- 
tivity of the colour change. Table 2 gives the 
average of the results obtained by the CIELAB 
and the CIELW system, except for the SCD 
values, which are not comparable for different 
chromatic systems. 

6 6 10 12 14 16 PHO 

1 BCG 
AVl 

BTB 

RV2 

TB 

MPC 

PR 

6 6 10 12 14 16 Ph 

Fig. 5. Indicator transition ranges, at zero ionic strength, for 
the indicators in DMF. Diagonal hatching, before the pH 
of maximum colour change; no hatching, after the pH of 

maximum colour change. 

From the SCD values (Fig. 4) it can be 
deduced that MCP and AV2 show very 
pronounced colour changes in DMF and the 
other indicators studied show similar quality of 
colour changes with adequate sensitivity. These 
conclusions all agree with visual observations. 

Table 2 shows the difference between the pK, 

and pHmcc values that do not agree, as a result 
of the varying sensitivity of the human eye to 
different colours. The pHmcc values are dis- 
placed, relative to the pK values, towards pH 
values at which the concentration of the less 
intensely coloured form is the higher. Thus the 
pK values of all the sulphonephtaleins studied 
are higher than their pI-Imcc values, because 
the blue or violet basic form is more intensely 
coloured than the yellow acidic form. Values of 
pHmcc are important because they allow selec- 
tion of the most suitable indicator for a specific 
titration.32 

Figure 5 gives the colour-change pH ranges 
of the indicators studied, the colours before 
and after the pH of maximum colour change, 
and the pHmcc value. The series of indicators 
studied covers the necessary pH range, for 
acid-base titration of weak acids. 

In order to test the proposed indicator 
scale, suitable amounts of acid were weighted 
and titrated in DMF with O.lM tetrabutyl- 
ammonium solution. 

The acids tested were hydrochloric, 2,6- 
dihydroxibenzoic, salicylic, benzoic and acetic 
acids with pK values of 3.2, 3.56, 8.24, 12.27 
and 13.5,16 respectively, and phenol. All tested 
indicators gave very sharp end-points in titra- 
tions of acids with pK values of about 14 or 
lower. The titration curve for phenol had no 
clear inflection at the equivalent point.4 

Hence, taking into account the pK values 
of the indicators, and the quality of the colour 
change, we suggest the use of MCP, TB and PR 
for titrations, all of the acids tested, BTB and 
AV2 for hydrogen chloride, 2,6dihydroxi- 
benzoic, salicylic and benzoic acids and BCG 
for strong acids, hydrogen chloride and 2,6- 
dihydroxibenzoic acid. A binary mixture of 2,6- 
dihydroxibenzoic and benzoic acids was titrated 
with AV, with an error smaller than 2%. 
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Summary-An expansion of the utilisation of o-phthalaldehyde in sulphuric acid medium as spray reagent 
was carried out when tryptophan and some tryptophan-derived indole alkylamines such as tryptamine, 
serotonin, bufotenine, dehydrobufotenine and bufotenidine were examined by thin-layer chromatography. 
Rf-values and limits of detection ranging from 20 (serotonin) to 100 (dehydrobufotenine) ng per spot were 
found. Application of this reagent for the detection of some of these compounds was carried out, using 
either methanolic extracts or column chromatographic fractions of the skin secretion of the toads Bnjb 
ictericus and Odontophrynus cultripes. 

Puruformaldehyde gas,’ van Urk’s or Ehrlich’s 
reagents (p-dimethylaminobenzaldehyde in HCl 
medium),2~3 Prochazka reagent (formaldehyde 
in HCl: ethanol solution)*” or paraforamalde- 
hyde in alkaline medium4 are the classical spray 
reagents for the chromogenic or fluorogenic 
identification of indolic compounds. 

In spite of that, o-phthalaldehyde (OPA) has 
been developed and successfully used for the 
detection of indole compounds after thin-layer 
chromatography (TLC),>*’ generally in hydro- 
chloric acid conditions. o-Phthaldehyde in 
hydrochloric acid medium, as proposed by 
Maickel and Miller,*’ but modified by the ad- 
dition of cysteine, was employed by Narasim- 
hachari and Plaut5 for the identification of 
5hydroxytryptamine (serotonin), N-methyl- 
serotonin, 5-hydroxy-N,N-dimethyltryptamine 
(bufotenine) and 5-metoxy-N, N-dimethyltryp- 
tamine. This technique was later used for the 
determination of N-methyltransferase activity 
present in human and animal tissues.6 

*Author for correspondence. 
TPresent address: Departamento de Bioquimica, Universi- 

dade Federal de Minas Gerais, &lo Horizonte, MG, 
Braxil. 

5-Hydroxy-3-ylacetic acid was detected under 
similar condition8 after separation by TLC by 
Korf and Valkenburgh-Sikkema.7 Recently, 
Arqut et al.’ searched for the optimum hydro- 
chloric acid concentration for the identification 
and determination of several 5-hydroxy and 
5-methoxy indoleamines, including serotonin, 
employing TLC of the reaction products 
of these and other compounds with OPA- 
hydrochloric acid. The limits of detection from 
the fluorescent intensities of the spots were 
determined with a chromatograph-spectrofluo- 
rometer.‘I OPA was used in sulphuric acid 
medium by Szabo and Karacsony” for the 
detection of ergolenes and ergolines (indole 
alkaloids) in TLC conditions. Based on their 
previous work, 22 Pastore and de Lima” exam- 
ined the utilization of this spray reagent for the 
detection of a series of indol-3-ylacids including 
indol-3-ylacetic acid and 4-(indol-3-yl) butyric 
acid, both known as phytohormones. OPA has 
also been proposed as a spray reagent in the 
determination of tryptophan>‘* histamine,9J3J4 
histidine’*“’ and other aminoacids and pep- 
tides,‘“‘* hydrazine and substituted hydra- 
zincs,” amphetamines, mescaline and nor- 
adrenaline,20 using TLC, paper chromatography 
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or electrophoresis under different reaction con- 
ditions. A large number of compounds also 
react with OPA, depending on the reaction 
medium, either in chromatographic or solution 
fluorimetric conditions.’ 

In the present work we examined the possi- 
bility of detecting tryptophan and some in- 
dolealkylamines such as tryptamine, serotonin, 
bufotenine, bufotenidine and dehydrobufo- 
tenidine with OPA in sulphuric acid and TLC 
medium. Using OPA-HCl in an investigation 
with tryptophan or tryptamine, an extremely 
weak signal was observed.*’ Similar results 
were also found by Aures et al.’ after exam- 
ining OPA as spray reagent in acid (acetic 
acid in acetone) or basic (potassium hydroxide) 
conditions. According to our previous work,** 
both serotonin and tryptophan react with OPA- 
sulphuric acid in solution, with a rZ,,, of 
emission at 478 and 463 nm, respectively; the 
latter being shifted to 470 nm after ultraviolet 
irradiation. 

o-Phthalaldehyde, in alkaline medium and 
in the presence of 2-mercapthoethanol (Roth’s 
reagent),*’ reacted with tryptamine,24 although 
the reaction was carried out in solution. No 
reference was found in the literature to the 
reaction of bufotenidine or dehydrobufotenine 
with OPA. 

Due to the interesting biological behaviour, 
derived principally from the hallucinogenic ac- 
tion of most of these compounds,25 there is great 
interest in their detection and determination by 
TLC. We studied the feasibility of detection of 
these compounds in ‘real’ samples and then 
examined the application of the present method 
for the detection of some of these compounds, 
using samples of cutaneous secretion extracts of 
toad species, either raw or after column and 
TLC separation. 

EXPERIMENTAL 

Reagents and apparatus 

All reagents used were analytical-grade. 
Ethanol 99% (Merck S. A., Rio de Janeiro, 
Brazil) was purified through reflux (12 hr) 
with Zn-KOH and distillation. Tryptamine (as 
hydrochloride), tryptophan, serotonin (as hy- 
drochloride) and o -phthalaldehyde were pur- 
chased from Sigma Chemical Company 
(St. Louis, MO, USA) and used as received. 
Bufotenine and dehydrobufotenine were of lab- 
oratory origin having been isolated and purified, 

using extraction, picrate formation, free base 
column chromatograph separation and TLC 
examination of the purity, from different natu- 
ral sources, such as Anadenanthera colubrina 
(bufotenine), according to Stromberti6 and 
from a sample (bufotenine) kindly provided by 
Dr. Nuno A. Pereira (Faculdade de Farmacia, 
Universidade Federal do Rio de Janeiro, 
Rio de Janeiro, Brazil), which was isolated 
from Piptadenia peregrina (monopicrate m.p. 
176-178; literature 177.5).*’ Dehydrobufotenine 
was isolated from the secretion of a toad (Bufo 
ictericus) according to Slotta and Neisser.% 
Bufotenidine was obtained through methylation 
of bufotenine*’ with methyl iodide, in absolute 
ethanol at a temperature of 60” for 2 hr. Picrates 
of dehydrobufotenine and bufotenidine were 
obtained with melting points of 184-186” (liter- 
ature 186”) and 197-198” (literature 198”):’ 
respectively. Structural diagrams of bufotenine, 
dehydrobufotenine and bufotenidine are shown 
in Fig. 1. 

Thin-layer glass plates (50 x 200 mm or 
100 x 200 mm) were coated with silica-gel (G, 
type 60, Merck Darmstadt, FRD). Ascending, 
one dimension, thin-layer chromatography was 
carried out at room temperature (ca. 25’) in 
glass tanks, the plates having previously been 
eluted (washed) with ethyl acetate and air dried. 
As eluent a solvent mixture (ethyl acetate: 
propan-2-01: cont. ammonium hydroxide; con- 
centrations; 45 : 35 : 20 v/v) was used, a modifi- 
cation from a known solvent system which uses 
methyl acetate in place of ethyl acetate, as 
described by Randerath.’ 

The indole compound solutions (dissolved in 
1 ml of absolute ethanol and diluted to 10 ml 
with water) were applied to the plates with a 
lo-p1 Hamilton microsyringe (Hamilton, Reno, 
NV, USA). For the visual observation of the 
fluorescent spots, determination of the Rfs and 
estimation of the limits of detection, an ultra- 
violet viewing box (Ultra Violet Products, 
San Gabriel, CA, USA) was employed. 

Procedure 

Classical procedures were used for the prep- 
aration of the plates, the chromatographic pro- 
cess and the detection.2*3 The volumes of analyte 
solutions, ranging from 1 to 5 ~1, were applied 
in the plates at 10 mm from the base. The spots 
were air dried. The plate was developed 
(ascending chromatography) 120-140 mm from 
the starting point with running times of 
cu. 60-80 min. 



Uti~~tion of o-ph~~dehyd~H*SO, as a spray reagent in TLC 1305 

-0 

~~ 
i NfCHa), 

N 
+ 

A 

Vl 

Fig. 1. Structural diagrams of some of the compounds studied: bufotenine (IV), dehydrob~otenine (V) 
and bufotenidine (VI). 

After development, the plates were dried with 
an air blower. Hot air was avoided. After 
being dried, the plates were sprayed with 
an o-phth~aldehyde-s~ph~c acid solution 
0.15% (m/v). The OPA solution was prepared 
as follows: 0.15 g of OPA was dissolved in 10 ml 
of absolute ethanol in a standard flask. After 
dissolution, the volume was made up to the 
mark with 7.77M sulphuric acid, yielding an 
OPA hy~oal~holic solution of concentration 
7M sulphuric acid. This solution can be used for 
7 days if kept in darkness in a refrigerator. 

RJBULTS AND DISCUSSION 

Solutions of the pure compounds with a 
known concentration (ranging from 20-350 
pg/ml) were spotted on the plates and eluted for 
the determination of the Rf s, limits of detection 
and colour of the spots. Table 1 shows the 
results obtained. The Rj’-values fluctuate as a 

function of the distance run. Due to the volatile 
character of the components of the solvent 
mixture @incipally ammonium hydroxide) a 
fresh eluent must be used. Otherwise, a much 
larger spread in the Rf-values is found. 

Some colour intensities increased with time 
and ultraviolet exposure (such as the case of 
tryptophan and 5-OH-tryptamine) and the 
limits of detection were determined 15-60 min 
after spraying. The spots were usually stable 
even after 24 hr, although some bleaching was 
observed in some cases. 

It is interesting to observe that the com- 
pounds with the 5-hydroxy substituent or the 
unprotonated (fenolic) group at the same pos- 
ition showed yellow or yellowish colours. In 
contrast, compounds in which the Shydroxy 
substituent is absent, such as tryptamine or 
tryptophan, yields products with blue or bluish 
colours. In the present case we also observed 
that when hot air is used in the drying step 

Table 1. Analytical characteristics of the compounds studied with OPA-H,SO, spray reagent 

Estimated 
limit of 

detection, 
Compo~d gP Colour xg per spot 

I Tryptamine 0.68 + 0.06 (0.77) Blue 40 
II Serotonin 

(5.Hydroxytryptamine) 0.59 f 0.05 (0.65) Whitish-yellow 20 
III Thyptophan 0.38 f 0.01 (0.23) Bluish-white 50 
IV Bufoteninet 

(5-Hydroxy-NJV-dimethyltryptamine) 0.76 + 0.04 Yellow 25 
V ~~~obufot~inet 0.36 f 0.02 Yellow 100 

VI Bufo~~~net 
(S-Hydroxy-~,~,~-~me~ylt~ta~ne) 0.13 f 0.04 Yellow 50 

*In parenthesis are the results described in the literature2 with methyl acetate; propan-l-ok ammonium hydroxide, 
25% (45335320). 

tSee Fig. 1. 
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(after chromatography), the yellow colour 
may change to blue, possibly due to a thermal 
reaction. In our previous observation,1’*22 5- 
hydroxyindol-3-ylacetic acid was the sole 
compound to produce a colour which was 
different from blue (green) in comparison with 
some unsubstituted indol-3-ylacids. Even with 
5-methoxy-indol-3-ylacetic acid a bluish spot 
was found. Similar results have also been 
found by Arqd et aL8 when OPA-hydrochloric 
acid (Maickel and Miller’s reagent)2’ was 
examined: the S-hydroxy indoleamines pro- 
duced orange spots but with 5-methoxyin- 
doleamines blue spots were observed. Using 
OPA-hydrochloric acid also (but in the presence 
of cysteine), Narasimhachari and Plaut’ found 
yellow spots with serotonin and bufotenine 
(which are 5-hydroxy substituted compounds) 
and blue spots with 5-methoxy-N&V-dimethy- 
lytryptamine. From these observations we can 
conclude that different products are obtained 
and this difference can be useful for the possible 
characterization of the analyte’s chemical struc- 
ture present in the spot. 

The estimated limits of detection were in the 
range 25-100 ng. The limit of detection of 
serotonin was equal to that found by 
Narashimhachari and Plaut (20 ng)’ despite 
being much higher if compared with 0.6 ng, 
found by Arque et al.* with OPA-hydrochloric 
acid and a TLC-scanner-spectrofluorometer. 
The limit of detection found in the present work 
with tryptophan is higher if compared to the 
results found by Lindeberg (5-10 ng for each 
spot),‘5 using OPA-2-mercaptoethanol as pro- 
posed by Roth.23 Our result is also higher when 
compared with 5 ng described by Stahl3 (using 
formaldehyde) or 1.6 ng found by Toneby 
(paraformaldehyde in alkalinized ethanol as 
spray reagent). 

With bufotenine a lower result was observed, 
in comparison with previous work (50 ng).’ 
Cowles et a1.29 obtained a weak fluorescence 
signal with bufotenine, using formaldehyde 
(from paraformaldehyde) as a spray reagent, 
although with tryptamine, serotonin and trypto- 
phan strong fluorescence signals were present. 
These authors conclude that an amino terminal 
group is necessary for reaction completion when 
formaldehyde is employed. 

On the other hand, the reaction with OPA can 
occur in the presence or absence of such a 
group. As previously observed by us, OPA 
either in solution or in thin-layer conditions can 
react in sulphuric acid medium with compounds 

which lack a primary amino group or even with 
indole compounds without a 5-hydroxy or 5- 
methoxy substituent. This was demonstrated 
when indole-substituted at position 3 with an 
n-alkylcarboxylic acid group-reacted with 
OPA-sulphuric acid. ‘lJ2 OPA also has the ad- 
vantage of substituting formaldehyde, a reagent 
which is suspected of having carcinogenic 
action.30 Also, it is known that the reaction of 
formaldehyde with hydrochloric acid in the 
vapour phase can possibly occur, yielding 
bis(chloromethyl)ether, a potent carcinogenic 
compound.31 

o -Phthalaldehyde in sulphuric acid medium 
was successfully applied to the detection of 
serotonin and dehydrobufotenine in fresh cu- 
taneous secretion of the South American toads, 
Odontophrynus &tripes and Bufo ictericus,32 by 
TLC. The results were confirmed with either 
Ehrlich’s reagent or Pauly reagent (sulphanilic 
acid in the presence of sodium nitrite) after 
TLC. Some chromatographic fractions of toad 
extracts-prepared with alumina as the station- 
ary phase and methanol as the eluent followed 
by TLC separation-were also examined. In 
such conditions bufotenine and bufotenidine 
were identified besides serotonin. This spray 
seems to be extremely useful for the identifi- 
cation of indolealkylamines after chromatog- 
raphy. 
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Sammar-Effects of cations and anions of various salts on the stability of the diethazine cation radical 
were studied in various mineral acids. It was found that stability is enhanced in the presence of salts that 
contain the same anion as that contained in the cation radical salt. Other anions decrease the stability. 
The influence of salt cations is negligible. 

Many derivatives of phenothiazine (I) are used 
in analytical chemistry, especially those substi- 
tuted in positions 3 and 7 (dyes of the methylene 
blue group) as well as those substituted in 
position 10 alone and positions 2 and 10. The 
latter substances are also utilized in medicine as 
antipsychotic pharmaceuticals. 

Analytical use of phenothiazine derivatives 
with substituents in position 10 (A) is usually 
based on their reversible oxidation to intensely 
coloured cationic radicals (A’+), which makes 
it possible to employ them as redox indicators 
or spectrophotometric reagents.’ However, this 
application is complicated by limited stability of 
these cationic radicals, the rate of their degra- 
dation being strongly dependent on the compo- 
sition of the reaction mixture. The stability of 
the cationic radical is also considered as an 
important factor in pharmacological use, as 
these radicals are often assumed to be the actual 
pharmacologically active component. 

It follows from published studies’-’ that cat- 
ionic radicals of most phenothiazine derivatives 
decompose to yield an approximately equimolar 
mixture of the original derivative (A) and its 
sulphoxide (AO), according to the overall 
equation 

2A’++H20-+A+AO+2H+ 

However, the decomposition is more complex in 
some cases and products have not yet been 
unambiguously identified. 

It has been demonstrated that the stability, or 
the rate of degradation, of cationic radicals 
strongly depends on the following factors: 

(a) type and position of substituents on the 
phenothiazine skeleton.2-5 

(b) acidity of the reaction medium3-the stab- 
ility of the cationic radical A’+ increases with 
increasing acidity, given by the H30+ ion ac- 
tivity rather than its concentration (as corre- 
lation with the Hammett acidity function); i.e., 
the H30+ ion exerts a thermodynamic stabiliz- 
ing effect rather than a kinetic effect. 

(c) in media with low acidities (pH 2-7) the 
rate of cationic radical decomposition depends 
on the type and concentration of buffer usedm5-’ 

From the kinetics of decomposition of 
cationic radicals which are second-order with 
respect to A’+, the following reaction 
mechanisms have been proposed: _ 

A’++B-7 _KI [AB]’ 

[AB]’ + A *+&[AB]+ + A 
k-z 

[AB]+ + H20- k3 AO+HB+H+ 

(For anions B- that do not contain 
hydrogen, e.g., acetate, CH3COO-) 

A’+ + HB- &[AB]‘- + H+ 

[AB]‘- + A *+&[AB]*+A 
k-z 

acidic 

[AB]’ + H,&AO + HB- + H+ 

(For anions HB- that contain acidic hydrogen, 
e.g., dihydrogenphosphate, H2PO:-) 
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Both reactions are specifically base catalysed, 
i.e., the catalytic effect of a base depends on the 
chemical structure of the base. 

The above kinetic studies employed buffered 
media (acetate, phosphate, citrate, glycine, etc.) 
and a constant ionic strength obtained with 
sodium chloride; however, the effect of sodium 
chloride on the reaction has not been studied. 
The effect of neutral salts on rate of decompo- 
sition of the cationic radical, A*+, is also very 
important from the point of view of practical 
application (especially in view of the observed 
specific catalysis of the decomposition) and thus 
this paper deals with this problem. 

Diethazine (lo-diethylaminoethylphenothi- 
azine) was selected for the study; this substance 
is also used in clinical practice as an antiparkin- 
son drug. 

EXPERIMENTAL 

Chemicals 

Diethazine hydrochloride, used for the prep- 
aration of the diethazine radical cation, was 
obtained from I&ivae (Modiany, Czechoslo- 
vakia) and its purity was checked by TLC with 
a methanol-chloroform (1: 1) mobile phase. 

The diperchlorate salt of the diethazine cat- 
ionic radical, DE’+ClO;- HClO., (M, = 498.4), 
was prepared by oxidation of diethazine hydro- 
chloride with hydrogen peroxide in perchloric 
acid, according to Levy et aL3 A stock solution 
of 1 x lo-*M DE’+ClO;-HClO, was prepared 
by dissolving this substance in concentrated 
perchloric acid. This solution, stored in the 
dark, is stable for several weeks. 

The dichloride salt of the diethazine 
cationic radical, DE’+Cl’-HCl (i&f, = 370.4), 
was prepared by electrochemical oxidation of 
1 x 10e3M diethazine chloride in concentrated 
hydrochloric acid. The oxidation was per- 
formed coulometrically at a potential of 750 mV 
vs. SCE, the potential was found from an 
experimental voltammetric curve and the end of 
the generation was determined from the 
measured electric charge. Ultra-violet absorp- 
tion spectra indicated that the oxidation of DE 
to DE’+ was quantitative. Bands corresponding 
to DE hydrochloride and to the higher oxi- 
dation state, i.e., the DE sulphoxide, were 
absent. 

Salt solutions were prepared by dissolving 
these salts, of analytical-grade purity, in distilled 
water. 

Apparatus 

Spectrophotometric measurements were 
performed with a PU 8800 instrument (Pye 
Unicam, Cambridge, England) in l.OO-cm 
cuvettes. Solutions were kept at 25 + 0.5”. 

Procedure 

Absorbance was recorded against time at a 
wavelength of 5 12 nm corresponding to the 
absorption maximum of the radical cation, over 
an interval of 60 min starting from the moment 
the compounds were mixed. Degradation half- 
times were found from these curves and these 
variables were linearized (assuming a second- 
order reaction, the equation ll/c = k,t + lr/co is 
valid). Values of the rate constant, k,, were 
obtained from the slope of a plot of l/c vs. t. 

The cs12 value for DE’+, which was used to 
calculate concentration from the measured 
absorbance, was found from the absorbance 
of 2 x 10T4M DE’+ in concentrated (1 l.OM) 
perchloric acid where DE’+ is stable. 

RESULTS AND DISCUSSION 

Initial time dependent changes of the di- 
ethazine cationic radical, DE’+ were obtained 
from its W and visible absorption spectra. It 
can be seen in Fig. 1 that the absorption maxima 
of the diethazine cationic radicals (A = 212, 265 
and 272 nm) decrease with time while maxima 
of diethazine’ (A = 205, 250 and 299 nm) and 
its sulphoxide9 (2 = 2332.5, 268 and 292.5 nm) 
increase indicating that the latter substances are 
the final products of DE*+, decomposition. 

The effect of the non-oxidized diethazine 
hydrochloride on the rate constant of the DE’+ 
decomposition was studied first. As assumed, an 
addition of diethazine hydrochloride leads to a 
decrease in the k, value for decomposition of the 
diethazine cationic radical (measurements were 
performed in perchloric acid medium). Depen- 
dence of the rate constant on the diethazine 
hydrochloride concentration is linear. Measure- 
ments were performed up to a diethazine hydro- 
chloride concentration of 1 x 10-‘&f; at higher 
concentrations the solution becomes turbid. 

In the study of the influence of ions on the 
rate of DE’+ decomposition, phosphoric acid 
was first selected as the reaction medium, as it 
is often used in spectrophotometric determi- 
nations of metals with phenothiazine derivatives 
and its effect on the stability of the cationic 
radicals of phenothiazine derivatives has 
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A 

I 1 

200 260 300 

A, nm 
Fig. 1. Time changes in the absorption spectrum of 
the diethazine radical cation in the UV region. Concen- 
tration of DE’+ClO;-HClO, = 5 x lO-JM. Concentration 
of HClO, = 0.23M. Curves 1 to 4 were obtained at times of 

1, 30, 60 and 180 min. respectively after mixing. 

already been studied. lo In order to interpret the 
results obtained, the behaviour of DE’+ per- 
chlorate in perchloric acid and DE’+ chloride in 
hydrochloric acid had to be studied. 

Stability of the per-chlorate of the diethazine 
radical cation 

Phosphoric acid media. The effect of the con- 
centration of the sodium salts of ClO;, Cl-, 
SO:- and NO; on the rate constant of DE’+ 
degradation was studied. The DE’+ species was 
prepared as the perchlorate salt and dissolved in 
3M phosphoric acid. It can be seen from Fig. 2 
that the presence of the perchlorate anion 
increases the DE’+ stability; the rate constant is 
seen to decrease. On the other hand, Cl- and 
Sti4- decrease the DE’+ stability. The degra- 
dation of DE’+ is greatly enhanced in the 
presence of nitrate; the effect of nitrate is appar- 
ently described by a more complex mechanism, 
as demonstrated by the time dependences of 
DE’+ degradation that do not correspond to a 
second-order reaction. 

The effect of the salt cations on the resultant 
k, value was also studied [LiCl, NaCl, KC1 
and NH,Cl, curves 2(a)-(d)]. The cation exerts 
only a small influence on the resultant rate 
constant. The ratio increases in the order, 

. 

/ . 

/ . 3 

/ 

;**,* 
*e’@ 

,&P * 

#* 

/a )-O-O -*-o-M. 
1- 

1 
0.2 0.4 

C0nc.M 

Fig. 2. Dependence on salt concentration of the rate 
of decay of the perchlorate salt of the diethazine radical 
cation. Concentration of DE’+ClOr . HClO, = 2 x lo-‘M; 
medium, 3M H,PO, 

Curve 1 NaClO, 
Curve 2(a) LiCi 

(b) NaCl 
(c) KC1 

(d) NH&l 
Curve 3 NazSO, 

Li+ < Na+ < K+ < NH:, i.e., with decreasing 
value of the mean activity coefficient for these 
salts (y f values for OSM solutions of these 
salts are 0.73, 0.68, 0.65 and 0.62, respectively). 
Moreover, hydrolysis of ammonium chloride 
probably also plays a role. 

It follows from the above results that only 
sodium perchlorate, i.e., a salt with the same 
anion as that of the diethazine cation radical, 
causes a decrease in the rate of the cation radical 
degradation. Therefore, a further study of the 
behaviour of the DE’+ perchlorate was con- 
ducted in a medium containing only the ClO; 
anions. 

Perchloric acid media. The effect of perchloric 
acid concentration, i.e., the influence of H+ and 
ClO; ions, on the rate constant of the DE’+ 
perchlorate decomposition was studied first, 
from a maximal (1 l.OM) to a minimal (0.23M) 
perchloric acid concentration, obtained by di- 
lution of the stock solution. 

The dependence of the rate constant on the 
perchloric acid concentration is given in Fig. 3 
(values are averages of five experimental values). 
It can be seen that the rate constant decreases 
with increasing perchloric acid concentration. 
There is a variance on the dependence around 
4.OM perchloric acid. The decomposition of the 

TAL M/I I-” 
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Fig. 3. Dependence of the HClO, concentration of the rate 
of decay of the perchlorate salt of the diethazine radical 
cation. Concentration of DE’+Cl’-HCIOd = 2 x lo-‘A4. 

diethazine radical cation probably obeys a more 
complex mechanism at perchloric acid concen- 
trations higher than 4.Oil4, as the U/c US. t 
dependences do not correspond to 2nd order 
kinetics. The DE’+ perchlorate is stable at a 
perchloric acid concentration of 6M or higher. 

To verify the hypothesis that the perchlorate 
anion decelerates the decomposition of the per- 
chlorate of the diethazine cationic radical, 
the effect of sodium perchlorate was studied 
over the concentration range 0.05-l.OM. The 
dependence of the rate constant on the sodium 
perchlorate concentration is given in Fig. 4, 
curve 1. The reaction rate is constant up to a 

IJ I 1 1 

0 0.4 0.0 
Corm, M 

Fig. 4. Dependence on salt concentration of the rate 
of decay of the perchlorate salt of the diethazine radical 
cation. Concentration of DE’+Cl’-HClO, = 2 x 10e4A4; 
medium, OX4 HClO, for curve 1 and 2.OM HClO, for 
curve 2, 3. 

Curve 1 NaClO, 
Curve 2 NaCl 
Curve 3 HCl 

Cone, M 

Fig. 5. Dependence on salt concentration of the rate of 
decay of the hydrochloride salt of the diethazine radical 
cation. Concentration of DE’+ Cl’- HCl = 2 x lo-‘M; 
medium, 2M HCl 

Curve l(a) LiCl 
(b) NaCl 
(c) KC1 

(d) IQ-W1 
Curve 2 Na,SO, 
Curve 3 NaClO, 

sodium perchlorate concentration of 0.2M and 
then decreases at higher concentrations. 

The effect of chloride anion (sodium chloride) 
was also followed in a perchlorate medium 
(curve 2). It can be seen that sodium chloride 
increases the rate of the DE’+ decomposition, 
especially at lower concentrations. 

To verify this finding, the effect of hydro- 
chloric acid was also studied (curve 3). The 
decomposition rate increases from O.Ol-2.OM 
hydrochloric acid, i.e., the effect of Cl- predom- 
inates over the stabilizing effect of, H+. 

Sodium nitrate affects the DE’+ dispropor- 
tionation in perchloric acid medium according 
to a mechanism that is more complex than a 2nd 
order reaction. 

Stability of the chloride of the diethazine radical 
cation 

As above, the effect of selected anions (Clot, 
SOi- and Cl-) was studied by following the rate 
of degradation of the diethazine radical cation 
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prepared by electrochemical oxidation of the minations based on the formation of coloured 
hydrochloride salt. Dependences are given in cationic radicals of these substances. 
Fig. 5. It is evident that chloride causes the rate 
constant for the decomposition of the DE’+ Acknowledgement-The authors are grateful to Dr J. 

radical cation to decrease, i.e., increases the 
Vohlidal for valuable discussions. 

stability of the radical cation. In contrast, sul- 
phate and perchlorate cause an increase in the 
rate constant; sulphate a slight increase and 
perchlorate a large one. 

The effects of Li+, Na+, K+ and NH: on the 
resultant rate constant were also followed 
[curves l(a)-(d)]. Here, the rate constant 
of DE’+ disproportionation decreases, i.e., 
the DE’+ stability increases as follows: 
NH: < K+ < Na+ c Li+. 

It follows from the above results that the kind 
of salt present in solution significantly affects 
the stability of the cationic radicals of pheno- 
thiazine derivatives. The stability is strongly 
enhanced in the presence of salts with the same 
anion as that contained in the salt of the cation 
radical, while other salts decrease the stability. 1 
This finding can be utilized in analytical deter- 

2. 

3. 

4. 

5. 

6. 

I. 
8. 

9. 

10. 
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Summary-Chromogenic benxo-12-crown-4, benzo-13-crown-4 and benzo-14crown-4 ethers have been 
compared with monoaxa-12-crown-4 and monoaxal-13-crown-4 ethers. Of these compounds, monoaxa- 
13crown-4 exhibited the best analytical characteristics toward the selective determination of lithium. 
&Li/&Na was 525 for the monoaza-crown-4 compound. 

The search for a lithium selective ionophore has 
been continuous over the past two decades. Both 
open chained’ and cyclir? compounds have 
been studied. From an analytical viewpoint, the 
primary difficulty was to develop a calorimetric 
ionophore that exhibits substantial selectivity for 
the lithium ion over the sodium ion. 

The majority of these investigations have 
centered around the 12-crown-4 to 14-crown-4 
substituted and unsubstituted ether compounds. 
For example dodecyl- 14-crown-4 has exhibited 
the best selectivity.’ However, the addition of a 
chromogenic tag requires certain structural fea- 
tures which do not exist in some of the alkyl 
substituted crown ethers. Therefore, the best 
chromogenic crown ether for lithium has been 
the chromogenic monoaza- 1 2-crown-4.2 

There have been two approaches to color 
addition in crown ethers. The intermolecular 
approach uses an azo type dye attached to the 
crown ether. On complexation, the confor- 
mational changes in the crown ring affect the 
energy levels of the pi electron system, usually 
producing a bathochromic shift. Unfortunately, 
the majority of the compounds reported exhibit 
small 5-25 nm shifts upon complexation. The 
second approach is to synthesize intramolecular 
ion pair compounds which utilize a functional 
group that deprotonates upon complexation, to 
provide the required counter ion. The result is 
usually an extension of the conjugation of the 
dye portion of the chromogenic crown ether. 
This approach is the one used in this study. Some 
lithium chromogenic crown ethers that have 
been reported include those such as Misumi 
“crowned” dinitrophenylazophenols.‘2-‘5 

This paper reports the systematic study of the 
chromogenic 12-crown-4 through 14-crown-4 
unsubstituted and benzo substituted crown 
ethers versus the monoaza 12 and 13 crown ether 
substituted compounds (Fig. 1). 

EXPERIMENTAL 

Synthesis 

Benzocrown ethers. Chromogenic and 
nonchromogenic benzo- 14-crown-4 compounds 
have been reported.3 Benzo- 12-crown-4 and 
benzo- 13-crown-4 were synthesized by combin- 
ing the appropriate dichlorodiethyl glycol with 
catechol in n-butanol. Catechol (8.6 g, 0.08 
mole), lithium hydroxide (6.6 g, 0.16 mole) and 
lithium perchlorate (4 g, 0.04 mole) were placed 
in 500 ml of n-butanol and refluxed. The dichlo- 
ride, 1,2-bis(2chloroethoxy)ethane for benzo- 
12-crown-4 or 1,2-bis(2-chloroethoxy)propane 
for benzo-13-crown-4, (0.08 mole in n-butanol), 
was added dropwise and the reaction was contin- 
ued for six days. The cooled mixture was rotary 
evaporated and the residue taken up in 5% 
potassium hydroxide (250 ml). The aqueous 
phase was extracted several times with chloro- 
form. The organic layer was combined, washed 
with water, dried over magnesium sulfate and 
evaporated. For benzo-1Zcrown the thick 
residue was passed through a silica column. The 
yield was 30% with a melting point of 44-45”. 
For the benzo- 13-crown-4 the residue was dis- 
tilled under vacuum (95-loo”, 0.05 mm Hg). A 
clear liquid was collected which solidified upon 
standing. Recrystallization from hexane pro- 
vided a pure compound in 55% yield. 

1315 
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R X Y z Compound 

z : 
0 

: 
Benlo-12-crown-4 

1 Ecnzo-13-crown-4 
Ii 
TAG b 8 

1 BerIm-14-crown-4 

TAG 0 
:, 

: 
Chromogemc Benzo-12-Crown -4 
Chromogemc Genre-t3-Crown -4 

TAG 1 1 Chromogenic Benro-14-Crown -4 

R 2,4-Dlnitm-6-Trlfluommethylphenyl 

x Y z Compound 

0 1 0 Monoazo-12-Crown-4 
1 0 1 Monoaro-13-Crown-4 

Fig. 1. Compounds developed and tested in this investi- 
gation. 

The chromogenic tag was added to both of 
these compounds by the following procedure. 
The benzo- 12-crown-4 or benzo- 13-crown-4 
compound (4.5 g or 4.8 respectively, 0.02 mole) 
was dissolved in 200 ml of chloroform/acetic 
acid (50: 50 v/v). Concentrated nitric acid (20 
ml) was dripped into the solution and the 
reaction mixture was stirred for 24 hr at room 
temperature. After neutralization with sodium 
bicarbonate, the separated aqueous layer 
was extracted with chloroform several times. 
The combined organic layers were dried over 
magnesium sulfate, filtered and evaporated to 
dryness. The pure product crystallized as a 
yellow solid. The 4’-nitrobenzo-12-crown-4 
yield was 60%, mp 134-135”. The 4-m 
trobenzo-13-crown-4 yield was 86% with a mp 
of 144-145”. 

The next step is the conversion of the nitro 
group to amine. The 4’nitrobenzo crown ether 
(0.5 g, 2.0 mmole), 10% palladium on carbon 
(0.2 g) and freshly distilled ethanol were shaken 
in a hydrogen atmosphere at 33 psi. After 4 hr 
the mixture was filtered and the solvent was 
rotary evaporated. The dark residue was taken 
up into 40 ml of water and extracted with 
several portions of chloroform. The combined 
organic fractions were dried with anhydrous 
magnesium sulfate, filtered and evaporated to 
dryness. The product obtained was a dark 

brown liquid. Yields were between 80-90%. 
This compound must be used immediately or 
kept under a nitrogen atmosphere. 

The chromogenic tag was added by placing 
aminobenzo crown ethers (0.4 g, 1.6 mmole) 
into 250 ml of methanol and refluxing. Sodium 
bicarbonate (0.15 g, 1.8 mmole) and 2-chloro- 
3,5_dinitrobenzene trifluoride (0.48 g, 1.8 
mmole) were added together. The stirred mix- 
ture was refluxed overnight. The cooled solution 
was neutralized with l.OM hydrochloric acid, 
filtered and extracted with chloroform. The 
chloroform was dried over magnesium sulfate, 
filtered and rotary evaporated. The dark oily 
residue was dissolved in hot isopropanol fol- 
lowed by addition of petroleum ether until a 
slight cloudiness appeared. The solution was 
cooled overnight and the pure compound was 
collected as a darkened crystal. Yields range 
from 50-70%. Elemental analysis: chromogenic 
benzo-12-C-4; talc. 48.20% C, 3.81% H, 
27.06% 0, 8.62% N, 12.05% F; found 48.14% 
C, 3.14% H, 8.53% N, 11.96% F; chromogenic 
benzo-13-C-4; talc. 49.28% C, 4.11% H, 
26.28% 0, 8.62% N, 11.7% F; found 49.19% 
C, 4.01% H, 8.53% N, 11.43% F. 

Monouzacrown ethers. The synthesis of the 
chromogenic monoazacrown ether has been sig- 
nificantly shortened by eliminating the need for 
protecting the amine group during the cycliza- 
tion reaction. The first step is to prepare the two 
sections-the glycol and the amine-of the 
cyclic ring. The 1,2-bis(ethoxy)ethanes were syn- 
thesized and then tosylated. The tosylation reac- 
tion was performed in triethylamine (100 ml). 
The glycol(l6.5 g, 0.1 mole) was cooled with an 
ice-water bath while p -toluenesulfonylchloride 
(38.4 g, 0.2 mole) was added in small portions. 
The heterogenous mixture was stirred overnight 
by an overhead stirrer while warming to room 
temperature. The resulting white slurry was 
poured over 100 g of ice, diluted with 75 ml of 
water and made acidic with dilute hydrochloric 
acid. 

The precipitated ditosylate was filtered off, 
washed with water and recrystallized from 
ethanol. The pure product was obtained in 70% 
yield with a melting point of 89”. 

The amines were prepared by using excess 
2-aminoethanol(250 ml) with sodium carbonate 
(15 g, 0.19 mole). The mixture was heated to 
150” under a nitrogen atmosphere. Then the 
appropriate chlorohydroxypropane was added 
dropwise to the stirred mixture. For monoaza- 
12-crown-4, 1 chloro-Zhydroxy ethane was 
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used; for monoaza-13-crown, the 1-chloro-Zhy- 
droxy propane was used. After 30 hr the cooled 
solution was diluted with methanol (50 ml) and 
filtered. The precipitate was washed with a 
minimum amount of methanol and the com- 
bined washings and filtrates were concentrated 
under reduced pressure. The remaining oil was 
vacuum distilled to remove excess 2- 
aminoethanol leaving a reddish-gray, taffy-like 
residue. This was extracted several times with 
hot tetrahydrofuran. The combined tetrahydro- 
furan extracts were concentrated under reduced 
pressure to give a yellow oil which was vacuum 
distilled. The pure compound was obtained in 
80% yields. 

The cyclization of the dihydroxamine with the 
ditosylate was accomplished by dissolving the 
dihydroxyamine (0.3 mole) into t-butyl alcohol 
(200 ml) with sodium (0.6 mole). This mixture 
was heated to 40” under nitrogen pressure. 
Lithium bromide (0.03 mole) was added to the 
stirred mixture after the sodium was consumed. 
The ditosylated glycol(O.03 mole) was dissolved 
in 50 ml of l+dioxane and dripped into the 
mixture. After 30 hr, the heterogenous mixture 
was cooled and filtered. The precipitate was 
washed with dichloromethane and the com- 
bined filtrate and washings were concentrated 
under reduced pressure. The residue was taken 
up in 20 ml of water and washed once with 
hexane and several times with dichloromethane. 
The combined dichloromethane extracts were 
concentrated under reduced pressure to give a 
yellow oil which was vacuum distilled. The final 
oil product was obtained in a 9% yield. 

The chromogenic tag was added by dissolving 
the monoaza crown ether (0.012 mole) in THF 
and triethylamine (0.02 mole). This mixture was 
cooled in an ice water bath before the 2-hy- 
droxy-Snitrobenzyl bromide (0.012 mole), 
which was dissolved in THF, was added drop- 
wise to the stirred mixture. The reaction was run 
under nitrogen at room temperature overnight. 
The resulting yellow solution was refluxed for 
3 hr, cooled and filtered. The precipitate was 
washed with THF and the combined filtrate and 
washings concentrated under reduced pressure. 
The remaining yellow oil was dissolved in 25 ml 
of water and 2M hydrochloric acid was slowly 
added until the color turned pale yellow or 
colorless. 

The acidic solution was extracted with chloro- 
form while 2.5M potassium hydroxide was 
added dropwise until the color remained con- 
stant. The aqueous layer was extracted four 

times with 30-ml portions of chloroform. All the 
organic extracts were combined, washed with 
three 20-ml portions of water, filtered and evap- 
orated to dryness. 

The residue was taken into water, filtered and 
concentrated. This residue was dissolved in 
chloroform and evaporated to dryness in a 
vacuum with gentle heating. Yellow crystals 
were recrystallized in hexane to give final 
product yields of 80-90% for monoaza-1Z 
crown-4 and 85-87% for monoaza- 13-crown-4. 
Elemental analysis: chromogenic monoaza- 12- 
C-4; talc. 55.21% C, 6.75% H, 29.44% 0, 
8.59% N, found 55.14% C, 6.70% H, 8.53% N; 
chromogenic monoaza-I 3-C-4 talc 56.47% C, 
7.06% H, 28.24% 0, 8.24% N, found 56.39% 
C, 7.00% H, 8.13% N. 

Extraction procedures for chromogenic benzo- 
crown ethers 

Determination of acid dissociation constant. 
The fact that the acid and base forms of the 
compound absorb in the ultraviolet and visible 
regions of the spectrum allows the acid dis- 
sociation constant to be determined spectropho- 
tometrically. A weighed quantity of the reagent 
was dissolved in a 5% acetonitrile/water mix- 
ture. A 5-ml aliquot of the standard solution 
was pipetted into a 50-ml beaker and 2 ml of 
l.OM rubidium chloride were added to control 
the ionic strength. The pH was adjusted with a 
dilute cesium hydroxide solution. The solution 
was transferred to a 25-ml standard flask and 
diluted to volume giving final concentrations of 
1.89 x 10W5M crown ether and 8.0 x lo-‘M 
rubidium chloride. The absorbance spectra at 
several pH values were obtained after which the 
pH was measured. From the absorbance values 
at the wavelengths of maximum absorption for 
the acid and base species the equilibrium con- 
centrations could be calculated by solving 
simultaneous equations. The pKa was readily 
determined from the Henderson-Hasselbach 
equation. 

Determination of extraction constants. At- 
tempts to obtain the extraction constants for the 
chromogenic reagent followed the experimental 
methods previously reported.3 Aliquots (4 ml) 
of the organic phase containing the reagent 
(6.6 x 10m5-2.0 x 10e3M) and of the aqueous 
metal solutions (7.5 x 10P3-2.0 x lo-‘M) were 
placed in 50-ml flasks. The stoppered flasks were 
shaken for 15 min at a constant speed. Follow- 
ing phase separation, the absorbance of the 
organic layer was measured. 
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Instrumentation. All absorbance spectra were 
obtained on a Hewlett-Packard 8450A Diode 
Array spectrophotometer. A Fisher Accumet 
model 825 mp pH meter with an Orion model 
91-05 combination electrode was used to 
measure the pH. All extractions were performed 
with a Lab-line multi-wrist shaker model 3587. 
The titrations of the reagents were done with a 
Metrohm Dosimet E-535 equipped with the 
potentiograph E-536. 

Extraction procedures for chromogenic 
monoazacrown ethers 

Determination of the acid dissociation 
constants. An aqueous solution (20-25 ml) 
containing the monoaza crown being 
studied (3.36 x 10e4A4), hydrochloric acid 
(3.6 x lo-‘M) and cesium chloride (O.lM), was 
titrated with potassium hydroxide (0.05M below 
pH 11; 0.9M above pH 11). The titration was 
stopped every 0.3-0.9 pH unit increase to 
measure the absorbance of the solution. A 
3-4 ml portion was pipetted into a cuvette, and 
the spectrum recorded. The absorbances were 
corrected for dilution. 

Determination of extraction constants. A 4-ml 
aliquot of the organic phase under study and a 
4-ml aliquot of the aqueous phase containing 
the monoaza crown, potassium hydroxide, and 
varying concentration of lithium or sodium 
were placed in successive 50-ml round bottom 
flasks. The final concentrations of all species 
were (4.78-6.36) 10m4M crown, O.lM potassium 
hydroxide, o-4.4 x lo-‘M lithium, or 0-0.52M 
sodium. The stoppered flasks were shaken for 15 
min at room temperature and left standing. 
After separation of the two layers, the ab- 
sorbance of the organic and aqueous phases was 
recorded. 

Interference study. To a series of 50-ml round 
bottom flasks was’added 4 ml of dichloroethane 
and 4 ml of an aqueous phase containing 
6.1 x 10m4M monoaza crown, 0.2M potassium 
hydroxide, 1.2 x 10W4M lithium bromide and 
(0.004-4.0) x lo-*M sodium chloride. The stop- 
pered flasks were shaken for 15 min, the layers 
were given time to separate and the organic 
phase absorbance was measured at 400 nm. 

RESULTS AND DISCUSSION 

Benzocrown ethers. The equations used for 
these experiments have been reported pre- 
viousl~.~ Conclusions from the literature*-” 
would suggest that the best candidates for the 

Table 1. Comparison of benzo crown ether ion-pair picrate 
log extraction constants* (25”) 

Reagent/ 
solvent Li+ Na+ K+ 

B12C4/CHCl,t NB# 1.10~0.05 2.17kO.05 
B12C4/CH,Cl,t NE 1.92 f 0.01 2.74 f 0.01 

B 13C4/CHCl, 1.22 f 0.02 0.90 f 0.05 0.87 f 0.08 
B13C4/CH,Cl, 0.99 f 0.03 1.01 f 0.01 0.67 f 0.02 
B13C4/C,H,C12 1.46 f 0.01 1.66 f 0.01 1.52 f 0.01 

BMX/CH,Cl, 2.77 f 0.02 2.17 f 0.04 1.65 f 0.05 

*Triplicate samples tCotton and WilkinsonI SNE = No 
Extraction. 

addition of chromophores would be the benzo- 
12-crown-4, benzo- 13-crown-4 and benzo- 14 
crown-4 ethers. Using these compounds in 
picrate ion-pairing extraction studies,3 the data 
in Table 1 were generated. Using the chlorinated 
solvents, chloroform, methylene chloride and 
1 ,Zdichloroethane as the organic phase, benzo- 
14-crown-4 exhibited the best selectivity toward 
the lithium ion. It should be pointed out that 
in the case of benzo-13-crown, the lithium-to- 
sodium selectivity was very dependent on the 
solvent used; chloroform being lithium-selective 
and methylene chloride and 1,Zdichloroethane 
sodium selective. This solvent dependence is not 
unusual.‘s16 The usual conclusion is that the 
larger the solvent donor number the lower the 
formation or stability constant, particularly 
with the lithium cation because of its high- 
charge density. That is, the constants are 
dependent on how effectively the crown ether 
can desolvate the metal ion. Benzo-12-crown-4 
did not extract lithium at all. 

A linear response toward lithium was 
observed in the 3-140 meq/l. range with 
an equation y = (5.00 f 0.03) x 10e4X + (7.6 f 
0.5) x 10d3 and a correlation coefficient of 0.999 
where y denotes the absorbance and X is the 
lithium concentration in meq/l. However, as 
would be expected, sodium interferences began 
at about 1 meq/l. A linear response for lithium 
was observed in the 2-100 meq/l. range with an 
equation y = (5.69 f 0.03) x 10W4X + (1.23 f 
0.5) x 10e5 and a correlation coefficient of 
0.999. In the benzo-1Ccrown4 case sodium 
interference began at 13 meq/l. 

It has been shown that the selectivity of the 
benzocrown ethers is significantly increased by 
the physical attachment of a chromogenic com- 
pound.4 Therefore, both the 13- and 14-benzo- 
crown ethers where tagged through an amine 
attachment to the benzene ring, using lchloro-, 
4-dinitro-6-trifluoro-methylbenzene. 
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By tagging the crown ether, an intramolecular 
ion-pair which is inherently more stable, is 
formed during the extraction process. In 
the case of these chromogenic crown ethers, the 
protonated form exhibits one color while 
the deprotonated form exhibits another color. 
For 2”,4”-dinitro-6”-trifluoromethylphenyl-4’- 
aminobenzo- 13-crown-4 the protonated form 
has a wavelength maximum at 375 nm 
(6 = 14,000 1. mole-’ . cm-‘) and the deproto- 
nated form has a wavelength maximum 
at 450 mu (C = 18,000 1. mole-’ . cm-‘). The 
2”,4”-dinitro” - trifluoromethylphenyl -4’ -amino - 
benzo-14crown-4 exhibits a protonated wave- 
length maximum at 380 nm (6 = 12,000 1. 
mole-’ . cm-‘) and deprotonated wavelength 
maximum at 462 nm (6 = 20,000 1. 
mole-‘. cm-‘). The acid dissociation constants 
were 10.15 & 0.02 and 9.99 + 0.03. 

These acid base properties of both com- 
pounds behaved as expected; however, they 
exhibited very unexpected complexing abilities. 
The chromogenic benzo-13-crown-4 exhibited 
no extraction of any alkali metal ions. Single- 
crystal X-ray studies I7 show that the lithium 
cation does not fit in the plane of the ring 
oxygens, but is positioned slightly out of the 
ring, forming a pyramidal shaped complex. 
Without the additional coordination from the 
picrate anion, as in the ion-pair extractions, the 
cation is exposed to coordination by other 
species such as water. The same certainly holds 
true for the rest of the alkali metal ions which 
are larger. The presence of the water makes the 
reagent too lipophobic to be extracted back into 
the organic phase. The fact that the aqueous 
phase took on the red color of the deprotonated 
reagent during the extraction process supports 
this argument. 

For chromogenic benzo-1Ccrown4, lithium 
extraction was quite good. The extraction con- 
stants for this compound are given in Table 2. 
A linear calibration curve was obtained for 
2-80 meq/l. with a sensitivity of 1.69 x 10m3 f 
2.2 x 10e5. Sodium did not interfere below a 
concentration of 130 meq/l. 

Although this compound is lithium selective, 
it is not sensitive enough for the intended uses 
such as test strips and sensors for manic depress- 
ives. Previously, a report from this laboratory 
disclosed that monoaza- 12-crown-4 exhibits 
very good lithium selectivity. It is now clear that 
the configuration of these monoazacrown ethers 
is superior to the benzocrown ethers. In other 
words, the chromogenic benzo- 12-crown-4 and 

Table 2. Extraction constants for lithium complexing 
chromogenic and nonchromogenic crown ethers (25”) 

Reagent 

L13C4 
L14C4 
CHRL14C4 
B13C4 
CHRB13C4 
B14C4 
CHRB14C4 
MA12C4 
MA13C4 
MA1 5C5 

-log &Li 

NR 
NR 
11.29 

1.22 f 0.02 
NE 

2.77 f 0.02 
11.00 
10.18 

9.98 f 0.08 
9.15 

-log K&Na 

NR 
NR 
13.66 

0.90 f 0.05 
NE 

2.17 f 0.04 
11.43 
12.49 

12.7 f 0.02 
9.76 

selectivity 
(KJKNa) 

2 

2:; 
0.48 

o.zSl 
2.7% 

210§ 
525 

411 

L = Lipophillic crown ethers. 
B = Benxo crown ethers. 
CHR = Chromogenic crown ether. 
MA = Monoaxa crown ethers. 
NE = No Extraction. 
NR = Not Reported. 
*Reference 8. 
TReference 7. 
JReference 4. 
§Reference 2. 
)I Reference 11. 

benzo-13-crown-4 ethers do not compete favor- 
ably with the water for the coordination sites of 
the alkali metal where as the ring nitrogen and 
phenolic counter ion do compete effectively. 
Therefore, the chromogenic monoaza- 13- 
crown-4 was investigated. 

Nonchromogenic and chromogenic monoaza- 
crown ethers 

Determination of acid dissociation constants. 
To determine the Kal and Kaz from the exper- 
imental data, it is first necessary to define 
the proton-dissociation process of the system. 
The equilibria for the chromogenic monoaza 
crown ethers are summarized in Fig. 2. The HL 
species can exist in the aqueous phase in two 
tautomeric forms, i.e., nonionic and zwitterionic 
forms. Therefore, as reported by Katayama,“’ 

f 
OM 
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0- 
K,I’ 

H*No = IiNo 

&I” Y / KM 
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OH 

KO2’ 
N-G=== 
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0- 
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f 

0- 

“a 

\\ // Aq 

y 04 

f 

OH 

r 

0- 

NO “_ 
Fig. 2. Schematic representation of the equilibria for the 

monoaxacrown ethers. 
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coexistence of a small amotmt of one species or Table 3. Acid dissociation constants for 

the other cannot be totally excluded, and J&z, chromogenic monoaza crown ethers (25”) 

may be considered as the sum of Ka; and Kay. Crown ether -log Ka, -log Ka, 

The acidity constants can be described as MA 12-crown-4 5.41 9.8t-P 

follows: MA 13-crown4 5.65 f 0.03 10.31 f 0.2 
MA M-crown4 5.60 f 0.7 10.77 f 0.03 

Kq = [HL]m+]/[HLH+] (1) MA &crown-5 5.79 9.69t 
MA 18-crowri-6 5.77 9.5v 

and *In water (Ref. 2). 

Kuz = [L-][H+]/[HL]. (2) tin 10% l&dioxane/watcr (Ref. 14). 

Figure 3 shows abso~tion spectra of the 
13-crown-4 reagent in water at various hydro- 

Dete~rn~~~t~on of the extractor ~~~t~t~. The 

gen ion concentrations. From the spectra it is 
metal extraction processes equilibria can be 

seen that the reagent exhibits two pH dependent 
expressed mathematically as. 

isosbestic points at 343 nm and 402 nm. &X = Pwlw+l,/~~lo[M+lw (3) 
Within certain pH regions, [HL]- >>[L-] for 

KaI and [HL]- >@-ILH+] for Ka2, and [L-l or 
The analytical concentrations of the reagent and 

[HLH+] can be neglected when compared with 
metal ion can be expressed as: 

[HL]-. In terms of pH, [HL]- is much greater 
than [L-l at pH 6.9, and [HL]- is much greater 
than [HLH+] at pH 9.6. 

Working with this knowledge, the acid dis- 

WI, = WUq + FU, + I?& + W-h 

+ K-1, + [HLH+l, (4) 

sociation constant, Kal was determined by sub- 
[M+l~=~Ll~+~L~~~+~ (9 

stituting the absorbance data below pH 6.9 in and molar absorptivity at any wavelength can 

simultaneous equations to obtain the concen- be expressed by: 

trations of, m-LH+] and [HL]. From these 
equilibrium concentrations and the pH, the first E = MlW& f l?Wd (6) 
acid dissociation constant could be calculated. By substituting A, = (&&IL&, + &IIVIL&,) we 
In a similar fashion, using the absorbance data get 
above pH 9.6, the second acid dissociation - 
constant was determined. The values obtained E = (&.[HLlo + &M&YG-U + [MLb) 
for the two chromogenic monoaza crown ethers (7) 
are reported, along with the literature values of 
other monoaza crown ethers in Table 3. The 

From the experimental conditions at pH 12 it is 

values obtained in this study are comparable to 
known that 

the literature values. [HL],>> [HLH* JN and [L-1,s [HL], + [ML], . 

x)0 300 400 500 600 7OQ 600 

Wavelength ( nm 1 
Fig. 3. Absorption spectra for monoaza-13crown-4 pH = 1 (4.3), 2 (5.2), 3 (6.7), 4 (9.3), 5 (IO.@, 6 (1.5). 
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Therefore, equation (4) simplifies to: 1 [Hul 1 

WLI, = [HU + [MU + [L-l, (8) 
E = (& - &)[MLk, + (& - &) 

(1% 

Substituting 
and the only absorbing species in the aqueous 

[H+ lq IV&, [M + las I= IHU/PU 
and ,$ _ & = AC gives: 

phase is L-, so that: 
1 W+l, 1 

[L-l, = A&,- (9 E=K_[M+],~~~ +X 
(16) 

Equation (7) can be transformed into a linear For lithium, equation (17) shows that a plot of 
relationship, as indicated by Sasaki and Pacey,2 l/(E - E”) VS. l/[M+], should be linear and & 
which allows the extraction constants to be can be calculated from the slope, intercept and 
obtained graphically. First subtract the molar the pH. By combining equations (6), (8) and (9) 
absorptivity of the blank, E” = &, from both the values of E and E” (E” is determined from 
sides. the blank absorbance value) can be obtained 

E _ Et, = Li4L[HL]0 + ~L[Wo 
[HLlo + [MLlo - ‘OHL 

By taking the reciprocal of both sides and 
multiplying ckL by ([HL],/[HL],) to achieve a 
common denominator, equation (10) becomes: 

according to equation (17) 

Ao Ao 

E = W-do + PWo + [HLlt - [L-l, 

-40 
= D-W, - (&&L-1, (17) 

1 1 
m= ~~L[HUO + &i~[MLlo &LWIO + 4i~Wlo 

Wlo + Wlo Wlo + [MU, > 

If like terms are cancelled and combined over 
the common denominator, equation (11) 
becomes: 

1 1 
m= 

GLLFILIo- &L[MLIo 

Wlo + WA, > 

P-W, + [MU, = 
&[ML]o + &[MLlo (12) 

Separating the fraction into individual parts 
allows: 

1 I?-=10 
E = &LIML]o = c;~[ML]~ 

[Wo 
+ cLL [MLlo - ciL [ML], (’ 3, 

By placing like terms outside parentheses we 
get: 

1 WI0 
E = (ERL - E;L)!JviL]o 

+ (4L 

[MLlo 
- c;~)[ML]~ (14) 

Cancelling like terms gives: 

where A0 is the absorbance of the organic layer 
at 400 nm, A, is the absorbance of the aqueous 
layer at 412 nm, and cL_ is the molar absorptiv- 
ity of the aqueous species at 412 nm. 

The poor extraction, and the experimental 
conditions used, allow the assumption 
[M+], = m+], for the sodium system, so that: 

1 [H+1, 1 
E=K_[M+I,Ac +E (18) 

The 4, for sodium can then be determined in 
a similar fashion by plotting l/(E - E”) VS. 
l/[M+],. Typical plots of the data for the re- 
spective extraction systems were straight lines as 
shown in Fig. 4. 

Table 2 shows the -log KX values for the 
monoaza crown ethers together with the -log 
J& values reported for other ionizable lithium 
selective reagents. 

In comparison to the other reagents, the new 
reagent exhibits significantly greater selectivity 
for lithium over sodium. There are several fac- 
tors which may contribute to this increased 
selectivity. 

A CPK space-filling model shows that the 
attachment of the chromophore to the nitrogen 
atom in the ring allows the phenolate anion to 
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The excellent selectivity exhibited by these 
monoaza compounds is also illustrated in Fig. 5. 
This shows the results of competitive extractions 
performed with a constant lithium ion concen- 
tration while increasing the sodium ion concen- 
tration. 

Fig. 4. Typical plots for extraction constant data. Analytical characteristics 

be positioned directly over the cavity of the 
crown. In such a geometry the interaction of 
the anion with the metal cation is much greater 
than the interaction where the chromophore is 
attached to a carbon atom in the ring. When 
attached to a carbon atom the chromophore 
essentially has too short a “tether” to allow the 
phenolate anion to be positioned above the 
cavity. Rather, it is off to one side and does not 
interact as effectively with the cation. 

Because of this favourable positioning, the 
interaction of the phenolate anion and the 
lithium cation ion should be very strong. In fact, 
the bond between the two may have consider- 
able covalent character.i9 Katayama” has 
shown that the less basic, more charge-delocal- 
ized phenolate anions, such as the 2,4-dinitro- 
phenol used by Kimura,’ prefer the extraction 
of the larger metal ions (lower surface-charge 
density). In contrast, the more basic, less 
charge-delocalized phenolate anions prefer the 
extraction of the use of 4nitrophenol as the 
chromophore may enhance the metal :crown 
complex. 

The presence of the nitrogen atom in the 
crown ether ring may also provide additional 
stability to the complex. The non-bonding elec- 
trons of the nitrogen may be polarized such that 

the interaction between the metal ion and the 
nitrogen may have much covalent character.” 
In addition, models show the monoaza crown 
structure is such that formation of a six-mem- 
bered chelate ring is possible, comprised of the 
nitrogen atom, a methylene carbon, two aro- 
matic carbons, the phenolate oxygen, and metal 
cation, two aromatic carbons, the phenolate 
oxygen and metal cation within the crown ether 
cavity. In classical chelating compounds, six- 
membered rings are usually considered to be 
ideal in terms of their complex stability.” Such 
an additional chelate ring should strengthen the 
initial complexation due to interaction of the 
metal ion with the ring heteroatoms. Those 
reagents which have the chromophore attached 
to a ring carbon cannot form true chelate rings. 
Thus, the extra stability is not present. 

The reagents where examined in two different 
solvent systems, chloroform and dichloro- 
methane. Although both systems extracted the 
lithium cation effectively, the dichloromethane 
system exhibited better sensitivity as defined by 
the slope of the sample response curve (Fig. 4). 
It is interesting to note that Sasaki and Pacey 
tested several organic solvents and reported that 
chloroform gave the best results,2 while 
Katayama et al. reports using 1,3-dichloroeth- 
ane in their system.‘* 

The observed selectivity may be dependent on 
how the particular organic phase solvates or 
interacts with the complex. In the monoaza 
14-crown-4 the metal ion is probably not fully 
shielded from the organic phase. This may allow 

3 C-MA13C4 

L I I I I I 
0 1000 2m 3000 4000 5000 

CNd ppm 

Fig. 5. Selectivity plots for the monoaza crown ether. 
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Fig. 6. Sample response curves for monoaza crown ether in 
the two solvents. 

the cation to interact with the solvent signifi- 
cantly, or possibly a water molecule is coordi- 
nated to the cation. The larger azacrowns may 
be more capable of shielding the cation from 
such interactions and thus the complex prefers 
different solvents. It is reasonable to assume the 
more lipophilic complex would extract more 
easily into the more lipophilic solvent. i.e. 1,2- 
dichloroethane. 

The response observed for lithium ion ex- 
traction is shown in Figs. 6 and 7. The limited 
linear range does occur below the physiological 
concentration of lithium, therefore allowing 
dilution. 

Good precision about triplicate determi- 
nations is shown by the error bars. The majority 
of the error is believed to arise from two areas. 
First, the method of extraction sometimes leads 
to incomplete extraction. Second, the ab- 
sorbance of the organic phase was unstable. 
Sasaki reported the same difficulty with the 
absorbance and attempted to correct it but 
had little succes~.~ No attempt was made, in 
this study, to eliminate this problem. How- 
ever, adaptation of this extraction procedure to 
an automated system such as flow-injection 
analysis may reduce or remove both sources 
of error. 

2.0 
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Fig. 7. Optimized sample response curve for monoaza-13- 
crown-4. 

The detection limits for the individual re- 
agents can be theoretically determined from 
equation ( 19).22 

Detection limit = K&/M, (19) 

Here K equals some constant, typically 2 or 3, 
S,, is the standard deviation of the blank and 
M, equals the slope of the response curve. The 
detection limit (K equals 3) calculated for the 
monoaza 13 was 0.06 ppm. 

CONCLUSIONS 

It is clear from this work that the chro- 
mogenic monoaza crown ethers do possess bet- 
ter selectivity toward lithium ion than the 
chromogenic benzocrown ethers. This work 
suggests that further extension of the monoaza- 
crown system will provide useful information. 
Compounds such as the isomers of chromogenic 
monoaza-1Ccrown4 may well be even better 
reagents for the lithium ion. 
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THERMODYNAMIC STUDY OF SOLVENT EXTRACTION 
OF 15-CROWN-5- AND ~&CROWN-~-S-BLOCK METAL ION 
COMPLEXES AND TETRAALKYLAMMONIUM IONS WITH 

PICRATE ANIONS INTO CHLOROFORM 
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FSy-Enthalpy and entropy changes for ion-pair extractions of tetraalkylammonium ions (&N+) 
with picrate anions, overall extractions of s-block metal picrates with 15crown-5 (15CS) and IS-crown-6 
(18C6) and the partition of 1X5 itself were determined between chloroform and water. The distribution 
behaviour of crown ethers and the extraction process of s-block metal picrates with the crown ethers are 
discussed in detail on molecular grounds from the thermodynamic point of view. Moreover, enthalpy and 
entropy changes for ion-pair extractions of 1: 1 1 SC5 and 18C6-s-block metal ion complexes with picrate 
anions are calculated from these experimental thermodynamic parameters and the literature values for 
complex-formation reactions of the crown ethers with the s-block metal ions in water. Enthalpy and 
entropy changes are negative for overall extractions of all the s-block metal picrates with 15C5 and 18C6. 
The extractions of the metal picrates with 15C5 and 18C6 at 25” are completely enthalpy driven. Plots 
of thermodynamic parameters for ion-pair extractions of R,NA us. the number of carbon atoms of R,N+ 
show a linear relationship. From these experimental data, contributions of a methylene group and an ether 
oxygen atom to the thermodynamic parameters of the ion-pair extraction of &NA and the partition of 
the crown ethers, respectively, between chloroform and water were obtained. Enthalpy and entropy 
changes for ion-pair extractions of 15C5- and 18C6-s-block metal picrate complexes were compared with 
those of &NA. A striking difference in the ion-pair extraction process was found between the crown ether 
complexes and R,NA. 

Since Pedersen conducted extractions of alkali 
metal picrates with crown ethers for the first 
time,’ solvent extraction has been used as one of 
the least difficult methods for evaluating the 
complexing abilities of newly synthesized crown 
compounds with cations.2 In general, a crown 
compound efficiently extracts a cation of suit- 
able size into the cavity of the crown compound. 
The overall extraction consists of some funda- 
mental processes.’ Thus, in order to elucidate 
the extraction efficiency and selectivity of a 
crown compound for a cation, it is necessary to 
analyse the overall extraction equilibrium in 
terms of the underlying equilibria; for example, 
distribution of the free crown compound, 
complex formation in the aqueous phase and 
ion-pair extraction of the crown compound 
complex. The distribution of an uncomplexed 
crown compound governs the extractability of 
the crown compound for cations. The stability 
in water and the ion-pair extractability of the 
crown compound complex govern both the 

*Author for correspondence. 

extractability and selectivity of the crown com- 
pound for cations. In addition, these basic 
equilibrium constants provide valuable infor- 
mation on solute-solvent interactions of crown 
compounds and their complexes. For further 
study of the role of crown compounds in the. 
extraction process and of solvation properties of 
free crown compounds and their complexes, it is 
important to obtain thermodynamic parameters 
for the overall extraction process and the funda- 
mental processes. Some enthalpy and entropy 
changes of overall extraction processes have 
been presented, but only a few thermodynamic 
quantities concerning the basic processes have 
been reported.“6 

In the present study, enthalpy and entropy 
changes for ion-pair extractions of tetraalkyl- 
ammonium ions (R,N+) with picrate anions, 
overall extractions of s-block metal picrates 
with 15crown-5 (1X5) and l&crown-6 (18C6) 
and the partition of 15C5 itself were determined 
between chloroform and water. The distribution 
behaviour of crown ethers and the extraction 
process of s-block metal picrates with the crown 
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ethers are discussed in detail on molecular 
grounds from the thermodynamic point of view. 
Moreover, enthalpy and entropy changes for 
ion-pair extractions of 1:l 15C5- and 18C6-s- 
block metal ion complexes with picrate anions 
are calculated from these experimental thermo- 
dynamic parameters and the literature values 
for complex-formation reactions of the crown 
ethers with the s-block metal ions in water. The 
thermodynamic quantities for ion-pair extrac- 
tions of 15C5- and 18C6-s-block metal picrate 
complexes are compared with those of R4NA. 

EXPERIMENTAL 

Materials 

Tetramethyl-, tetraethyl-, tetrapropyl-, and 
tetrabutylammonium hydroxides were pur- 
chased from Wako-Pure Chemicals Ltd. and 
used as received. 15-Crown-5 (Nisso Co., Ltd.) 
was purified by distillation under vacuum 
[b.p. 129.0-130.5”, 2.6 mmHg (1 mmHg- 
133.322 Pa)]. 18-Crown-6 (Nisso Co., Ltd.) was 
recrystallized from acetonitrile and, prior to 
use, dried at 80” in vacua Chloroform, picric 
acid, lithium hydroxide (LiOH *HrO), sodium 
hydroxide, potassium hydroxide, strontium hy- 
droxide [Sr(OH), - 8Hz O] and barium hydroxide 
[Ba(OH), - 8Hz0] were analytical grade re- 
agents. Rubidium and cesium hydroxides were 
of reagent grade. Chloroform was purified by 
distillation and washed three times with distilled 
water. 

Extraction procedure 

Ion-pair extraction of tetraalkylammonium 
picrate. A CHC& phase and an aqueous phase 
of R,NOH (3.8 x 10m3-2.3 x lo-‘it4; lithium 
hydroxide (O.OlM), and picric acid (3.2 x 10e5- 
1.5 x lo-*M) in stoppered glass tubes (30 ml) 
were shaken for 2 hr in a water bath kept at 
15, 20, 25, 30 and 35 & 0.2”, and centrifuged. 
The initial volume of each phase was 10 ml 
in all cases. Extractions were conducted at 
pH 11.3-12.1. For the Bu,NA system, the con- 
centration of the picrate anion in the aqueous 
phase was determined spectrophotonetrically 
at 356 nm (L = 1.45 x lo4 l.mole-‘.crn-‘). For 
Me,NA, Et4NA and Pr,NA systems, an 8-ml 
portion of the CHC13 phase was transferred to 
a beaker and allowed to evaporate over several 
days. The residue was dissolved in 4 ml of O.lM 
aqueous sodium hydroxide and the picrate con- 
centration was determined spectrophotometri- 
cally(at356nm,c = 1.45 x 1041.mo1e-‘.crn-I). 

In blank experiments, there was no extraction of 
picrate anions in the absence of R4N+. 

Extraction of metal picrates with 15C5 
and 18C6. A CHCl, phase of crown ether 
(1 .l x 10-s-3.6 x 10w3M), and an aqueous 
phase of metal hydroxide (6.7 x 10m4-2.3 x 
lo-*M) and picric acid (2.8 x 10V4-1.5 x 
10T3M) in a stoppered glass tube (30 ml) were 
agitated in a water bath kept at constant tem- 
perature for 2 hr and centrifuged. The initial 
volume of each phase was 12 ml in all cases. 
Extractions were performed at 15,20,25,30 and 
35 &- 0.2” for 15C5 systems, and at 15,20,25, 30 
and 32 f 0.2” for 18C6 systems; carried out at 
pH 11.2-12.2 for alkali metal ions and at pH 
9.1-10.0 for alkaline earth metal ions. The 
picrate in the CHCl, phase was back-extracted 
twice into O.OlM sodium hydroxide aqueous 
solution, and the picrate concentration was 
determined by spectrophotometry (at 356 nm, 
c = 1.45 x lo4 l.mole-‘.cm-I). In blank exper- 
iments, there was no extraction in the absence of 
the crown ethers. 

Distribution coeficient of 15CS. A lo-ml 
CHC13 solution of 15C5 (3.0 x 10V4-2.2 x 
10T3M) and an equal volume of distilled water 
in a stoppered glass tube (30 ml) were shaken (in 
a water bath kept at constant temperature) for 
2 hr and centrifuged. A 6-ml portion of the 
aqueous phase and an equal volume of an 
aqueous solution (pH 10.9-l 1.8) containing 
sodium hydroxide (1.1 x 1 O- ‘M) and picric acid 
(1.0 x lo-‘M) were placed in a stoppered glass 
tube and 12 ml of CHC13 were added. The two 
phases were agitated for 1 hr at 2-30. After 
centrifuging, the picrate in the CHC13 phase was 
back-extracted into O.OlM sodium hydroxide 
aqueous solution, and the picrate concentration 
was determined spectrophotometrically (at 356 

nm, 6 = 1.45 x lo4 1. mole-‘. cm-‘). Exper- 
iments were conducted at 15, 20, 25, 30 and 
35 + 0.2”. The distribution coefficient [K,(L)] 
values of 15C5 are shown in Table 1. Each 
Kn(15C5) value is the average of about 30 
measurements. 

Table 1. Summary of K,(L) values 
of 1X5 between CHCl, and water 

Temp, “C K,(L) 

1; 
6.83 f 0.02 
7.42 f 0.02 

25 8.27 f 0.05 
30 9.03 f 0.08 
35 9.86 f 0.03 

The uncertainties are the standard 
deviations. 
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Ion-pair extraction of RINA 

In an equilibrium between CHCl, and an 
aqueous solution of %NA, the equilibrium 
constants are defined as 

G(R,NA) = DWAI/R,N+l[A-I, (1) 

W%W = DWAl,/[R,W~ (2) 

Kx, ip (%NA) = RNAlo /RN+ 1 [A- 1 
= KA(R4NA)K,,(RqNA). (3) 

The subscript “0” and the absence of a 
subscript denote the organic and aqueous 
phases, respectively. The distribution ratio of 
R,,N+ is represented by 

D = RNWGW+l+ NW). (4) 

Combination of equations (l-4) leads to 

D-’ = K,(R,NA)-’ 

+ (G, i,(RdNA) [A- I)-‘. (5) 

Plots of D-’ OS. [A-]-’ show a linear relation- 
ship in every case. Values of &,,(%NA) were 
obtained from the slopes of the straight lines. 
Since the KD (R,NA) value scarcely varied in the 
range 15-35” in all cases, enthalpy and entropy 
changes for this process could not be deter- 
mined. 

Plots of R In &ip(R4NA) US. T-’ were found 
to be linear in every system. The enthalpy 
change [AH& ip (R,NA)] and entropy change 
[AS&(R,NA)] for equation (3) were calculated 
from these data. The thermodynamic 
parameters are compiled in Table 2. 

Extraction of metal picrates with crown ethers 

When an equilibrium occurs between an 
aqueous phase of a metal ion (Mm+ ) and picrate 
ion, and a CHCl, phase of a crown ether (L), the 
equilibrium constants are defined as 

G = PfL4nI,/Wm+ I[Llo[A- I”, (6) 

K,(L) = [Llo/[Ll, (7) 

KML = ML”+ IAM”+ 1 [Ll, (8) 

II;,,~~~~~~~~~[M~~~1~/[M~“+1~~~1” (9) 

The overall extraction equilibrium constant, 
J&, can be written as 

K,, =KhAL.~.ip(MLA,)‘KD(L)-’ (lo) 

The distribution ratio of the metal is represented 

by 

D = [MLA,]o/(FIm+] + [ML”+]) (11) 

In the case of [M”+]>>[ML”+], equation (11) is 
transformed into 

D = &xMA-lm (12) 

Plots of log (D/[A-lm) as. log [L], give a straight 
line with a slope of 1 in every case. This 
indicates that the crown ether forms a 1: 1 
complex with the Mm+ ion. 

From the mass balances, [L], and [Mm+] are 
given by 

[Ll, = @I, - PfL&,1,Y(~ + B[Mm+ I) (13) 

W”+l = ([Ml, - WA,loMl + BIUJ (14) 

where the subscript “t” denotes the total 
concentration, a = 1 + KD(L)-‘, and fi = 
KML K,(L)-‘. The K_ value was determined by 
using the [LIO value of equation (13), the mm+] 
value of equation (14), and the [A-] value of 
equation (15), 

[A- I= IWU - m[MLLI, (15) 

Equilibrium constants are summarized in 
Table 3. 

-R In K,(L) vs. T-’ and -R In K, OS. T-’ 
plots show a linear relationship in every system 
(Figs. 1,2 and 3). Enthalpy and entropy change 
for equations (6) and (7) were calculated from 
the data in the same manner as that described 
above. The thermodynamic quantities are listed 
in Table 4. 

Table 2. Thermodynamic quantities for ion-pair extraction of tetraalkylammonium picrates between CHCl, and water 

log PL, ip & NA)/W* 10s lK,(WW/~l* loa G,(%NA)* 
W.&@&A) TAX,,(R,NA) 

kJ/mole * 

Me,NA -0.923 f 0.008 -1.3 0.4*0.1 - 19.8 -25.1 
Et,NA 1.294 f 0.003 -0.75 2.04 f 0.04 - 16.7 -9.3 
Pr,NA 3.677 f 0.006 1.3 2.4 f 0.4 - 12.7 8.3 
Bu,NA 6.045 f 0.007 3.3 2.7 f 0.5 -8.8 25.6 

+Temp = 25”. Each log &,(R,NA) and log Ko(R,NA) value is the average of 8-12 measurements. The uncertainties are 
the standard deviations. 
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Table 3. Equilibrium constants for 15C5 and 18C6 complexes with s-block metal ions at 25” 

log Ko(lSC5) = 0.91,* log Ko(l8C6) = 0.78dt 

log G%* log Kt.r~* log jr&l* 

15c5 18C6 15C5$ 18C6 15c5 18C6 
Na+ 4.001 f 0.005 3.477 0.70 0.80$ 4.22 3.467 
K+ 3.523 f 0.003 6.07t 0.74 2.03$4 3.70 4.837 
Rb+ 3.345 f 0.005 5.657 0.62 1.56$ 3.64 4.887 
CS+ 2.603 f 0.003 4.62t 0.8 0.99t 2.7 4.42t 
s?+ 4.551 f 0.003 9.429 f 0.004 1.95 2.72# 3.52 7.50 
Ba2+ 5.204 f 0.004 9.498 f 0.009 1.71 3.87$ 4.41 6.41 

*At 25”. tRef. 5. $Ref. 26.fRef. 27. Each log K, value is the average of 6-8 measurements. 

The uncertainties are the standard deviations. 

DISCUSSION 

Ion-pair extraction of R4NA 

The log KA(BuqNA) value at 25” in this study 
is almost consistent with that (3.1,) at 25” 
reported in a previous paper (benzene/water 
system).6 From Table 2, the log K,(R,NA) 
value sequences are Me,N+ < Et,N+ <.Pr,N+ 
<< Bu,N+ ; namely, the log &(&NA) value 
increases with an increase in the R,N+ size, 
which is not compatible with coulombic 
ionic association theories. In water saturated 
methylene chloride, however, the order of the 
log K,(RNA) value is completely reversed 
(Me,N+ > Et.,N+ > Pr,N+).7 The trend of the 
log &(R,NA) values in water reflects the 
effect of increasing enforcement of a hydrogen- 

bonded structure of water on the R,N+ ion 
(Me,N+ + Bu,N+). The log &(%NA) value 
in water is very much smaller than the 
corresponding log K,(&NA) value in water 
saturated methylene chloride [5021(Me,NA), 
4.276(Et,NA), 4.117[pr,NA)]’ (eI = 8.94 at 
25”‘) which is attributed to water having a very 
much higher dielectric constant. 

The log Kn(R,NA) order is Me,NA<tEt,NA 
< Pr,NA < Bu,NA (Table 2); the same ten- 
dency is found for benzene6 and methylene 
chloride;7 namely, the log Kn(R,NA) value 
increases with an increase in the RN+ sire. 
This is attributable to the effect of increasing 
enforcement of the hydrogen-bonded struc- 
ture of water on the RNA (Me,NA + Bu,NA). 
The difference in the log K,(RNA) values 

Table 4. Thermodynamic quantities for extraction of s-block metal picrates with 15C5 and 

18C6 between CHCl, and water 

AH;(L), W/mole TASk(L), kJ/mole* 

15c5 13., 19.0 
18C6 17.5 22.0 

15c5 

Na+ 
K+ 
Rb+ 

:;+ + 
Ba2+ 

AH; 

kJ/mole 
-58.2 
-30.1 
-37.6 

-40.7 -35.2 
-61.6 

AH&% 
kJ/mole 

-6.28 
-17 
-7.95 
-5.4 
-3.8 
-4.8 

WLQ TAS&* 

kJ/mole kJ/mole 
-38.2 - 35.4 
-16% 0 - -18.6 10.1 

-21.6 -26.0 
- 17.7 -9.21 
-43.1 -31.8 

18C6 

TAS&*# 

kJ/mole 
-2.2 

- 13.0 
-4.4 
-0.6 

7 
5:; 

TAS; ,r* 

kJ/mole 
- 14.2 

21.9 
4.8 

-6.4 
2 

- 17:; 

AH: AHR, AH& ip TAS;’ TAS&’ 

kJ/mole kJ/mole 
Na+ -45.,t -9.41$ 
K+ - 76.4t -25.016 
Rb+ -79.,t - 16.0$ 
CS+ -76.,t -15.9$ 
IV+ -92.4 -15.1% 
Ba2+ -99., -31.7% 

*Temp = 25”. 
TTakeda and Tanaka.s 
#Ixatt et al.” 
4Takeda and Arima.r’ 

kJ/mole W/mole kJ/mole 
- 18.,t - 26.,t -4.6% 
-33.97 -41.,t - 13.33$ 
-45.,t -46.,t -7.1% 
-43.,t -5o.,t - 10% 
- 59.s -38., 0.4% 
- 50.6 -45., -9.9% 

TAK.x, ,p* 
kJ/mole 

0.6t 
-6.6t 

- 17.,t 
- 18.,t 
-17., 
-13.. 
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-19 - 

3.6 3.2 3.3 3.4 

T-l/ lO*K-' 

Fig. 1. -R In K,(L) US. T-’ plots for 15C5 between CHCl, 
and H,O. 

[Alog Kn(R,NA)] between Pr,NA and EtdNA is 
nearly equal to that between Bu,NA and 
Pr,NA; but, the Alog Kn (RNA) values are 
much smaller than the Alog Kn(R,NA) value 
between Et,NA and Me,NA. The same trend 
is also observed for the cases of C6Hh6 and 
CH2 Cl* .’ This indicates that the log KD (Me, NA) 
value is much lower than that expected based 
on a contribution to the log Kn(R,NA) value 
of a methylene group calculated from log 
K,(R,NA) values of Et,NA, Pr,,NA and 
Bu,NA. The unexpectedly low log K,(Me,NA) 

-QOgoi 
3.: 

I I L 

2 3.3 3.4 3.1 

T -'/IOaK- 

Fig. 2. -R In rZ, vs. T-’ plots for 15C5-alkali metal picrate Fig. 3. - R In & vs. T- ’ plots for 15C5- and 18Cdalkaline 
complexes between CHCl, and H,O. earth metal picrate complexes between CHCl, and H,O. 

value is probably due to the fact that the ratio 
of the number of carbon atoms of&N+ to that 
of the neighbouring larger &N+ is the smallest 
for the case of Me,N+ and EbN+ (1:2). 

It can be seen from the log K&r (&NA) 
values in Table 2 that extractability of the 
R.,N+ with a picrate ion into CHCl, increases 
with an increase in the &N+ size. The order 
of increasing extractability of the R.,N+ is 
consistent completely with those of increasing 
KA(R4NA) and Kn(R.,NA) values. This is also 
the case in C6H66 and CH2Clz systems.7 It can 
be concluded from the above discussion that the 
ion-pair extractability of R4N+ with a picrate 
ion is determined by the strength of enforcement 
of the hydrogen-bonded structure of water for 
the RN+ ion. Plots of log ~,i,(R4NA) trs. 
the number of carbon atoms of R,N+ give a 
straight line with a slope of 0.582. This indicates 
that the contribution of a methylene group to 
the extraction constant of ion pairs (II,,,) at 
25” between chloroform and water is 0.582. 

The IL, value (0.58) determined in this study 
is consistent with the value of 0.59 reported by 
Motomizu et a/.* but is slightly larger than 
those reported by Modin and Schillg (0.56), 
Matsunaga and Yotsuyanagi’O (0.54) and 
Eksborg and Schill” (0.52). The difference in 
log Kx,ip values between Me,N+ and Et4N+ is 
nearly equal to that between Et.,N+ and Pr,N+ 
and that between Pr,N+ and Bu,N+. This is due 
to the fact that the unexpectedly large log KA 

-163 

I 
-193 

3.2 3.3 3.4 

T-'/103K-' 
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and small log Ku values of Me,N+ compensate 
each other. 

Plots of thermodynamic quantities for ion- 
pair extraction of R,NA against the number of 
carbon atoms of R,N+ in Fig. 4 show a linear 
relationship. Contributions of a methylene 
group to AH” and AS” of ion-pair extraction 
[AH&(CH,) and AS&(CH,)] between CHCl, 
and water were obtained from the slopes to 
be 0.93 kJ/mole and 14 J K-’ mole-‘, respec- 
tively. Positive values of AH~~,i,(CH,) and 
AS&,(CH*) indicate that the methylene group 
undergoes hydrophobic hydration in water. The 
TAS&(CH,) value at 25” is 4.5 times larger 
than the AH& ,p (CH,) value. Thus the larger the 
size of R4N+, the more entropy- and the less 
enthalpy-driven the ion-pair extraction process 
of R.,NA is (Table 2). 

Table 2 shows that for Me,NA, a favourable 
enthalpy change is completely cancelled by an 
unfavourable entropy change, resulting in the 
negative log Kx,i, value; for Bu,NA, favour- 
able enthalpy and more favourable entropy 
changes lead to the large log K,,,ip value. Both 
AH& ip(RdNA) and AS& ip (R,NA) values in- 
crease with an increase in the size of R,N+. This 
may result from the change from a structure- 
breaking effect of Me,N+ to a structure-making 
effect of ByN+ in water.” 

A linear relationship is found for plots of 
AHzx,i, and ASz?,i, of R4NA VS. the reciprocal 
of the radius of RN+ (correlation coefficient 
r = -0.980 for AHzx,ip and - 0.986 for ASEip). 
Both AH& ,p and ASzx,i, of RNA are composed 
mostly of electrostatic interaction. 

Distribution of crown ethers 

From log KD (L) values of 15C5 and 18C6 
obtained in our laboratory, the contribution 
(II,) of an ether oxygen atom to log K,(L) at 
25” between CHCl, and water can be calculated 
by use of the H-u, value determined in this 
study; namely H, = [log K,(L) - HCH2 x al/b (a 
and b denoting the number of methylene groups 
and ether oxygen atoms, respectively). The II, 
values from 15C5 and 18C6 are nearly equal, 
- 0.980 and - 1.03,) respectively. The HI0 value 
is - 1.00 on the average. An ether oxygen atom 
is hydrophilic, whereas a methylene group is 
lipophilic. The log K,(L) values of 12-crown-4 
(12C4), 15C5 and 18C6 can be estimated to 
be 0.66, 0.82 and 0.98, respectively, They are 
consistent with the respective experimental log 
K,(L) values [log Kn(12C4) = 0.90(expt1)13]. 
Contributions of benzo (II,,,,) and methyl 

Xlr (259 
I ’ I I I 

4 8 12 16 

Carbon Number 

Fig. 4. Plots of thermodynamic quantities for ion-pair 
extraction of &NA us. the number of carbon atoms of 

R,N+. 

(l&u,) groups to log K,(L) at 25” between 
CHCl, and Hz0 can be calculated to be 2.57 
and 1.09 from log K,(L) values of benzo-l& 
crown-6 (B18C6) (2.569)14 and 1,2-bis[2-(2- 
methoxyethoxy ) ethoxy ] benzene (AC - B18C6) 
(3.40),‘5 that is, lTC,,+~ = 2.569-0.582 x 10 - 
(- 1.00) x 6 and I&_,~ = [3&I-0.582 x 8 - 
(- 1 .OO) x 6 - 2.57’J/2. From these empirical 
parameters, the log K,(L) values of benzo-15- 
crown-5 (BlSCS), B18C6, ACeB18C6, and 
dibenzo- 18-crown-6 (DB 18C6) can be estimated 
to be 2.23, 2.39, 3.41 and 3.80, respectively. 
They are in accord with the respective exper- 
imental log K,(L) values of B15C5 (2.4),*” 
B18C6, ACaB18C6 and DB18C6 (3.9).” Using 
these empirical parameters, log K,(L) values of 
crown ethers at 25” between CHC13 and H,O 
can be estimated regardless of their shapes. 

By using the AH&(CH,) and AS,“,,i,(CH,) 
values determined in this study, contributions 
of an ether oxygen atom to AH;(L) [AH;(o)] 
and AS;(L) [AS;(o)] between CHCl, and Hz0 
were calculated from AH:(L) and AS;(L) of 
15C5 and 18C6 (Table 4); namely, AH:(o) = 
[AH;(L) - AH:~,c(CH,) x al/b and AS:(O) = 
[AS;(L) - AS&(CH,) x al/b. AH;(o) and 
AS:(o) are 0.8, kJ/mole and - 15.06 J K-’ 
mole-’ from 15C5, and 1. 5 kJ/mole and - 16.0, 
J K-l mole-‘, respectively, from 18C6. They are 
almost the same. AH;(o)and AS;(o) are 0.96 
kJ/mole and - 15.8 J K-’ mole-‘, respectively, 
on the average. Strong interaction between an 
ether oxygen atom and water’* is responsible for 
the positive AH;(o) and negative AS;(o) val- 
ues. The AH;(o) and AS;(o) values between 
benzene and water are 2.8 kJ/mole and - 13 J 
K-’ mole-‘, respectively,6 and are larger than 
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those between CHC& and water. This is attribu- 
table to the interaction between an ether oxygen 
atom and CHCl, via hydrogen bonding. AH;(L) 
and AS;(L) values of 15C5 and 18C6 between 
CHCl, and water can be estimated from these 
empirical parameters. They are as follows: 

1X5 18C6 
AHg(L)/kJ/mole 14 17 
ASg(L)/J K-’ mole-’ 61 73 

They are consistent with the experimental 
AH;(L) and AS:(L) values (Table 4). AH;(L) 
and AS:(L) values of a 3m-crown-m ether 
between CHCl, and H,O can be estimated, 
regardless of its shape, from the empirical 
thermodynamic parameters. 

Partition of 15C5 and 18C6 from Hz0 to 
CHC& is entropy driven; favourable TASg(L) 
values at 25” are largely cancelled by unfavour- 
able AH:(L) values, resulting in small positive 
log K,(L) values of 15C5 and 18C6. Positive 
AH;(L) values of 15C5 and 18C6 are a result of 
a sum of the effect of interaction between ether 
oxygen atoms and water and the effect of hydro- 
phobic hydration of methylene groups in water. 
The effect of hydrophobic hydration of methyl- 
ene groups surpasses that of interaction between 
ether oxygen atoms and water, resulting in 
positive AS:(L) values of 15C5 and 18C6. 

Extraction of metal picrates with crown ethers 

From Table 3, extraction-selectivity sequences 
of 15C5 for the alkali metal ions are 
Na+ > K+ > Rb+ > Cs+ [ionic radiuslg: 1.02 8, 
(Na+), 1.38 A (K+), 1.49 8, (Rb+) and 1.70 8, 
(Cs’)], indicating that the more closely the 
metal ion fits into the 15C5 cavity (cavity radius 
0.85 &2o the more extractable the 15C5-metal 
ion complex is (size-fit concept). Log KML and 
log K.x,i, sequences of 15C5 for the alkali 
metal ions are Cs+ > K+ > Na+ > Rb+ and 
Na+ > K+ > Rb+ > Cs+, respectively. The log 
K, sequences of 15C5 are not consistent with 
the log KML sequences, but are consistent with 
the log K,,i, sequences. The 15C5-Na+ and K+ 
complexes are more stable than the 15C5-Rb+ 
complex in water. This enhances extraction 
selectivity of 15C5 for Na+ and K+ over that 
for Rb+. However, the extraction-selectivity 
sequences of 15C5 for the alkali metal ions 
are determined completely by the log K,,, 
sequences (equation 10). Whereas extraction- 
selectivity sequences of 18C6 for the alkali 
metal ions are governed largely by the log KML 
sequences. Ion-pair extraction selectivity for 

18C6-alkali metal ion complexes partly en- 
hances the extraction selectivity of 18C6 for the 
alkali metal ions. 

The size-fit concept holds for the selectivity 
of 15C5 and 18C6 (cavity radius 1.38 8”) for 
Sf+ and Ba2+ (ionic radiusrg: 1.13 and 1.36 A, 
respectively) in water, but does not hold for the 
extraction selectivity of 15C5 and 18C6 for Sr2+ 
and Ba2+. The unexpected extraction selectivity 
is attributed to the higher ion-pair extractability 
of the 15C5-Ba2+ and 18C6-SrZ+ complexes 
compared with the 15C5-Sr*+ and 18C6-Ba2+ 
complexes, respectively. 

Partition equilibrium between CHC& and 
H20 of free 15C5 and 18C6, which are less 
water-soluble, lowers the extractability for the 
metal ions of 15C5 and 18C6, respectively. For 
every crown ether-metal ion system in Table 3, 
the log K;,,ip value is much greater than log 
K,(L) and log KhAL values. Thus, the magnitude 
of the log KX value depends largely on that of 
the log K,,i, value. 

All AHiX and AS,0 values in Table 4 are 
negative. The TAS,“, value at 25” is much larger 
than the corresponding AHzX value. Thus, all the 
extractions of the metal picrates with 15C5 and 
18C6 are completely enthalpy driven. For 15C5, 
the difference between lAHiX] and 1 TAS&] is 
larger for the bivalent metal ion than for the 
univalent metal ion. The same is true for the 
case of 18C6. Extraction of the bivalent metal 
ion is more enthalpy driven than that of the 
univalent metal ion. For the 15C5-M+ system, 
the most favourable AH& of Na+ is balanced by 
the most unfavourable TASG, leading to the 
greatest log K,, value. 

Ion-pair extraction of crown ether-metal ion 
complexes with picrate anions. 

The log ~~,ip value of 15C5 varies with a 
cation of the same charge except for the cases of 
K+ and Rb+ ; those of the 15C5-K+ and Rb+ 
complexes are nearly equal (Table 3). The same 
tendency is found for 18C6. For alkali metal 
ions, the log K,,i, value of 15C5 decreases in 
the order, Na+ > K+ > Rb+ > Cs+; that is, the 
15C5-M+ complex, where the metal ion has a 
suitable size for the cavity, is more extractable 
as an ion pair with a picrate ion. However, this 
is not true for each case of 15C5- and 18C6- 
alkaline earth metal ion complex systems; the 
crown ether complex with a less size-fitting 
metal ion is more extractable. The higher ion- 
pair extractability of the less size-fitting alkaline 
earth metal ion is ascribed entirely to the more 
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favourable AH:,, value. For 15C5, the most 
favourable AHAB,, value of Na+ among the 
alkali metal ions is cancelled by the most 
unfavourable TASzx,i, value, resulting in the 
greatest log K,,,, value. Ion-pair extraction of 
K(15C5)A is completely entropy driven, 
whereas ion-pair extractions of M( 15C5)A, 
(M = Rb, Cs, Sr, Ba) and M(18C6)Az (M = Sr, 
Ba) are enthalpy controlled. 

From the structure of the 15C5 complex with 
the alkali metal ion held in the cavity, anion- 
and solvent-contact are possible in respective 
directions perpendicular to the plane of the 
15C5 ring. Gibbs free energies of hydration 
(AG,“/kJ/mole) of Na+, K+, Rb+ and Cs+ are 
-411.3, - 338, - 320 and - 297, respectively.” 
The interaction of the alkali metal ion 
with water increases in the order, 
Cs+ < Rb+ < K+ctNa+. The order of the 
interaction with water of the alkali metal ion 
trapped in the 15C5 cavity is expected to 
be Cs+ < Rb+ c K+ < Na+. The association 
constant of the alkali metal ion with a picrate 
ion in water decreases in the order, 
Cs+ > Rb+ > K+ > Na+.** The order of the as- 
sociation constant with a picrate ion of the 
alkali metal ion held in the 15C5 cavity is 
expected to be Cs+ > Rb+ > K+ > Na+. From 
the above discussion, the log K,i,,-value 
sequence of the 15C5 complex is expected to be 
Cs+ > Rb+ > K+ > Na+. But, the sequence of 
the experimental log K,,ip value of the 15C5 
complex in Table 3 is the reverse. This unex- 
pected result is attributed to a negligible effect 
of water on association of the alkali metal ion 
in the 15C5 complex with a picrate ion and/or 
weak interaction with water of the alkali metal 
ion in the 15C5 complex. Table 4 shows that, 
in the cases of the 15C5-alkali metal ion com- 
plexes, both AHzx,i, and AS& ip values vary 
considerably with the cation. This is probably 
attributed to large differences in interactions of 
the 15C5 complexes directly with picrate anions 
in an aqueous phase rather than those with 
water molecules. It has been reported that, when 
15C5 extracts an alkali metal ion into nitro- 
benzene, the more closely the alkali metal ion 
fits into the 15C5 cavity, the more water mol- 
ecules attached to the alkali metal ion are 
released; and that the number of water mol- 
ecules coextracted with the uncomplexed alkali 
metal ion varies appreciably from Na+ to Cs+ 
but those coextracted with the 15C5 complex 
vary little with the alkali metal ion.23 This 
strongly supports the above discussion. 

The log ~,ip value of Na+ is greater for 
15C5 than for 18C6, but the reverse holds 
for the cases of the other metal ions (Table 3); 
a more favourable AH~,, value is responsible 
for the higher ion-pair extractability of the 
M m+ complex with one crown ether com- 
pared with the corresponding Mm+ complex 
with the other crown ether (Table 4). K,,i, 
consists of two underlying equilibria, K_, = 
K MLA,.&(MLA,), where &$LA,,, = WJ-U/ 
[MLm+][A-1”’ and Kn(MLA,) = [MLA,],/ 
[MLA,]. Since &,(MLA,) is a distribution 
constant of a neutral complex ML& between 
CHCl, and H,O and hydrogen bonding to the 
ether oxygen atoms when the crown ethers are 
complexed is greatly decreased as a result of 
ionic Mm+-0 bonding,24 the effect of interaction 
of the MLA, with water on the partition of the 
ML& is negligible as is stated above. Thus, the 
Kn [M( 18C6)A,] value is expected to be higher 
than the corresponding K,, [M( 15C5)A,] value 
because of the larger size of 18C6 than that of 
18C5. This is one of the dominant factors in 
determining the larger log &i,, value of the 
15C6-Mm+ complex compared with the corre- 
sponding 1 5C5-Mm+ complex except for the 
case of Mm+ = Na+. It follows from this that the 
higher ~~,, value of the 15C5-Na+ complex 
compared with that for the 18C6-Na+ complex 
is caused entirely by the larger &LA value of the 
15C5-Na+ complex. The number of water mol- 
ecules attached to the 15C5-Na+ complex (0.9) 
in nitrobenzene is smaller than that to the 
18C6-Na+ complex (1 .2).23 This supports the 
above discussion. 

Both AH& ip and TAS& ip values of 15C5 vary 
with the cation more than do those of 18C6. 
This indicates that 15C5 less effectively shields 
the cation in the cavity from the access of 
picrate ions and solvents than does 18C6. 

Sizes of 15C5-Na+ and 18C6-K+ complexes 
are nearly equal to those of Pr,N+ and Bu,N+ 
ions, respectively.25 Since 15C5 and 18C6 have 
the most suitable cavity sizes for Na+ and K+, 
respectively, among alkali metal ions, the cation 
held in the cavity is most effectively shielded by 
the crown ether. Four alkyl groups of a tetra- 
alkylammonium ion screen the central nitrogen 
atom well. The 15C5-Na+ and 18C6-K+ com- 
plexes are regarded as disks, whereas Pr,N+ 
and Bu4N+ are regarded as spheres. Therefore, 
it is interesting to compare the ion-pair extrac- 
tion process of Na( 15CS)A and K( 18C6)A with 
that of Pr,NA and Bu,NA, respectively. From 
the standpoint of thermodynamics, a striking 



Thermodynamic study of solvent extraction 1333 

difference in the ion-pair extraction process is 
observed between the crown ether complexes 
and the tetraalkylammonium picrates. AS& ip 
values of Na( 15C5)A and K( 18C6)A complexes 
are negative; but, those of Pr,NA and Bu,NA 
are positive. AH&, and TAX& values of 
Na( 15CS)A and K( 18C6)A complexes are much 
smaller than those of Pr,NA and Bu,NA, 
respectively. Ion-pair extraction of the crown 
ether complexes is completely enthalpy driven, 
whereas, that of Pr,NA and Bu,NA is both 
enthalpy and entropy driven; in particular, ion- 
pair extraction of Bu,NA is dependent largely 
on the entropy contribution. The log J&, value 
of Na( 15C5)A is larger than that of Pr,NA, and 
the reverse is true for the cases of K( 18C6)A and 
Bu,NA. This reflects the difference in the solute- 
solvent and solute-picrate anion interaction 
caused by the difference in the shape between 
the crown ether complex and the corresponding 
%N+ though they are nearly equal in size. 
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SPECTROPHOTOMETRIC DETERMINA~ON OF THE 
OXYGEN TO ~~NIUM RATIO IN U~~UM OXIDES 

BASED ON DISSOLUTION IN SULPHURIC ACID 
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Summary-The oxygen to uranium ratio in uranium oxides such as &OS, UOr +, powders and UO, fuel 
pellets has been determined by a new spectrophotometric metlmd. The method can be used for 
determination of O/U ratio in UOr pellets and powders on a routine basis. In the described method, 
uranium oxides in the powder form are dissolved in 2M sulphuric acid containing a few drops of HF. 
The ~n~ntmtions of II(IV) and U(W) are directly dete~n~ by means of the absorbances of these 
species at different wavelengths. For determination of the O/U ratio in U,O, powder samples, 630 and 
310 nm are the wavelengths chosen for U(W) and U(W), respectively. For U02+ x powder, where the O/U 
ratio lies between 2.04 to 2.15, U(W) and U(W) are determined at 630 and 300 nm respectively, whereas 
for UOs fuel pellets, where the O/U ratio is less than 2.01,535 and 285 nm are used. The molar absorptivity 
of U(N) at 630 and 535 am is 21.4 and 6.8 l.mole-‘.cm-’ and that of U(W) at 310, 300 and 285 nm 
is 178.1, 278.6 and 585 1. mole-‘. cm-‘, respectively. Standard deviations of +0.002 O/U ratio units for 
pellets and &O&I4 O/U ratio units for powders have been achieved. 

The uranium-oxygen system is one of the most 
complex systems known because of the multi- 
plicity of stable oxidation states of uranium. 
Because of this, the exact stoichiometry of 
uranium dioxide is seldom attained, as it usually 
exists as a hyperstoichiometric oxide which in- 
cludes excess oxygen in its cubic lattice. One of 
the most important parameters of nuclear grade 
uranium dioxide pellets is the O/U ratio, as it is 
important in the characterization of the sinter- 
ability of the powder and its performance as a 
fuel under reactor conditions. An oxygen-to- 
uranium ratio closely approaching 2.000 is a 
frequent requirement for nuclear fuel, so, as a 
quality control measure, it is essential to know 
the O/U ratio of the U02 powder. 

There are many instrumental and chemical 
methods available for the determination of the 
O/U ratio. Both destructive and non-destructive 
methods have been reviewed by Florence,’ Some 
of the instrumental methods are X-ray diffrac- 
tion analysis,* electromotive force measure- 
ment of a Ni, NiO electrolyte-UO, +x cell= and 
X-ray photoemission spectrometry.7T8 A major 
disadvantage of these methods, is that they need 
reference materials having identical compo- 
sition with that of the sample in order to 
calibrate the methods. Chemical methods in- 
clude gravimetry,3v9 coulometry,‘O*l’ titrimetry3J2 
and polarography. 13-is 

All the wet chemical methods for the determi- 
nation of the O/U ratio are based on the 
dete~ination of either U(IV) and/or U(W), 
since the degree of hyperstoichiometry can be 
directly related to the concentration of U(VI).16 
Thus, the estimation of U(W) serves as a 
measure of the excess oxygen and, coupled with 
total uranium determination, enables one to 
determine the exact composition of the oxide. 
For near stoichiometric U02 pellets, where a 
minute quantity of U(V1) has to be determined 
in the presence of a large excess of U(W), 
polarographic, coulometric and biamperometric 
methods are preferred.” However, for U02,., 
powders, where U(V1) is also present in rela- 
tively higher concentration, titrimetric pro- 
cedures’*‘**lg using potentiometric and/or visual 
indicator techniquesZO are more convenient. 
However, these methods require that the sample 
is weighed accurately and dissolved completely. 

S~trophotomet~c methods for the determi- 
nation of the O/U ratio do not require weighing 
and complete dissolution of the sample because 
both U(W) and U(W) are determined in the 
same aliquot. Our experiments demonstrate that 
Urals dissolves at the same rate in both 
oxidation states as evidenced by the same O/U 
ratio obtained irrespective of whether the 
sample is partially or completely dissolved. 
However, spectrophotometric methods which 

1335 
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use phosphoric acid21mz4 reported so far for the 
determination of O/U ratios of UOz pellets are 
not convenient on a routine basis because they 
suffer from many disadvantages such as high 
viscosity, long ~s~lu~on time, poor ~nsiti~ty 
and elaborate treatment procedures.25 The pre- 
sent method is based on the dissolution of the 
sample in 2M sulphuric acid in the presence of 
a very small quantity of HF, followed by 
measurement of absorbances at specific wave- 
lengths for U(IV) and U(V1). 

Earlier, Takeuchi et 01.‘~ have reported the 
dissolution of uranium oxide in 1M sulphuric 
acid containing a few drops of HF and sub- 
sequent determination of the U(V1) coulometri- 
tally by titrating with electrogenerated Ti(II1). 
Stronhilli9 determined ~anium(~ titrimetri- 
tally with Fe2+ or T?+ based on sulphuric acid 
dissolution. 

EXPERIMENTAL 

Reagents 

Uranium dioxide pellets, UOz powders and 
U,Os powders produced at the Nuclear Fuel 
Complex, Hyderabad, India were used as 
samples. All dissolution reagents were prepared 
with reagent grade materials and distilled water. 

Instrumentation 

Absorbance measurements were carried out 
on a Shiiadzu Model W-240, Graphicord 
W-visible Recording Spectrophotometer. 
Matched quartz cells of l-cm path length were 
used. The base line and digital absorbance 
readings were adjusted to 0.000 for a reagent 
blank (2M sulphuric acid) before each set of 
measurements. 

Procedure 

In order to obtain a reliable value of the O/U 
ratio in U02+=, it is essential that the oxidation 
states of uranium in the solid be kept unchanged 
throughout procedures such as the grinding of 

the UOZfx pe llet and the dissolution of the 
powder obtained. Keeping this in view, the 
following strategy was adopted for grinding the 
pellets and dissolution of the powder. 

UO, pellets. The U02+X pellet was placed in 
a cylindrical container and the air was displaced 
with a jet of argon. After suEcient flushing the 
lid was tightened, and the sample was ground 
for about 10-15 set in a Spex Mixer Mill to 
provide a mesh size no smaller than 150. If the 
particles are very fine some oxidation may 

occur. Nearly 10-15 g of the ground powder 
was then dissolved under argon atmosphere in 
100-l 10 ml of 2M sulphuric acid containing l-2 
drops of HF, on a water bath. The dissolution 
was carried out for about one and half hours. 
The absorbances for U(IV) and U(VI) were 
measured at 535 and 285 nm, respectively. 

iYO,/U, OS powders. About 80-100 mg of 
powder was dissolved in 40-50 ml of 2M sul- 
phuric acid containing one drop of HF. Dis- 
solution was carried out on a water bath in 
ambient air for about half an hour. For UOz 
powders, the absorbances of U(IV) and II(VI) 
were measured at 630 and 310 nm, respectively, 
while for U,O, powders they were measured at 
630 and 300 nm. 

~eterm~ation of molar absorptivity of U(W) 
at 630 and 535 nm. Nuclear grade uranium 
metal turnings were degreased with carbon 
tetrachloride, pickled with 1: 1 nitric acid, 
washed with 1:3 hydrochloric acid followed by 
distilled water and finally acetone. 

A weighed quantity (300-350 mg) of the 
cleaned and dried uranium metal turnings was 
dissolved under argon atmosphere in 2M sul- 
phuric acid containing a few drops of HF on a 
water bath. After complete dissolution of the 
turnings, the solution was cooled to room tem- 
perature under inert atmosphere and transferred 
to a loo-ml standard flask and diluted to vol- 
ume with 2M sulphuric acid. The absorbances 
were recorded immediately. 

~eterrn~~tio~ of molar absorptivity of U(H) 
at 310, 300 and 285 nm. An accurately weighed 
amount of cleaned uranium metal turnings 
was dissolved in concentrated nitric acid and 
evaporated to dryness. A few milliliters of con- 
centrated sulphuric acid were added and the 
solution was heated to dense white fumes. This 
residue was then dissolved in 2M sulphuric acid 
and diluted to 100 ml. This solution was used as 
a stock solution and absorbances were recorded 
after appropriate dilution of this solution. 

From the absorption spectra of U(IV) and 
U(V1) in 2M sulphuric acid medium (Fig. I), 
it is seen that U(IV) has maxima at 535 and 
630 nm with no absorption by UPI) at these 
waveleng~s. U(IV) does not absorb at all in the 
wavelength region 280-380 nm. Below 275 nm, 
however, there is a continuous absorption by 
U(IV) as well as U(V1). U(V1) absorbs in the 
wavelength region 360-480 nm. Below 340 nm, 
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Fig. 1. Absorption spectra of U(W) and U(W) in 2M 
sulphmic acid medium. (a) U(W), 14.6 mg/ml (b) U(W) 

0.32 mg/ml. 

there is no wavelength of maximum absorption 
for U(W), but rather is a continuous absorp- 
tion. However, the Beer-Lambert law is obeyed 
for solutions of U(W) at 310, 300 and 285 nm 
from 0.06-1.2 absorbance units. The molar ab- 
sorptivities of U(VI) at 310,300 and 285 nm are 
178.1, 278.6 and 585 l.mole-‘.cm-‘, respect- 
ively, whereas the molar absorptivities of U(N) 
at 630 and 535 nm are 21.4 and 6.8 
1. mole-‘. cm-‘, respectively. The higher molar 
absorptivity value of U(W) at 285 nm and lower 
molar absorptivity value of U(Iv) at 535 nm 
enables one to determine the O/U ratio in U02 
pellets close to 2.001, a measurement which is 
difficult in phosphoric acid medium. 

The extent of oxidation of U(W) in 2M 
sulphuric acid by air at N 100” within half an 
hour is 0.1-0.2%, an amount which contributes 
to a positive bias of 0.001-0.002 O/U ratio units 
(well within the required precision). Secondly, 
since stringent O/U specifications are not re- 
quired in the case of powder samples, purging of 

E 

2.0 - j 
I 
I 
, 

< 
jb 

i 
l.O- 1 

Fig. 2. Absorption spectra of U(N) and U(W) in 13M 
phosphoric acid medium. (a) U(N), 9.53 mg/ml (b) U(W), 

1.53 mg/ml. 

inert gas during dissolution of uranium oxide 
powders is not necessary. However, in the case 
of uranium dioxide pellets, the O/U ratio is an 
important parameter and a precise O/U ratio 
determination is required. (The O/U ratio 
specification for powders is normally in the 
range 2.05-2.15 compared with 2.000-2.015 for 
pellets. The powder ratio is important for char- 
acterizing sinterability of the pellets.) The rate 
of dissolution in the case of pellet powders is 
slow compared to uranium oxide powders and 
therefore a dissolution period of about 1.5 hours 
is required to dissolve sufficient U(W). During 
such extended dissolution periods, oxidation of 
U(N) by air becomes significant (l-1.5%) and 
would result in an increase in the O/U ratio of 
0.015 O/U ratio units. Hence, an inert atmos- 
phere is essential during dissolution of the pellet 
samples. The volume of 2M sulphuric acid to be 
used for the dissolution purpose should be 
100-110 ml with 0.3-0.5% (v/v) HF so that 
precipitation of uranium(N) sulphate does not 
take place, even after slight evaporation during 
dissolution. This precipitation would cause a 
higher O/U ratio because of the preferential 
precipitation of the uranium(W) sulphate by 
virtue of its limited solubility in sulphuric acid. 

At room temperature, oxidation of U(W) by 
air in 2M sulphuric acid medium is not signifi- 
cant within 5-6 hr. However, this rate of oxi- 
dation of U(IV) at elevated temperatures 
(N 100’) decreases with an increase in sulphuric 
acid concentration because of the increased 
stability of U(IV) in a higher concentration of 
sulphuric acid. The effect of air oxidation in 
various concentrations of sulphuric acid at 
N 100” are shown in Fig. 3. At a sulphuric acid 
concentration greater than 5M, the oxidation 
may not be significant and at this acidity an 
inert atmosphere may not be needed during 
dissolution of pellet powders also, thus making 
the procedure still convenient. The drawback 
of dissolving the uranium dioxide powders in 
such high concentrated sulphuric acid is the 
limited solubility of uranium(N) sulphate. 
Hence, 2M sulphuric acid is taken as the 
medium of dissolution, using inert gas purging 
during dissolution. 

It is observed that gadolinium in 2M sul- 
phuric acid medium does not have significant 
absorbance in the wavelength range 700-250 
nm. Hence, the present method is well suited 
even for determining the O/U ratio of uranium 
dioxide pellets containing gadolinium as a bum- 
able poison. 
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Fig. 3. Effect of concentration of sulphuric acid on air 
oxidation of U(IV). A(O/U) indicates the difference of O/U 
ratio values with and without inert atmosphere during 

Absorption spectra in 2M sulphuric acid. The 
absorption spectra of U(W) and U(V1) in 2M 
s~ph~c acid and strong (13M) phosphoric 
acid (SPA) are shown in Fig. 1 and Fig. 2, 
respectively. It is clear from the spectra of U(W) 
and U(W) in 2M sulphuric acid and SPA for 
expected concentrations of U(IV) and U(W), 
that the spectral pattern in both media is essen- 
tially similar, indicating the salary between 
the molecular structure of U(IV) and U(W) and 
the nature of transitions involved% in these two 
media. In both cases there is a shift towards 
lower wavelengths and significant difference in 
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Fig. 4, Absorbances of a mixture of 14.6 mg/ml U(N) and 
0.32 mg/ml U(VI) at varying concentrations of sulphuric 
acid. U(W) at (a) 310 nm, (b) 300 nm, (c) 285 nm. II(IV) 

at (d) 630 nm, (e) 535 nm. 

the molar absorptivity, causing better sensitivity 
in sulphuric acid medium when compared to 
phosphoric acid medium. The absorbances of 
II(IV) and U(W) at the wavelengths considered 
are ind~end~t of the inundation of sul- 
phuric acid between 1 and 5M, which is clear 
from Fig. 4. 

The reported molar absorptivity of U(IV) at 
544 mn is 11.66 l.mole-‘.cm-’ and that of 
U(W) at 290 rrm is 215.9 l.mole-l.cm-’ in 
SPA.23 Whereas in the present 2M sulphuric 
acid medium, the molar absorptivity of U(W) at 
535 nm is 6.8 1 .mole-’ .cm-’ and that of U(W) 
at 285 nm is 585 l,mole-‘.cm-‘. Hence, in the 
present medium there is an almost five-fold 
increase in sensitivity with respect to O/U ratio 
units. This has enabled the work to be extended 
to the determination of O/U ratio in UOz pellets 
closer to 2.001 O/U units with good accuracy. 

The rate of dissolution of UO,,, is greater in 
2M sulphuric acid containing a few drops of HF 
compared to SPA, which makes the present 
method of analysis more rapid. HF seems to act 
as a catalyst in the dissolution, as is the case 
with PuO, and ThO, dissolution in HNO,-HF 
mixture2’ where the nature of the intermediate 
complex is assumed to be MF:+, Most of the 
HF vaporizes out of solution with the argon 
stream by the end of the dissolution period, 
Therefore, the concentration of the residual HF, 
if any, is too low to attack quartz cells at room 
temperature during the absorbance measure- 
ments. It has been observed that a small quan- 
tity of free HF in 2M sulphuric acid does not 
alter the absorbance values of U(IV) and U(V1) 
at their respective wavelengths. 

The data tabulated in Table 1 shows the 
precision of the method for UO1 fuel pellets and 
UOt + x powders. It is clear from Table 2 that the 
O/U ratios obtained by the s~rophotomet~c 
method are in close agreement with those 

Table 1. Data justifying the pre- 
cision of the method 

Pellets Powders 

2.005 2.069 
2.005 2.068 
2.004 2.069 
2.004 2.067 
2.005 2.070 
2.008 2.077 
2.007 2.072 
2.007 2.070 
2.006 2.076 
2.005 2.070 

Mean 2.006 2.071 
Precision *0.002 ItO. 
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Table 2. O/U ratios in UO, and U,Os powders 

Sample O/U ratio value 
S. No. Code No. spectrophotometry volumetry 

1 M 370 2.077 2.078 
2 M 365 2.058 2.056 
3 M 30 2.120 2.118 
4 M31 2.085 2.086 
5 M 32 2.148 2.149 
6 M 39 2.103 2.101 
7 M 36 2.093 2.095 
8 M 38 2.078 2.076 
9* M 33 2.683 2.682 

10* M 29 2.677 2.679 

*U,OB powder samples 

obtained by the volumetric method. This indi- 
cates the stability of tetravalent uranium in 2M 
sulphuric acid medium. The O/U ratios calcu- 
lated with possible combinations of wavelengths 
for U(W) and U(V1) give the same value of O/U 
ratio for a given sample (Table 3). It is con- 
cluded that the combination 535 and 285 nm for 
U(W) and U(VI), respectively, is *well suited 
to the determination of the O/U ratio in UOz 
pellets where the O/U ratio lies between 2.001 
and 2.010 units. 

Comparison of O/U ratios of uranium di- 
oxide pellets obtained by the spectrophotomet- 
ric method based on dissolution in SPA and 2M 
sulphuric acid are shown in Table 4. The fair 
agreement between these results emphasize that 
the stability of U(N) towards oxidation in both 
media is of the same order. The values of O/U 

Table 5. Comparison of O/U ratios in uranium dioxide fuel 
pellets by spectrophotometric and polarographic methods 

oxygen to uranium ratio 

S. No. Code No. Spectrophotometry Polarography 

: 
CFFP 21 2.002 2.002 
CFFP 47 2.003 2.002 

3 CFFP 30 2.082 2.082 
4 CFFP 26 2.004 2.002 

: 
CFPP 51 2.004 2.083 
CFFP 49 2.003 2.003 

; 
CFFP 44 2.082 2.001 
CFFP 45 2.000 2.002 

9 2604 2.801 2.001 
10 2586 2.001 2.001 

ratios of UOz pellets obtained by polarography 
and the present spectrophotometric method 
have been compared and the results are shown 
in Table 5. This table shows the good agreement 
between the two methods. The fact that the O/U 
ratio values obtained by the two independent 
methods are in good agreement confirms the 
non-oxidising nature of the present medium, 
i.e., 2M sulphuric acid, and also the accuracy of 
the present spectrophotometric method. 

CALCULATIONS 

Let the absorbances of U(N) at I, nm be Q 
units and that of U(W) at A2 nm be b units and 
the corresponding molar absorptivities be L, and 
Lo respectively. Then, the O/U ratio of the 

Table 3. O/U ratio values of UOr pellets calculated with various combinations of 
wavelength 

S. No. 1 2 3 4 5 6 

Wavelength BR202 M418 BR248III BR2381 BR252 MB160 
combination for 
UOV), U(vI), 
(nm) 
630,310 2.004 2.006 2.003 2.084 2.010 2.007 
630,300 2.005 2.006 2.003 2.004 2.010 2.007 
630,285 2.004 2.005 2.003 2.005 2.009 2.097 
535,310 2.004 2.006 2.004 2.004 2.010 2.087 
535,300 2.804 2.006 2.003 2.004 2.010 2.007 
535,285 2.005 2.005 2.003 2.004 2.009 2.007 

Table 4. O/U ratios in UOs pellets 

Oxygen to Uranium ratio 
13M phosphoric acid medium 2M sulphuric acid medium 
(544 mn and 290 nm are used [535 mn and 285 nm are used 

S. No. for U(IV) and U(VI)] for U(IV) and U(VI)] 

1 2.010 
2 2.007 ;zz 
3 2.006 2:005 
4 2.008 2.006 
5 2.008 2.007 
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various kinds of uranium oxides can be calcu- 7. 

lated as follows: 8. 
C 

OU = 2 + cq,) T&,~ 

=2+ 
1 

1 + @z) (a) 

@I) (b) 

9. 

10. 
11. 

12. 

However, in the case of pellets where 13 

Cu(W) * G(W) 3 the above expression reduces to ’ 

(4 @I -- o’u = 2 + (62) (a) 

14. 
15. 

16. 
If the observed absorbance for U(W) at 

535 nm is a units and that of U(W) at 285 nm 17. 
is b units, then the O/U ratio is given by 
O/U = 2 + 0.0116 b/u. 18. 
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Summary-A multicomponent analysis method is proposed for the determination of chlorophenols by 
diode array derivative spectrophotometry. The method is based on formation of ion-pairs with 
tetrabutylammonium as counterion and extraction in chloroform at pH 9.1. Quantitative determinations 
(within the 2-20 mg/l. concentration range) of two-, three- and four-component mixtures were possible, 
using the first derivative spectra and a least-squares computer programme. 

Chlorophenols are widely used in pesticide pro- 
duction. The presence of chlorophenols in 
water, soil, food and animal foodstuffs presents 
a potential hazard due to their high toxicity. 
Spectrophotometric determination of these phe- 
nols is of limited use because their absorption 
bands overlap.’ The need for reliable determi- 
nation of these chemicals has led to the develop- 
ment of many analytical methods,“’ mainly 
using chromatographic techniques (HPLC and 
GC). 

A review of papers published on the spectro- 
photometric analysis of multicomponent 
mixtures shows that the quantification of com- 
pounds continues to be a difficult problem when 
there is high spectral overlapping and com- 
ponents have unequal concentration, but also 
shows that the application of derivative spec- 
troscopy offers a powerful approach to the 
problem of resolution of mixtures.‘** O’Haver 
and Green9 have evaluated the utility of the 
derivative spectrometry in multicomponent 
analysis in reducing band-overlap error of the 
type often encountered in quantitative spec- 
trometry. This method is useful for reduction of 
band-overlap errors if the systematic error 
caused by the overlap is large compared to the 
random error and the interfering band is either 
known and constant or is broader than the 
analyte band. In general, the derivative tech- 
nique reduces the total error by a factor of at 
least 3, and usually by much more. 

This paper describes the development of a 
method for the multicomponent determination 
of chlorophenols by diode array derivative spec- 
trophotometry. The method is based on ion-pair 
formation with tetrabutylammonium as coun- 
terion and extraction in chloroform at pH 9.1. 
Quantitative determination of two-, three- and 
four-component mixtures were possible, using 
the first derivative spectra and a least-squares 
computer programme. 

THEORY 

The background and theory of multicom- 
ponent analysis have been discussed before.‘O 
Therefore, only key equations are presented 
here. 

The Beer’s Law model can be generalized for 
multicomponent systems and expressed in 
matrix notation as: 

A = Cc (1) 

where E is the matrix of linear response con- 
stants whose elements represent the sensitivity 
of each wavelength to each analyte. To find a 
solution for the system expressed in equation 
(l), the number of wavelengths must be at least 
equal to the number of analytes. Once the 6 
matrix is calculated, its inverse can be used to 
determine the concentrations of unknowns from 
measured absorbances as: 

C=Ac’ (2) 

*Author for correspondence. 
If the number of wavelengths is greater than the 
number of analytes, L is not a square matrix. C 
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is solved by using the generalised inverse of L 
according to: 

where 

c = Acr(c ET)-’ (3) 

A = m x n matrix of calibration spectra 
C = m x 1 matrix of component concentrations 
c = 1 x n matrix of absorptivity-path length 

products 

The utility of a spectrophotometric method 
for multicomponent analysis is determined by its 
selectivity and by all errors inherent in the 
calibration and prediction procedure. Several 
statistics may be used to describe the accuracy 
and precision of a multiple linear least squares 
regression. 

In our research, the spectra of synthetic mix- 
tures of known composition were compared with 
absorbances calculated from the spectra of the 
individual components and the composition of 
the solution to establish the additivity of the 
absorbances of the pure components. This com- 
parison was made at 2 nm intervals in several 
wavelength ranges and a standard deviation,” 
S.D., was calculated for each synthetic mixture 
at different wavelength ranges, based on the 
following relationship: 

SD. = $, (Ah - dnj2,k]‘12 (4) 

We used this S.D. to verify the additivity of 
absorbances of components in a mixture within 
the limits of experimental error. A more com- 
plete statistic also used12 to quantify the analyti- 
cal precision in each mixture is the prediction 
error: 

Prediction error (%) 

S.D. and prediction error can be expressedI for 
all mixtures and components as follows: 

Prediction error (%) 

where 

Ah = the mixture absorbance at each wave- 
length 

ah = the calculated absorbance 
k = the number of wavelengths 
N = the number of components 
M = the number of mixtures 

c = the “true” concentration 
2 = the estimated concentration 

S.D. and prediction error for one component can 
be calculated from equations (6) and (7) making 
N= 1. 

EXPERIMENTAL 

Equipment 

A detection system consisting of a diode 
array HP 8452A spectrophotometer equipped 
with a l-cm path length silica cell was used. The 
spectrophotometer was interfaced to an HP 
Vectra AT computer and an HP Think Jet 
printer. 

Reagents 

All chemicals were of analytical reagent grade 
and purified water was obtained with a Mill&Q 
apparatus. 

Pentachlorophenol (99% pure, Carlo Erba), 
2-chlorophenol (99% pure, Carlo Erba), 2,4- 
dichlorophenol(99% pure, Aldrich Chemie) and 
4-chloro-3-methylphenol (99% pure, Aldrich 
Chemie) were used for preparing 150.0 and 50.0 
mg/l. stock solutions in lo-‘M sodium hydrox- 
ide. Standard working solutions of the chloro- 
phenols were prepared by suitable dilution of the 
stock solutions with water. A 5000 mg/l. stock 
solution of tetrabutylammonium nitrate (98% 
pure, Fluka Chemie AG) was also used. The pH 
was adjusted with a O.lM borate buffer (pH 9.1). 

Spectrophotometric grade chloroform (Carlo 
Erba) was used in extraction. 

Procedure 

To a loo-ml extraction funnel add, in the 
following order, 3.0 ml of 0.1MNa2B,0,. 10HrO 
buffer (pH 9.1), 1 .O ml of 5000 mg/l. tetra- 
butylammonium nitrate solution, chlorophenol 
stock solution within the 2-20 mg/l. range in 
the final volume and the purified water necessary 
for a lo-ml final volume. Equilibrate with 
three 3.0-ml portions of chloroform, shaking 
for 1 min each time. The total organic extract 
is transferred into a lo-ml standard flask 
and made up to volume with chloroform. In 
order to obtain a standard spectrum of pure 



Multicomponent analysis of chlorophenols 1343 

components, 40 replicate solutions were pre- 
pared for each component. The absorbance 
spectra of chlorophenols and/or chlorophenol 
ion-pairs were obtained and normalized to 1.0 
mg/l. The Q Dixon or t Student tests were used 
to exclude the spectra which are outside the 
95% confidence interval around the mean. Sev- 
eral mixtures with different ratios of two, three 
and four components with 5 replicates per com- 
position were prepared from the stock solutions. 
A home-made multicomponent programme al- 
lows the determination of different chlorophe- 
no1 mixtures with the first derivative normalized 
standard spectra in the 250-380 nm wavelength 
range. This programme fits a combination of 
standard spectra to the spectrum of the mixture 
by means of the least-squares method. 

RESULTS AND DISCUSSION 

Optimization of working conditions 

The effects of varying chemical conditions in 
the chlorophenol determination were examined 

Table 1. Conditions of analysis 

Variable Range studied Value selected 

PH 2-10 9.1 
Counterion CTAB 

Hyamine 3500 
TBA TBA 
TPA 
TMA 

TBA, mg/l. 0-1500 500 
Organic solvent 1,2-Dichloroethane 

Chloroform Chloroform 
Carbon tetrachloride 

and the parameter values selected for use are 
listed in Table 1. 

The effect of pH within the range 2-10 and 
the nature of the counterion was investigated. 
Several 1500-mg/l. quaternary ammonium salts 
solutions were studied, viz. cetyltrimethyl- 
ammonium bromide (CTAB), benzyldiisobutyl- 
phenoxyethoxydimethylammonium bromide 
(Hyamine 3500), tetrabutylammonium nitrate 
(TBA), tetrapropylammonium bromide (TPA) 
and tetramethylammonium nitrate (TMA). 
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Fig. 1. Normalized absorbance (A) and derivative spectra (B) of: -a-*- pentachlorophenol. ---- 
2-chlorophenol. ---- 2,4_dichlorophenol. - 4-&loro-3-methylphenol. 
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Table 2. Composition of mixtures 

Concentration, mgll. 
Mixture 2-chloroph. 4Cl-3-methylph. ZJ-dichloroph. pentachlorph. 

1 15.0 11.0 1.0 3.0 
2 15.0 7.0 3.0 7.0 
3 11.0 13.0 15.0 13.0 
4 7.0 5.0 3.0 5.0 
5 3.0 11.0 13.0 5.0 
6 11.0 5.0 5.0 11.0 
7 15.0 15.0 9.0 7.0 
8 5.0 3.0 13.0 15.0 
9 15.0 7.0 7.0 15.0 

10 11.0 5.0 11.0 13.0 
11 7.0 5.0 15.0 15.0 
12 5.0 11.0 3.0 9.0 
13 5.0 5.0 7.0 
14 7.0 7.0 

;:: 
9.0 

15 15.0 7.0 9.0 9.0 
16 9.0 11.0 9.0 5.0 
17 9.0 11.0 13.0 1.0 
18 11.0 
19 13.0 

;:8 5.0 
5.0 

20 15.0 3.0 3.0 

The effect of counterions on formation and/or 
extraction of ion-pairs was studied keeping 
the chlorophenol concentration constant. It 
was found that the presence of quaternary 
ammonium salts is necessary to extract chloro- 
phenols at pH values above their respective pKa 
values. In the absence of these ammonium salts, 
the extraction does not take place. The ion-pair 
formation is more effective in the presence of 
the bigger counterions and at high pH, but 
CTAB and Hyamine 3500 produce strong emul- 
sions and hence irreproducible results. Thus, 
tetrabutylammonium (TBA) was selected for 
further studies. 

The effect of pH on the formation of ion-pairs 
and on the extraction of chlorophenols and/or 
chlorophenol ion-pairs was examined with the 
following buffers in the 2-10 pH range: 
hydrochloric acid, sodium acetate/acetic acid, 
Na,HPO,/NaH,PO,, borax and sodium hydrox- 

Table 3. Prediction error and standard deviation for each 
wavelength range for the 20 quatemary mixtures in Table 2 

Wavelength range, SD., Prediction 
?lm mgli. error, % 

2OtL450 2.05 20.86 
200-380 2.05 20.86 
200-400 2.05 20.86 
210-380 2.07 21.06 
220-380 2.16 21.89 
230-380 2.11 21.50 
230-400 2.11 21.50 
24&380 2.11 21.43 
24&400 2.11 21.43 
250-380 1.21 12.31 
250-500 1.21 12.31 
270400 1.27 12.98 
270-380 1.27 12.98 

ide. It was observed that only pentachlorophe- 
no1 forms ion-pairs with all counterions studied 
at pH values higher than 4.7. On the other hand, 
a small amount of 2&dichlorophenol forms 
ion-pairs only at pH 10, while monochlorophe- 
nols do not form ion-pairs at any pH. Figure 1 
shows the pentachlorophenol ion-pairs and 
chlorophenol absorbances, and first derivative 
spectra at pH 9.1 with TBA as counterion. 

The effect of different TBA concentrations on 
chlorophenol extraction was investigated within 

Table 4. Prediction error and standard deviation for each 
component in quaternary mixtures* at 250-380 run 

Prediction 
Component S.D., mg/l. error, % 

2Chlorophenol 1.82 16.24 
4-Chloro-3-methylphenol 0.36 4.05 
2,CDichlorophenol 0.81 6.42 
Pentachlorophenol 1.42 14.96 

*Composition shows in Table 2. 

Table 5. Analytical characteristics 

beer’s Law, Detection limit, 
Chlorophenol mgll. mgk 

2Chlorophenol 2-20 1.23 
4Chloromethylphenol 2-20 1.30 
2,4-Dichlorophenol 2-20 0.98 
Pentachlorophenol 2-20 0.23 

*Calculated as: 

c,,w = ZS(C, + 0) 

where: c,,., detection limit of the N component index, 
z takes the value 3 in UV-vis spectrophotometry for 
a 99.00% con6dence. leveLi s(cN + 0) = standard devi- 
ation of the concentration determined for the com- 
ponent blank (a = lo), n = number of determinations. 
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Table 6. Determination of chlorophenols in binary mixtures 

Added, Found, Error, 
Mixture wll. wll. % 

2Chlorophenol 7.0 6.7 4.3 
4-Chloro-3-methylphenol 5.0 4.9 2.0 
2,CDichlorophenol 7.0 6.8 2.9 
Pentachlorophenol 5.0 5.2 4.0 
4Chloro-3-methylphenol 7.0 6.7 4.3 
Pentachlorophenol 5.0 5.0 - 
4-Chloro-3-methylphenol 5.0 5.2 4.0 
2,CDichlorophenol 7.0 7.1 1.4 
2-Chlorophenol 9.0 8.6 4.4 
Pentachlorophenol 5.0 4.9 2.0 
2Chlorophenol 5.0 4.8 4.0 
2,CDichlorophenol 3.0 3.0 - 
2Chlorophenol 5.0 4.9 2.0 
4-Chloro-3-methylphenol 3.0 2.9 3.3 
4-Chloro-3-methylphenol 3.0 2.9 3.3 
Pentachlorophenol 7.0 6.8 2.9 

the O-1500 mg/l. range. It was found that 
chlorophenols and/or chlorophenol ion-pair 
extraction was not significantly increased by 
using TBA concentrations higher than 500 mg/l. 

The effect of organic solvents on the extrac- 
tion of chlorophenols and/or chlorophenol ion- 
pairs was examined. Several organic solvents, 
viz. 1,2-dichloroethane, chloroform and carbon 
tetrachloride, were tested. The pentachlorophe- 
no1 ion-pair was not extracted with carbon 
tetrachloride. In 1 ,Zdichloroethane, an absorp- 
tion band was observed between 226-230 nm; 
this band is not characteristic of chlorophenols 
and is not reproducible. Thus, chloroform was 
selected for further studies. 

Determination of chlorophenols in binary, ternary 
and quaternary mixtures 

The accuracy of results obtained in the 
multicomponent analysis of overlapping spectra 
depends on the wavelength range. Several wave- 
length ranges were studied and the optimum 
conditions were selected based on standard 
deviation and prediction error. The study was 
made on 20 quaternary mixtures (Table 2) 
containing different concentrations within the 
3-15 mg/l. concentration range and the results 

Table 7. Determination of chlorophenols in ternary 
mixtures 

Added, Found, Error, 
mnll. mnll. % 

2Chlorophenol 
4-Chloro-3-methylphenol 
2,CDichlorophenol 
2Chlorophenol 
4-Chloro-3-methylphenol 
Pentachlorophenol 
4-Chloro-3-methylphenol 
2,CDichlorophenol 
Pentachlorophenol 
2-Chlorophenol 
2,CDichlorophenol 
Pentachlorophenol 
2-Chlorophenol 
4-Chloro-3-methylphenol 
Pentachlorophenol 
4-Chloro-3-methylphenol 
2,CDichlorophenol 
Pentachlorophenol 
2Chlorophenol 
2,CDichlorophenol 
Pentachlorophenol 
2Chlorophenol 
4-Chloro-3-methylphenol 
2,CDichlorophenol 

5.0 5.0 
7.0 7.2 
5.0 5.1 

G 
7.0 

3:o 
5.0 
2.9 

7.0 6.8 
5.0 5.0 
5.0 4.9 
9.0 8.6 
7.0 6.9 
5.0 5.0 
5.0 5.0 
3.0 3.1 
7.0 7.1 
5.0 5.0 

::: 
3.1 
7.1 

5.0 4.8 
9.0 9.0 
7.0 7.2 
5.0 5.0 
9.0 9.0 
7.0 7.1 

iii 
2.0 
- 
- 

::; 

G 
4.4 
1.4 
- 
- 
3.3 
1.4 
- 
3.3 
1.4 
4.0 

z 
- 
- 
1.4 

are shown on Table 3. The optimum wavelength 
range (250-380 nm) is that which provides 
minimum standard deviation [equation (6)] 
and minimum prediction error [equation (7)]. 
Table 4 shows standard deviation and predic- 
tion error for each component in quaternary 
mixtures at 250-380 nm wavelength range. 

Table 5 sets out the analytical characteristics 
for each chlorophenol studied in all mixtures. 
Detection limit was calculated taking into ac- 
count the standard deviation of the blank. 

Multicomponent determinations of two-, 
three- and four-component mixtures over the 
250-380 nm wavelength range were carried out. 
Tables 6, 7 and 8 include the results obtained 
from first derivative spectra and relative errors 
in the determination of chlorophenols in spiked 
water. 

The multicomponent computer programme 
allows the determination of each chlorophenol 

Table 8. Determination of chlorophenols in quaternary mixtures 

2Chloroph. CChloro-3-methylph. 2,CDichloroph. Pentachloroph. 
AF EAFEAFEAF E 

15.0 13.8 8.0 7.0 6.6 5.6 3.0 3.0 - 7.0 6.7 4.3 
7.0 6.5 7.1 5.0 4.7 6.0 3.0 3.3 10.0 5.0 4.6 8.0 

15.0 13.8 8.0 15.0 15.2 1.3 9.0 9.5 5.5 7.0 7.2 2.8 
15.0 13.5 9.9 7.0 7.1 1.4 9.0 8.9 1.1 9.0 8.7 3.3 
13.0 11.9 8.5 9.0 9.2 2.2 9.0 9.5 5.5 5.0 5.1 2.0 

A = added (mg/l.). 
F = found (mg/l.). 
E = error (%). 
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in the spiked water in the 250-380 nm wave- Acknowledgement-We acknowledge the financial support 

length range with relative errors below 4.4% for given by the CAICYT (Project 86/0371). 

binary and ternary mixtures and in the l-10% 
range for quatemary ones. 

When matrix effects are encountered, the 
prediction error reaches values higher than 
50%. The method can be applied to the determi- 
nation of chlorophenols in the absence of nitro- 
phenols because when the presence of 
nitrophenols is suspected in the same sample, 
the calibration method described above is not 
suitable. We are using the generalized standard 
addition method, or GSAM, to prevent this 
problem, but this will be described in a future 
paper. 

CONCLUSIONS 

It can be concluded that a photodiode array 
multi-wavelength detector, together with multi- 
component analysis, is a very efficient tool 
for the analysis of multicomponent samples. 
The overlapping of spectra in the simul- 
taneous determination of a substance can be 
overcome. 

The accuracy of the results depends on the 
wavelength ranges used. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 
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STATISTICAL OPTIMISATION APPLIED TO THE 
SPECTROPHOTOMETRIC STUDY OF THE 

TOLMETIN-Fe(II1) COMPLEX 

S. AGATONOVIC-KU&WN, LJ. ~IVANOWC, D. RADULOVIC and M. VASILJE~I~ 

Institute of Pharmaceutical Chemistry, Faculty of Pharmacy, Dr. Subotica 8, 
1 loo0 Belgrade, Yugoslavia 

Summary-Tolmetin sodium has been examined and determined from dosage forms as its Fe(III) complex 
and the method has been optimized by statistical optimization. 

Tolmetin [(l-methyl-5-~-toluoylpy~ol-2-yl)- 
acetic acid] is a non-steroidal anti-inflammatory 
agent with analgestic and antipyretic activities. 
As the sodium salt dihydrate it is formulated in 
tablet and capsule forms, both of which are used 
for the treatment of rhe~atoid arthritis and 
osteoarthritis. 

Tolmetin has been determined by a variety of 
analytical techniques, the most common ones 
being color&retry,’ UV spectrophotometry* and 
gas and liquid chromatography?-’ Other 
methods include thin-layer ~hromato~aphy,~9 
fluorimetry’” and polarography.” The compen- 
dial assay for tablets and capsules entailed 
lengthy spectrophotometric procedures.‘* 
Because spectrophotometric techniques offer 
significant economic advantages over gas and 
liquid ~hromato~phy, the aim of the present 
work was to establish a new, highly sensitive 
spectrophotometric method for the determi- 
nation of tohnetin sodium in bulk drug form 
and in tablets. 

series of screening experiments revealed that the 
complex formation and extraction are maxi- 
mized as a function of supporting electrolyte 
concentration, concentration of colour reagents 
and pH of reaction mixture. One set of two-level 
four variable factorial experiments were carried 
out in order to evaluate the main effect, as well 
as the interaction among factors. The final step 
was to optimize the values of four variables with 
response surface design. The best set of con- 
ditions was selected for further investigation. 

EXPERIMENTAL 

Reagents 

Tolmetin sodium bulk drug and Tolectin@ 
tablets (200 mg) were obtained by courtesy of 
McNail Inc. (New York, USA). Iron(II1) chlor- 
ide, potassium chloride, acetic acid and sodium 
hydroxide were obtained from Merck A. G. 
(Darmstadt, FRG). Doubly-distilled water was 
used throughout. 

Colorogenic reaction with iron(II1) chloride 
in the presence of ammonium thiocyanate was 
used to modify the spectrum of tolmetin and 
enable its detection in the visible spectral region. 
The method involves the formation of a tol- 
metin-iron(II1) complex which is soluble in 
chloroform and is stable, but does not absorb 
in the visible region, The complex can be 
converted to a red coloured ion-pair, by the 
addition of ammonium thiocyanate. The ion- 
pair is extractable with chloroform and can be 
detected calorimetrically. 

solution 

For analytical purposes a freshly prepared 
(1.6 mg/ml; 5.07 x lo-‘M) aqueous solution 
of tolmetin sodium bulk drug was used as 
the standard solution. The calibration curve 
was prepared with ten standard solutions hav- 
ing concentration in the range 0.2-2.0 mg/ml 
(6.34 x 10m4-6.34 x 10m3M). A sample solution 
containing 1.0 mg/ml (3.17 x 10m3M) tohnetin 
sodium was prepared by extracting tolmetin 
sodium from tablets. 

The assay was developed with two math- Iron(II1) chloride solution (27.03 mg/mf, 
ematical statistical models: factorial design and 1 x 10-‘&f) was prepared by dissolving 1.3515 
response surface mapping.13 The decision to g of iron(II1) chloride in 40 ml of water, adding 
apply experimental design techniques to the 1 ml of 1M hydrochloric acid and diluting the 
development of the method was made after a solution to 50 ml with water. 

1347 
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Ammonium thiocyanate solution (76.12 mg/ 
ml; 1M) was prepared by dissolving 3.806 g of 
ammonium thiocyanate in 50 ml of water. 

The ionic strength of the final solution was 
kept constant at 0.2M by addition of 2M 
potassium chloride. Acetate buffer solutions 
covering the pH range 4.0-6.5 were made by 
mixing appropriate volumes of 1 M sodium 
hydroxide and 1M acetic acid. 

Apparatus 

A Specord M 40 Carl Zeiss Jena spectropho- 
tometer, provided with matched lo-mm quartz 
cells and a Radiometer 22 pH-meter calibrated 
with appropriate standard buffer solutions were 
used. 

Procedure 

To 2 ml of tohnetin sodium solution placed in 
an Erlemneyer flask fitted with a ground glass 
stopper, 2 ml of iron(II1) chloride, 2 ml of 
ammonium thiocyanate, 1 ml of 2M potassium 
chloride and 3 ml of acetate buffer were added, 
followed by 5 ml of chloroform. The Erlen- 
meyer is stoppered and after shaking the reac- 
tion mixture for 10 min the red-coloured 
chloroformic layer is separated with a separ- 
ating funnel and the absorbance measured at 
486 nm, against a reagent blank. This procedure 
was employed for measuring the absorption 
spectrum and for determination of tolmetin 
sodium from bulk drug and tablets. 

RESULTS AND DISCUSSION 

Absorption spectrum of the tolmetin-iron(III) 
complex 

Tolmetin sodium reacts with iron(II1) chlor- 
ide in the presence of ammonium thiocyanate 
at pH 4.6-6.8 to form a red, chloroform 
extractable complex. The absorption spectrum 
of the extracted complex was measured in the 
spectrum region from 400-600 nm. The com- 
plex shows maximum absorbance at 486 nm 
(Fig. l), which can therefore be used as the 
wavelength for the determinations. Under the 
same conditions, the chloroformic extract of 
iron(II1) chloride, ammonium thiocyanate, pot- 
assium chloride and acetate buffer solution does 
not absorb in this spectral region. The maximal 
production and extraction of the complex was 
reached after 5 min and the colour was stable 
for 24 hr. 

Iron(II1) chloride and ammonium thio- 
cyanate were added in excess. Investigation 

400 440 460 520 560 600 

Wavelength, nm 
Fig. 1. Absorption spectra of the tohnetin-Fe(W) com- 
plex in chloroform. [Tolmetin] = 5.07 x 10e3M; [Fe(III)] = 

lo-‘M; [NH,SCNj = IM; pH 5.8; p = 0.2M. 

showed that the absorbance increases up to 
a molar ratio of 20: 1 for iron(III)-tolmetin 
and 9 : 1 for ammonium thiocyanateiron(II1) 
chloride. 

E#ect of pH and ionic strength on complex 
formation 

The complex is only produced at pH values 
above 4.6. The general trend observed was 
a gradual increase in absorbance to pH 5.6, 
followed by a steady decrease in absorbance 
after pH 5.8 (Fig. 2); therefore, the optimum 
conditions for complex formation were found to 
be in the pH range 5.6-5.8. 

As the shape of the absorption curves and 
positions of the absorption maximum do not 
vary with pH, we assumed that in this pH range 
only one type of complex is formed (Fig. 3). 

The ionic strength also plays a significant role 
by its influence on the shape and intensity of the 

0.6 - 

0.7 - 
$ 

i 0.6 $ 
0.5 

- _p’-\ 

0.4 -I I I I I J 
4.6 5.2 5.6 6.0 6.4 6.6 

PH 
Fig. 2. The effect of pH on complex absorption 
at 486 nm. volmetin] = 5.07 x lo-‘M; [Fe(III)] = lo-‘M; 

[NH,SCN] = 1M; p = 0.2M. 
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recorded peaks. The effect of ionic strength and 
complex formation was followed in the range 
O.l-0.4M. At an ionic strength of 0.2M, spectra 
with optimum shape were recorded. 

Optimum conditions for complex formation 

Optimization of this spectrophotometric pro- 
cedure was especially difficult because the 
absorbance and reproducibility response de- 
pend on several variables that interact with 
each other. In order to investigate the effect of 
each factor and their interaction, a four vari- 
able, two level factorial design was chosen. 
The variables were: ionic strength (A), pH (B), 
iron(II1) chloride concentration (C) and con- 
centration of ammonium thiocyanate (D) in the 
reaction mixture. Different levels of these vari- 
ables were selected in order to maximize the 
information that could be extracted from exper- 
imental data. The design matrix (Table 1) shows 
the 16 treatment combinations of low (-) and 
high (+) level factors. 

From the estimate of factors effect (Table 2) 
it can be seen that the pH of reaction mixture 
is the most significant effect. The interaction 
of the concentration of iron(II1) chloride and 
concentration of ammonium thiocyanate was 
greater than the other combined effects which 
indicates that the amount of the formed com- 
plex influenced by the concentration of iron(II1) 
chloride is dependent on the concentration of 
ammonium thiocyanate. 

In order to increase the sensitivity of the 
method response, a surface diagram was chosen 
to identify the optimum experimental con- 
ditions. Response surface can simultaneously 

t 0% 
+. + 

C+$+.+, 
Do a’c. 

0 ;H pH 
5.4 
6.2 

2.x 0 pH 6.4 
, Y pH 5.0 

400 440 480 520 560 600 

Wavelength, nm 
Fig. 3. The effect of pH on complex formation and 
extraction. [Tohnetin] = 5.07 x 10m3M; (Fe(III)] = lo-‘M; 

[NH,SCN] = 1M; ,u = 0.2M. 

Table 1. 2’ factorial design 

Factor level+ 

Trial A 

: T 
3 - 
4 + 
5 - 
6 + 
7 - 
8 + 
9 - 

10 + 
11 - 
12 + 
13 - 
14 + 
15 - 
16 + 

B c 
- - 
- - 
+ - 
+ - 
- + 

+ 
+ + 
+ + 
- - 
- - 
+ - 
+ - 

+ 
+ 

+ + 
+ + 

D 
- 
- 
- 
- 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

Absorbance 
0.2368 
0.2704 
0.4065 
0.3987 
0.4857 
0.5163 
0.7208 
0.3706 
0.5092 
0.5629 
0.7141 
0.3901 
0.5390 
0.5325 
0.7389 
0.4022 

*Low (-) and high (+) levels of the following factors: 

Factor ValUe 

Low(-) Hi&(+) 
A (ionic strength) O.lM 0.2M 
B @H of reaction mixture) 5.0 5.8 
C [Fe@) chloride cont.] O.OlM 0.02M 
D (ammonium thiocyanate cont.) O.lOM 0.20M 

represent two independent and one dependent 
variable when a mathematical relationship 
between variables is known or can be assumed. 
Ten experimental data were fitted to a poly- 
nomial mathematical model so that variables 
were adjusted until calculated values were in 
close agreement with the experimental values.14 
The relationship between iron(II1) chloride con- 
centration (x,), ammonium thiocyanate concen- 
tration (.x2) and absorbance of chloroform 
extract (A ), while holding pH and ionic strength 
of the reaction mixture constant (pH 5.7 and 
p = 0.2M) is shown by model fitting methods 
which give the equation: 

A = - 1.686 + 77.143x, + 17.276~~ 

-764x: - 32.078x; - 23 1.969x, x, 

Table 2. 

Estimates of factor effects 

aver = 0.48374 
A =0.13116 
B = 0.16736 

AB = 0.02914 
c = 0.13051 

AC = 0.01804 
BC = 0.02389 

ABC = 0.00211 
D =0.13934 

AD = 0.01761 
BD = 0.03501 

ABD = -0.02411 
CD = -0.10209 

ACD = -0.01416 
BCD = -0.02011 

ABCD = -0.00339 
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Maximum absorbance of the extracted complex 
can be obtained with 2 x 10m2N iron(II1) chlor- 
ide and 2 x lo-‘M ammonium thiocyanate in 
the reaction mixture as can be seen from the 
assumed response surface and contours of con- 
stant response for the response surface given in 
Fig. 4. 

For the relationship between pH, ionic 
strength and absorbance, while holding the 
concentration of colour reagents constant at 
optimal con~n~ations, ten solutions were 
examined (pH 5.2, 5.8, 6.4 and p =O.l, 0.2, 
0.3M, with a replicate at the mid-point pH 5.8, 
p = 0.2M) and model fitting methods give the 
equation: 

A = - 13.971+ 5.1904~ + 4.9756 pH 

- 14.0995 /.L= - 0.4379 pH2 

$0.1043 ppH 

0.08 0.12 0.16 0.20 0.24 0.28 0.32 

[NH,SCN], M 

p = 0.2M. 

Fig. 4. The absorption response of the tolme~~F~II1) 
complex in chloroform and contours of constant response 
for the response surface as a function of the concentration 
of colour reagents. polmetin] = 5.07 x 10w9M; pH 5.7; 

Fig. 5. The absorption response of the to~eti~F~I1) 
complex in chloroform with respect to the pH and ionic 
strength. rJblmetin] = 5.07 x 10w3M; [Fe(III)] = IO-‘M; 

mH,SCN] = 1M. 

The equation maximum is obtained with pH 5.7 
and p = 0.2M. The assumed response surface 
is shown in Fig. 5. All further measurements 
were carried out at pH 5.7, ionic strength 
0.2M and a ten-fold excess of ammonium 
thiocyanate concentration to iron(III) chloride 
concentration. 

Stoic~iometry of the complex 

The composition of the tohnetin-iron(II1) 
complex was determined by applying Job’s 
method of continuous variation. The concen- 
tration of aqueous tolmetin sodium and 
iron(II1) chloride solutions was 5 x 10m3M. 
Nine solutions were prepared containing tol- 
metin sodium and ferric chloride in various 
molar ratios so that their volume always 
amounted to 5 ml with addition of 2 ml of 

0.8 

0.8 
0 
e 

f 0.4 

8 
0.2 

Ok 
0 0.2 0.4 0.8 0.8 1.0 

IFW)] 
[Fe(lli)] + [TolmetlnJ 

Fig. 6. Job’s curve of equimolar solutions for the tolmetin- 
Fe(III) complex in chloroform. polmetin] = Fe(III)] = 

, . 5 x lo-“M: DH = 5.7: IA = 0.2M. . 
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o.+, , , , , , 
0 I 2 3 4 5 

FeCI,, ml 
Fig. 7. Job’s curve of non-e&molar solution at 486 nm. 

lTolmetin] = 2.5 x lo-)M; pH 5.7; p = 0.2M. 

ammonium thiocyanate solution, 1 ml of pot- 
assium chloride and 2 ml of acetate buffer 
solution. The extraction was performed with 5 
ml of chloroform and the absorbance measured 
at 486 mu. The plot reaches maximum value at 
a mole fraction X_ = 0.5 (Fig. 6), which indi- 
cates the formation of a 1: 1 complex. The 
composition of the complex was confirmed by 
the molar ratio method. The curve obtained 
shows a break point at the iron(III)-tolmetin 
molar ratio of 1: 1. 

Relative stability of the complex 

The relative stability constant of the complex 
has been determined by applying the method of 
Sommer et all6 on the basis of results obtained 
by Job’s method for the composition of the 
complex and also by the application of Job’s 
method of non-equimolar solutions” (Table 3). 
By Job’s method of non-equimolar solutions the 
curves for a five- and ten-fold excess of reagent 
were obtained (Fig. 7). 

The conditional stability constant was then 
calculated in the following way: 

(P - l)U- %lax) 

K’ = (C,*wl)W +PLLx - 1Y’ 

Table 3. Conditional stability constant of the tohnetin- 
Fe(II1) complex* 

Job’s method of non-equimolar solutions* 
[FeWI) P -L log K’ 

1.25 x 10-Z 5 0.208 4.18 
2.50 x lo-2 10 0.166 3.78 

Mean: 3.98 
Sommer’s method* 

log K’ log Kk log K6, SD RSD, % 
3.84 3.71 4.01 0.11 2.37 

*Conditions: pH 5.7; p = 0.2; Temperature = 25 f 0.5” 

where p = 5 or 10, X,, is projection of the 
peak maximum divided by the total volume 
of chloroform used for extraction in each case 
(12 ml). The values obtained by the two different 
methods are in good agreement. 

Validation 

The method was tested for linearity, precision 
and reproducibility. The Beer-Lambert law was 
obeyed over the tohnetin sodium concentration 
range 0.04-0.04 mg/ml; Agb = a + bC, where 
C is the concentration of tolmetin sodium in 
mg/ml (calculated in the final solution for 
extraction), a = -0.0172 and b = 2.326; the 
regression coefficient being R = 0.999 (n = 10) 
indicates excellent linearity. 

The precision of the method was checked 
at three different concentrations. The relative 
standard deviation varied from 1.31-2.33% 
for concentration of tolmetin sodium from 
0.4-l .6 mg/ml. 

The applicability of the method for the assay 
of simple dosage forms was examined by 
analysing Tolectinea’ tablets. The recovery was 
98.6% (n = 10) relative to the labelled strength 
of those preparations and relative standard 
deviation of 1.62%. 

The statistical analysis of the results obtained 
in the determination of tolmetin as a pure 
compound and from dosage forms is shown in 
Table 4. 

The calorimetric procedure, based on selec- 
tive reaction of tolmetin sodium with iron(II1) 
chloride in the presence of ammonium thio- 
cyanate and extraction of the formed complex is 

Table 4. Statistical analysis of results in the determination of tolmetin 

Concentration 
solutions Found SD, RSD, Recovery, 

Sample (n = 10) wlm[ fwlml mg % SX % 

Tohnetin Sodium 0.4 0.40 0.093 2.33 0.003 97-103 
bulk drug 1.0 1.00 0.013 1.31 0.027 98-101 

1.6 1.60 0.021 1.31 0.008 98-102 
Tolectinea tbl. (200 mg) 1.0 0.986 0.016 1.62 0.005 98.6 
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suitable for rapid and sensitive analysis of tol- 
metin sodium in commercial formulations. The 
lower limit of sensitivity of the method was 
found to be 11.6 pg/ml. 
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Summary-The growth of lead carbonate seed crystals is strongly inhibited by the presence of citric acid. 
The kinetics of crystal growth were followed potentiometrically with a lead ion-selective electrode. The 
study of different variables on such a process was carried out with the aim of developing kinetic procedures 
to determine citrate (0.5-2.0 ag/ml). The selectivity and sensitivity of these processes allow the application 
of his crystallization reaction to direct determination of citrate in drinks and in a pharmaceutical product. 

Citric acid has aroused notable interest as an 
additive in food, mainly as an acidifying agent 
in drinks. Citrate is also widely used in pharma- 
ceutical preparations. It is biologically involved 
in the well-known Krebs cycle of glucid metab- 
olism’ and plays an important role in preventing 
calcium oxalate urolithiasis due to its effective 
inhibitory effects.2 

Determination of citric acid can be accom- 
plished through gravimetric and volumetric 
methods,3 photometric procedures,4 enzymatic 
analyses’ and chromatographic determinations, 
mainly HPLC.6 Recently, an indirect potentio- 
metric method was also presented.’ In this paper 
we propose a kinetic potentiometric technique 
for kinetic determination of citrate based on its 
inhibitory effects on the growth of lead carbon- 
ate seed crystals. The determination was applied 
to the direct determination of citrate in drinks. 
We have demonstrated previously the usefulness 
of inhibitory processes of crystalline growth with 
analytical purposes, due to the sensibility and 
selectivity of such processes. Thus, procedures 
for phytic acid determination with seed crystals 
of calcium oxalate monohydrate* and deter- 
mination of phosphate with calcite (calcium 
carbonate) seed crystals9 were developed. 

EXPERIMENTAL 

Reagents and apparatus 

Solutions of sodium bicarbonate, sodium 
citrate (both from Panreac) and sodium per- 

chlorate (Carlo Erba) were prepared with 
analytical-reagent grade chemicals. A standard 
solution of O.lM lead perchlorate (Orion) was 
used. Lead carbonate seed crystals of analytical 
reagent grade (Panreac) were characterized by 
termogravimetry (with a Perk&Elmer TGS 2 
Electromicroanalytical balance) and scanning 
electron microscopy (with a Hitachi S-530 SEM). 
Potentiometric measurements were taken by 
means of a Crison pH/mV-meter digit 501 with 
a lead electrode (Orion Model 94-82) coupled 
with a silver/silver chloride electrode, separated 
from the cell solution by an intermediate junction 
containing potassium chloride. The temperature 
was controlled by a sensor immersed in the 
working solution. 

Procedure 

In a 250-ml beaker were placed 2 ml of 
5M sodium perchlorate, 0.4 ml of O.lM lead 
perchlorate, the volume of citrate solution 
necessary for a final concentration between 
0.5 and 2 ppm of citrate, and water to a final 
volume of 200 ml (initial pH = 5.8). The solu- 
tion was immersed in a constant-temperature 
waterbath and was always magnetically stirred. 
After the temperature of the working solution 
was stabilized (25.0 f 0.2”), 1 ml of a perfectly 
homogeneous suspension, obtained by mixing 
5 g of lead carbonate seed crystals and 20 g 
of water, was added. Finally, when the potenti- 
ometer gave a constant reading (f0.5 mv), 
1 ml of 0.2M sodium bicarbonate solution was 
added. 
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I 2 3 4 5 6 
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Fig. 1. Lead crystallixation runs in the absence and presence 
of citrate. [pbz+], = 2 x IO-‘M, [HCO;], = 1 x lo-‘M, 
[N&IO,] =0.05&f, initial pH = 5.8; 0.25 g of lead carb- 
onate seed crystals, temperature = 25”. (1) without citrate; 
(2) [citrate] = 2.5 x lO-6M; (3) [citrate] = 3.4 x 10d6M; 
(4) [citrate] = 5.0 x lO%f; (5) [citrate] = 6.8 x 10s6M. 

Potential-time curves were obtained whether 
the induction period method or the fixed-time 
method of rate measurement was applied 
(Fig. 1) The duration of each measurement 
was cff. 10 min. 

RESULTS AND DISCUSSION 

Study of crystalline growth of lead carbonate seed 
crystals 

The crystalline growth of lead carbonate seed 
crystals was potentiometrically studied with a 
lead ion-selective electrode in order to obtain 
optimum conditions to observe inhibitory 
processes of crystal growth. Thus, the influence 
of pH, su~rsat~ation, ionic strength, tempera- 
ture and seed morphology on the reaction rate 
were studied. 

Figure 2 shows the influence of initial pH 
on the reaction rate. As can be seen the rate of 
lead carbonate crystal growth increases when 
initial pH increases. This is directly related to 
the displacement of the following equilibrium. 

HCO, *CO:- + H+ 

giving a higher initial free carbonate concen- 
tration at higher pH values and con~u~tly 
increasing the initial crystallization rate of the 
lead carbonate. Considering the pH range of the 
optimum response for the lead ion-selective 
electrode, a pH of cu. 5.8 was chosen as opti- 
mum. When the lead carbonate crystallization 
process took place with working solutions con- 
taining lead, hydrogen carbonate and carbonate 
(without pH buffer), using the above conditions, 
a continuous increase in the pH of the solution 
was observed (one unit of pH, approx,) and this 

PH 

Fig. 2. Influence of the initial pH on the initial rate (tg CL) 
of lead carbonate crystallixation. Ipb2+], = 2 x lo-‘M, 
[HCO,], = 5 x lo-‘M, [NaClO,] = 0.05N; 0.25 g of lead 

carbonate seed crystals, temperature = 25”. 

is explained by considering the existence of basic 
lead forms at 5.8 initial pH value. 

Figure 3 shows the rate of crystallization 
corresponding to different selected super- 
saturation values. As can be appreciated for a 
total initial lead concentration of 2 x 10B4M 
and bi~rbonate ~n~ntration of 1 x 10m3M, 
the electrode potential remained constant before 
seed addition, ‘and after bicarbonate addition 
the rate of crystalline growth provoked a rapid 
decrease in the potential with time. These are 
two essential conditions for exploiting this 
methodolo~ for analytical purposes. For those 
reasons the above-mentioned lead and bicarb- 
onate concentrations were chosen as optimum. 
As can be seen in Fig. 3, it can be assumed that 
no nucleation processes took place and conse- 
quently only crystalline growth on seed crystals 
was produced. 

The study of the ionic strength infiuence 
demonstrated that in the studied interval 

I- 

\’ (1) 

i -160 -l! b ’ “r \ (2) 

\ .--(4’) 13) 

-180 
\ 

\ 

I (4) 

1 2 3 4 3 

Time, min 

Fig. 3. Lead carbonate crystalliition runs at different 
su~~t~ation. pbs+ ]o = 2 x 10e4M, [NaClO,] = O.O5M, 
initiai pH = 5.8; 0.25 g of lead carbonate seed crystals, 
temperature = 25”. (1) @ICOT&, =i 3 x 10-4m (2) (HCO~Ji, 
=4 x 10-‘&f; (3) WCC,-b = 5 x lo-‘M; (4) lHCO;-b 
= 1 x 10-3w; (5) wCO,b =2x lo-)M; (4’) and (5’) 

experiments without seed. 
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1 I I I 8 

1 2 3 4 

Time, mih 

Fig. 4. Effects of several substances in lead carbonate crystal 
growth. ~b2’lo = 2 x 10-94, [Hco,-I, = 1 x lo-‘M, 
[NaCIO,] = O.O5M, initial pH = 5.8; 0.25 g of lead carbon- 
ate seed crystals, temperature = 25”. (1) Reference, thiamine 
(5 x 10m6M), tbreonine (1.7 x 10e6M), sulphate (2 x 
IO-‘M), phosphate (2 x 10m5A4), EDTA (1 x 10-‘&f), 
fumaric acid (1.7 x 10-sM); (2) ascorbic acid (1.1 x IO-jM); 
(3) oxalate (2.3 x 10-sM); (4) pyrophosphate (1.4 x 10-JM); 

(5) citrate (6.8 x 10m6M). 

(0.025-o. 15M sodium perchlorate) the crystal- 
line growth is only slightly affected. An ionic 
strength of 0.05M sodium perchlorate was 
chosen as optimum after consideration of the 
most appropriate electrode response. Studies of 
the temperature influence on lead carbonate 
crystal growth demonstrated that between 25 
and 30”, the crystallization runs were practically 
unmodified. 

The size and morphology of seed crystals 
can in some cases alfect the rates of crystal 
growth. ‘O Thus to evaluate the influence of size 
and morphology of the lead carbonate seed on 
crystallization runs, experiments were made 
with seeds of two different surface characteristics 
(aged and non-aged seed crystals). No significant 

_I 
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Fig. 5. Influence. of the initial pH on the inhibition of citrate. 
in the crystalline growth of lead carbonate. [pbz+ ]o = 2 x 
lo-‘M, [HCOCI, = 1 x lo-‘M, paC104] = O.O5M, [citrate] 
= 3.4 x 10-6M; 0.25 g of lead carbonate seed crystals, 
temperature = 25”. (1) pH = 6.3; (2) pH = 5.8; (3) pH = 5.3; 

(4) pH = 5.0. 

variations were observed when using the two 
distinct seeds, in spite of their different morph- 
ology, demonstrating that in this case the type 
of seed used had little influence on the process. 
The quantity of seed crystals used in each 
experience was also studied and it was found 
that 0.25 g of lead carbonate seed crystals 
caused a rapid and easily measurable decrease 
in the potential with time. 

Finally, the crystalline growth of lead carbon- 
ate seed crystals was studied in the presence of 
several additives. As is shown in Fig. 4, the 
growth of lead carbonate crystals was notably 
delayed by the presence of citrate and pyro- 
phosphate, in such a manner that the citrate 
exhibited the highest effect and ascorbic and 
oxalic acids the lowest one, whereas, fumaric 
acid, thiamine, threonine, sulphate, phosphate 
and EDTA manifested no significant effects in 
the experimental conditions used. These results 
demonstrate that the structure of the citric acid 

(b) 

0.8 - 
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0 0.05 0.10 0.15 0. 2 
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Fig. 6. Iniluencz of the ionic strength on the inhibition of citrate in the crystalline growth of lead carbonate. 
[pb*+]o = 2 x lo-‘M, mCO,-b = 1 x lo-“M, [citrate] = 3.4 x 10-6M, initial pH = 5.8; 0.25 g of lead 
carbonate seed crystals, temperature = 25”. (u) influence of the ionic strength on the induction period, 

(b) influence of the ionic strength on the initial rate (mV/min). 
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Table 1. Characteristics of the analytical methods Table 3. Determination of citrate in drinks and pharma- 

Linear range of 
logarithmic plots, RSD, 

ppm %ot 

Fixed-time method* OS-2 3.9 
Induction period method OS-2 2.8 

*5 min. 
tn = 11. 

ceutical products 

PrOpOsed 

method,* 
Sample gll. 

Pharmaceutical product 256 f 3.40 
Fruit juice 3.45 + 0.04 
Wine 2.80 f 0.06 

*Average of 5 determinations. 

Photometric 
method,* 

gll. 

234 f 2.68 
3.13 f 0.05 
2.24 f 0.04 

permits a very effective adaptation of the sub- 
stance on the crystal surface. The adsorption 
of the polyhydroxycarboxylic acid to the active 
growth sites would be responsible for the 
reduction in the crystalline growth rates. 

Eflects of citrate on lead carbonate crystallization 

Study of experimental conditions. For the 
purpose of finding the optimum conditions to 
develop a kinetic procedure for the determin- 
ation of citric acid based on its inhibition on 
lead carbonate crystal growth, the influence of 
pH and ionic strength on the reaction rate was 
investigated. Figure 5 shows the study of the pH 
influence. As can be appreciated when pH in- 
creased the citrate inhibitory capacity did not 
increase. This indicates that deprotonation of 
the citrate molecule does not affect its inhibitory 
capacity. On the other hand, when considering 
the intluence of the ionic strength (Fig. 6), the 
citrate inhibition increases when ionic strength 
also increases. These findings seem to indicate 
that the citrate-lead carbonate interaction is 
not a simple electrostatic interaction. Thus, an 
initial pH value of 5.8 and an ionic strength of 
0.05k were chosen to prepare the calibration 
graph. 

results obtained are shown in Table 1. As can 
be seen the induction period method exhibited 
the best analytical characteristics. The selectivity 
was tested by obtaining the rate curves in the 
presence of several species that could potentiably 
act as inhibitors of lead carbonate crystal growth. 
The results in Table 2 show few interferences, 
thus only pyrophosphate caused some import- 
ant disturbance at concentrations similar to that 
of citrate. The proposed method exhibited a 
good calcium tolerance, even though this 
species forms precipitates with carbonate. It is 
evident that large amounts of species that could 
precipitate with lead ions must be avoided. 

Applications 

Characteristics of the analytical methods. The 
fixed-time (5 min) and the induction period 
methods were applied to the potential (mV)- 
time curves, recorded in the presence of different 
amounts of citrate under selected conditions 
in order to obtain the calibration graph. The 

The proposed method was applied to citrate 
determination in drinks and in a pharmaceutical 
product. It was noteworthy that no matrix 
effects were observed when analysing such real 
samples. This permitted the methods to be 
applied without any previous treatment of the 
samples (except appropriate dilutions). Never- 
theless, with the aim of confirming the reliability 
of the procedure, the standard addition method 
was applied and the results (Table 3) were com- 
pared with those obtained by a spectrophoto- 
metric procedure based on the formation of an 
Fe(III) yellow complex.4 As can be seen, there 
was fair agreement between the present and 
Fe(II1) procedures, confirming the applicability 
of the method. 

Table 2. Tolerance levels @pm) for several species in the 
determination of citrate (1 ppm) 

Acknowledgement-Financial support by the Dire&on 
General de Investigation Cientifica y T&mica (Grant PB 
89-0423) is gratefully acknowledged. 

Amount 
tolerated, 

Species ppm 

Sulphate, phosphate, EDTA >2 
Fmnaric acid >5 
Malic, ascorbic and oxalic acids+ 2 
Thiamine, threonine >lO 
Calcium, sodium, potassium and ammonium ions > 20 
Pyrophosphate+ 0.5 

*Higher concentrations increased the induction period. 
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Summary-An overview of the analytical potential of the hydrodynamic aspects of unsegmented flow 
systems is presented. Different approaches involving flow manipulation are described: stopped- 
flow methodologies, intermittent pumping, selecting-diverting carrier (reagent) streams, open-closed flow 
systems, flow reversal and flow gradient. 

The flow-rate (q) is one of the major variables 
in flow manifolds. Every method developed is 
optimized for a characteristic flow rate, which is 
kept constant throughout analyses through the 
different available propulsion elements (usually 
peristaltic pumps). Few methods use variable 
flow-rates; the best known are probably those 
based on stopping a pump of the system. The 
stopped-flow and intermittent pumping tech- 
niques are the most representative in this 
respect. *J However, other methods based on 
manipulation of the flow-rate during the analy- 
sis step also offer major analytical possibilities 
as shown below. 

The manipulation of hydrodynamic aspects in 
flow systems allows interesting analytical appli- 
cations to be developed and a high degree of 
automation to be accomplished. Several of such 
applications were recently reported and could 
strongly influence the future of unsegmented 
flow analysers. This paper offers a systematic 
overview of the different modes involving 
manipulation of hydrodynamic features of 
flow systems, their applications and analytical 
potential. 

The flow is usually manipulated in its pattern, 
direction or intensity; thus, pumps and valves 
are the two key devices allowing the hydrodyn- 
amic conditions of flow systems to be suited to 
one’s requirements. Methodologies developed in 
this way involve stopping the flow, altering the 
flow pattern without changing the flow-rate, 
reversing the flow direction or establishing flow 
rate-gradients (Fig. 1). 

where to is the time in which the analysis starts 
and t,, is the time in which the analysis finishes. 
Time stopped-flow modes have been used, 
alternating go/stop steps [Fig. l(b)]: 

q:;, cl:;, * * * 3 qt = q = constant 

but 

Flow reversal methodology are based on an 
analogue flow pattern, but in this case 
[Fig. l(c)]: 

and 

ai;, qi;, . . .&,= -4 

Flow rate-gradients [Fig. l(d)] are characterized 
by the continuous change of the flow-rate 
according to a linear function: 

q = a*? + b(t = time; a = slope; b = intercept) 

or a non-linear function: 

q = F(t)(polynomic, exponential, etc.) 

This variability is associated with constant flow 
gradients for the linear functions: 

Flow-gradient = Q = dq/dt = a = constant 
and non-constant flow-gradients for the other 
function, in general: 

Q = 4Wllld~ 
Thus, to date, constant flow-rates have 

dominated the applications of continuous flow 
It is also possible to combine two or more of 

systems [Fig. l(a)]: 
these methodologies by using different math- 
ematical functions [Fig. l(e)]. All these altema- 

q $ = constant tives are discussed below. 
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Stopped-flow modes 

The flow can be stopped either in the entire 
system or only in part of it. These two possibil- 
ities are related to stops-flow methods and 
intermittent pumping, respectively. 

Stopped-flow methods’ involve an abrupt 
change in the flow-rate (q) from a q-value to 
zero. During the period over which q # 0 the 
sample plug is mixed with the reagent and 
transported to the detector [Fig. 2(a)& When 
the ilow is stopped, the chemical reaction on 
which the determination is based develops and 
the detector continuously monitors the signal- 
time curve. The slopes of the curves obtained 
are proportional to the analyte ~on~ntration. 
Experimentally, stopped-flow methods can be 
implemented by synchronizing injection with 
the pump operation, or by using a three-way 
valve between the injection unit and the detec- 
tor. In both cases a timer or microcomputer is 
used to control and synchronize the operation 
of the valves and the pump. One of the most 
outstanding practical advantages of stopped- 
flow methods is the elimination of background 
signals from the blank or matrix as they are 
based on measurements of the signal change 
during the stop period. In this way, RtiZka and 
Hansen have developed interesting applications 
for the determination of sulphur dioxide in 
wine,3 alcohol in blood or serum without sample 
pretreatment, and glucose in serurn5 The 
reduction in the number and level of interfering 
species is another asset of the stopped-flow 
methods,6 as shown by L&zaro et al. with their 
catalytic-fluorimetric determination of trace 
copper.’ 

An alternative conception of the stopped-flow 
technique involves stopping the flow not as the 
sample reaches the detector, but in the tubing 
zone (reactor) [Fig. 2(b)], in order to increase 
the residence time and avoid the dispersion of 
the injected plug. A significant increase in sensi- 
tivity is obtained as a result of the longer 
reaction time without the dilution of the plug 
that would ensue with ordinary FIA systems. 
Several methods have been developed by using 
this methodology.&” The term “parallel analy- 
sis” used by RtiiEka and Hansen’ also allows 
the reaction time to be increased by using two 
or more reaction coils in parallel, but decreasing 
the dispersion of the sample; the sample is 
sequentially stored in parallel coils before reach- 
ing the detector. The same authors explained a 
parallel FIA analyser with eight 80+1 storage 

0.3 .qL 7 

q&_______ ._-___--_-- ---- _..--- .-----. --- 

-q-i - 1 
TIME 

Fig. 1. Characteristic flow rate-time profiles for different 
methodologies: (a) anstant flow-rate modes; (b) stopped- 
flow; (c) flow reversal; (d) flow-gradient and (e) flow- 

gradient/flow reversal coupling. 

tubes in which several sample zones are stored 
in parallel (in a rotating drum) for a desired 
period of time. 

An interesting assembly for simultaneous 
multidete~nations by the stopped-flow tech- 
nique was recently applied to the determination 
of free and bound sulphur dioxide in wines.” 
It uses a doubly stopped-flow manifold and 
can be considered to be a combination of the 
two above approaches [Fig. 2(c)]. Free sulphur 
dioxide directly reacts with fo~~dehyde and 
para-rosaniline to form a coloured compound 
which is monitored photometrically, whereas 
bound sulphur dioxide requires a prior hydro- 
lytic release. Two sample plugs are injected 
simultaneously. Plug-l merges with the pura- 
ro~~~ne~fo~aldehyde mixture. The resulting 
merging stream is stopped when it reaches the 
detector, where the indicator reaction is moni- 
tored (determination of free sulphur dioxide). 
Simultaneously, plug-2 is stopped in a previous 
reactor coil, where its alkaline hydrolysis takes 
place. Then, on starting the pump, plug-l is 
flushed out of the system and plug-2 is driven to 
the detector after merging with the reacting 
mixture. The second halting is effected as plug-2 
reaches the detector and is followed by the 
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monitoring of the signal change with time, 
which is now made up of the contribution of 
free and bound sulphur dioxide. On starting the 
pump again, plug-2 is driven to waste. 

Intermittent pumping involves stopping and 
starting one or several pumps from injection 
and the consequent temporary halting of one or 
several streams in the course of a determination. 
According to Rf&ka and Hansen,12 two pumps 
can be incorporated into a manifold in a variety 
of combinations, especially if one considers 
different timings of their stop-go intervals, but, 
to date, little work has been done in this respect. 
The simplest application of a two-pump FIA 
system is to increase the sampling frequency by 
increasing the washout speed from the coils 
and from the flow-cell. Thus, the Brazilian FIA 
group, using commutation units, developed an 
improved procedure for the determination of 
nitrite in waters,13 and the turbidimetric deter- 
mination of sulphate in natural waters and plant 
digestsI 

a) 

Constant flow rate methodologies 

FIA modes involving a constant flow-rate 
allow one to manipulate hydrodynamic aspects 
through selecting/diverting valves. These valves 
arc of great interest to unsegmented flow 
methods” 

The six-way rotary valves usually employed 
in injection systems, converted to selecting- 
diverting valves by an alternative connection of 
different channels, probably represent the most 
useful alternative in this context. Olsen et aZ.16 
employed a flow system incorporating three of 
these valves to preconcentrate heavy metals in 
a Chelex-100 minicolumn in a first step, fol- 
lowed by an elution step (in a reverse direction) 
to bring the eluted metal to a flame atomic- 
absorption detector. These readapted valves can 
also be used to co-ordinate two FIA subsystems 
by selecting the stream coming from one of 
them from a location prior to the detector” 
[Fig. 3(a)]. In other applications, they perform 
selecting-diverting operations on flow streams. 

BUFFER- 

REAGENT- 

bl SAMPLE 

BUFFER - 

REAGENT-- 

WASTE 
I 

lN;ECTlON 

J 

s 
(3 

iii LA- 
I STOP TIME 

INJECTION 

INJECTION 

Fig. 2. Different approaches to the implementation of the stopped-flow technique: (a) Stopping the flow 
as the reacting plug reaches the detector. (b) Stopping the tlow while the reacting plug is in the tubing 
zone (reactor). (c) Doubly stopped flow: fkst stop when plug-l (m) reaches the detector and plug-2 (a) 
is stopped in the reactor; second stop when plug-2 reachea the detector. [m and H indicate the position 

of the plug at the stop times]. 
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One of the streams reaching the valve is selected 
at its exit; the other is driven to waste or allowed 
to reach a given point in the FIA configuration 
[Fig. 3(b)]. One such assembly was employed 
in speciation studies of chro~~.18 The main 
channel, which contains sulphuric acid as 
carrier and into which the sample is injected, 
is merged with channel C from the selecting- 
diverting valve. The valve allows the selected 
stream [l,Pdiphenylcarbaxide (DPC) or oxi- 
dant] to reach the merging point. Initia~y, the 
oxidant stream (2) is fed to waste by the valve, 
whilst DPC (1) flows through channel C, so that 
the indicator reaction [DPC selectively reacts 
with Q(W)] can take place in the subsequent 
reactors. When valve selects the oxidant stream, 
DPC is driven to the second reactor. Thus, 
Cr(III) is oxided to Cr(VI) in the first reactor, 
the indicator reaction takes place in the last 
reactor and total chromium is determined as a 
result. 

Figure 3(c) shows au alternative possibility 
recently proposed for simultaueous kinetic deter- 
mina~ons.19 Fe(II1) and Co(B) form ~olourless 

a) 

FIA 
SUBSYSTEM 

0 
{ 

FIA 
SUBSYSTEM 

0 
C 

bl 

complexes with EGTA [reagent 1 in Figure 
3(c)], which react at a different rate with PAR 
(reagent 2) in l&and-displacement reactions, to 
yield coloured complexes that are monitory 
photomet~lly at the same wavelength. In one 
position, the valve Figure 3(c)], selects the 
sample-EGTA mixture and leads the PAR 
stream to point B (in this case the reaction only 
occurs along the last reactor). In the other 
position, the valve selects the PAR stream and 
leads the sampl~EGTA mixture to point A. 
The reaction occurs now along the two reactors 
before detection, The two continuous signals 
obtained correspond to different reaction times 
and allow one to determine the Fe@) and 
Co(B) present in the sample. 

Six-way rotary vaives adapted as selecting- 
diverting valves are a key to designing open- 
closed systems,2o in which multidetection is 
carried out by repeatedly passing the reacting 
plug through a single detector. In this case, one 
of the streams reaching the valve is the carrier 
solution and the other is that coming from the 
detector (Fig. 4). In the open position [Fig. 4(a)], 

when C=@ 

REAGENT@ 

CARRIER 

SAt&‘LE 

SAMPLE 

REAGENT0 

REAGENT@ 

Fig. 3, Different uses of selecting-diverting valves to control the direction of one or two flow streams (see 
text). C = selected stream; W = waste. @ selecting-diverting valve. 0 injection valve. 
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bl 

REACTOR 

Fig. 4. Role of the selecting~iverting valve (S) in establishing open-closed flow systems. (a) Open-system 
position; (b) Closed-system position. The signal-time graph shows the response obtained by the detector 
in the open position configuration (m) (single FIA peak) and in the closed-system configuration (-) 

(multipeak recording), assuming no chemical reaction takes place (injection of a dye). 
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the valve selects the carrier solution and drives 
it to the detector, after which it goes to waste. 
In the closed-system position [Fig. 4(b)], a 
closed circuit is established as a result of the 
selecting-diverting valve selecting the channel 
coming from the detector. In this latter position 
the physical and chemical evolution of a sample 
injected into the flow can be monitored. 

flow-rate to pull the sample plug back and 
through the detector and a second coil, and then 
out to waste. Therefore, this procedure requires 
two pumps. 

The analytical potential of open-closed flow 
systems has been clearly shown in the last few 
years. Their most remarkable applications are 
amplification methods, 20~21 kinetiP*22 and speci- 
ation studies, determination of reaction stoi- 
chiometries” and viscosity,2s simultaneous 
kinetic determinations,26 and determinations of 
enzymatic activities.27*28 

The second procedure [Fig. 5(b)] uses a single 
pump and two valves, one for injecting the 
sample and the other as a selecting-diverting 
valve, which is the key to this procedure. First, 
the sample is injected into a carrier stream 
flowing at +q. After the entire plug has passed 
through the detector, the flow is reversed (at 
flow-rate -4) by switching the selecting-divert- 
ing valve. The peak is passed back through the 
detector, thereby establishing a cycle reversal. 

Flow reversal methodology 

The simplest procedure to perform flow rever- 
sal FIA involves using a single pump and chang- 
ing the direction of the drum rotation [Fig. 5(c)]. 
This requires electroni@’ or computer” control. 

This methodology is based on the change of The reversal of the flow direction in continu- 
flow direction from +q to -q, which estab- ous automatic analysers was first achieved by 
lishes constant or non-constant time cycles. As the air-segmented mode proposed by Techni- 
pointed out by Betteridge et aZ.,29 flow reversals con. In the last few years this approach has been 
can be implemented in three different ways used in unsegmented continuous flow analysis 
(Fig. 5). One involves using two pumps (e.g., to control the dispersion and automatic 
[Fig. 5(a), pump A propels the carrier stream, variation of reaction coil length).29 The reaction 
pump B is unused. Then, the sample is injected coil length plays a major role in determining the 
and allowed to travel downstream into the characteristics of any FIA system and signifl- 
reaction coil for a set time. Pump A is then cantly interacts with other factors. Other FIA 
stopped and pump B is started at the same variables (flow-rate, inner tubing diameter, etc.) 
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play their part in determining the amount of 
dispersion that a sample plug undergoes as it 
traverses a flow-injection manifold. Flow rever- 
sal may be used in conjunction with choice of 
flow-rate and sample size to determine the 
amount of dispersion that a sample undergoes. 
The flow can be reversed not only by allowing 
the entire plug to pass through the detector but 
also by “sampling” a preset zone of the plug, so 
that the reversal cycles all take place within one 
FIA peak. 3o In a way, this mode can be con- 
sidered a peculiar variant of the sampling zone 
mode proposed by Krug et a1.,32 but intended to 
obtain a multipeak recording that defines kin- 
etic profiles (Fig. 6) that one can readily manip- 
ulate through the flow-rate, sample zone and 
cycle time. 

Toei used flow reversal FIA for the deter- 
mination of glucose in clinical samples with a 

single-33 and double-pump system.” The specific 
enzymatic reaction of glucose oxidase with /3-D- 
glucose was exploited, but straight calibration 
graphs could not be obtained when the reaction 
time was short or when using a stopped-flow 
FIA procedure. A long period (5 min) was 
needed for the reaction with end-point rate 
assay. However, in a conventional single-line 
manifold with sufhciently long tubing to obtain 
the required delay, the peak analysis time was 
rather long because of the large dispersion of the 
samples in the long reaction tubing. The kinetic 
FIA procedure in which two peaks are obtained 
by flow reversal offers better results, probably as 
a consequence of more efficient mixing that in 
turn results in a higher reaction rate. Moreover, 
by measuring the difference between the two 
peaks for a sample, the blank signal of the 
samples can also be eliminated. Recently, Wang 

a) SAMPLE 

‘-‘CARRIER 

--WASTE 

PUMP B 

WASTE @ 
SAMPLE 

CARRl 

when carrier 
is driveng by (iJ 

SAMPLE 

PUMP 

Fig. 5. Different procedures for applying the flow-reversal methodology: (a) by means of two pumps, 
(b) a selecting-diverting valve or (c) a single pump reversing the direction of the drum. 
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et al. also showed the use of repeated reversals 
of the flow direction to significantly improve the 
sensitivity of flow-injection stripping voltam- 
metric measurements.” The plating efficiency 
and the resulting stripping peak currents were 
greatly enhanced thanks to the repeated passage 
of the same sample plug over the working 
electrode, which addressed the time restriction 
of conventional flow-injection stripping 
measurements. 

The direct analysis of gas samples by flow 
injection is another interesting approach 
afforded by flow reversal methods implemented 
without a debubbler. 36 The sample is injected 
into a liquid carrier-reagent stream and the 
repeated passage of the liquid zone close to the 
gas-liquid interface nearest to the detector is 
monitored to obtain a signal-time multipeak 
recording. The method lends itself readily to 
automation and speeds up the analytical process 
as no prior collection in an absorbent solution 
or on a filter is required. 

Flow reversal is also the foundation of a new 
methodology for performing liquid-liquid ex- 
traction processes in automatic unsegmented 
flow systems based on simplified configurations 
with no segmenter or separation units.37 The key 
to this methodology is the placement of the 
detector in the loop of an injection valve, which 
is filled with the organic phase, whereas the 
aqueous phase containing the analyte makes the 
carrier. The process (reversal cycles as the two 
liquid-liquid interfaces are created by switching 

the injection valve) is repeated as many times as 
required to achieve a suitable solute transfer 
between the two liquid-liquid interfaces; and is 
favoured by the formation of a thin layer of 
organic phase on the Teflon coil. The phases are 
never segmented or separated, and the organic 
phase plug is continuously monitored. There- 
fore, the solute transfer between the two phases, 
and the dispersion of the solute into the organic 
phase, can be continuously monitored. Some 
kinetic aspects of extraction in continuous flow 
systems and the behaviour of different ion 
pairs have been studied.38 Simultaneous kinetic 
determinations by flow reversal/liquid-liquid 
extraction have also been reported.3’*38 

Clark et al. have recently used flow-reversal 
flow-injection analysis for FIA titrations.3g 
They employed a single-line manifold for the 
titration of strong acids (HCl, H2S0, and 
H,PO,). The main advantages were the flexi- 
bility in operation and the increase in sensitivity. 

Recently, RdiiEka and Marshall used the 
movement of the piston of a syringe-type pump 
coupled with an eight-port valve to generate 
flow reversal steps and allowing sequential injec- 
tions in the flow system.40 The synchronization 
between the movement of the piston and the 
valve allowed sample zone injection, reagent 
addition, mixing, measurement, and ejection of 
the reacted mixture took place by a combination 
of forward and reversed flow steps. The concept 
of sequential injection analysis, based on the 
mixing of the sample with a reagent in order to 

TIME 

Fig. 6. Multipeak recordings obtained by the flow reversal methodology showing the kinetic profiles 
defined by their maxima and minima: (a) without chemical reaction; (b) with chemical reaction, by 

monitoring the formation of a product, or (c) the disappearance of a reactant. 
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produce a measurable response, was explained 
through the random walk model, being 
defined as a new concept for chemical sensors, 
process analysis and laboratory assays by the 
authors. 

Flow-gradient technique 

A flow rate-gradient (flow-gradient) can be 
defined as the variation of the flow-rate over a 
given period of time. It has been scantly used in 
FIA,4’*42 but is well-known and widely employed 
in HPLC to increase resolution. Two FIA refer- 
ences describe the effect of flow-gradients on the 
more characteristic FIA parameters. In one, the 
flow-gradient was created by means of a hydro- 
static head in a single channel.4’ The flow-rate 
range obtained was limited to 0.7-2.4 ml/min. 
In later work, a multifunction pump delivery 
system was used to establish several flow pat- 
terns.” The effects of these flow patterns on 
systems with and without chemical reaction 
were evaluated. One of the most important 
applications in this context is the washout effect 
(Fig. 7), whereby a higher sampling frequency is 
obtained. Thus, if a positive linear flow-gradient 
is established as the sample is injected, the 
peak-width can be dramatically decreased, the 
baseline restoration time shortened, the time 
lapse between consecutive injections minimized 
and the peak-height increased. Agudo et al. 
recently obtained similar results by using 
some non-constant flow rate-gradients.43 Similar 
results can be obtained by operating with inter- 
mittent pumping, as was reported by RdiiEka 
and HansenI and then reviewed by Krug 
et a1.,U but in this mode it is necessary to use 

(a) 

two peristaltic pumps (one to propel the reagent 
stream and another to flush the system with the 
wash solution). 

Different types of gradients were obtained by 
using a microcomputer which controlled 
(through an interface) the motion of the peri- 
staltic pump drum.45 These flow-gradients can 
be used to establish concentration-gradients in 
an easy, fast and accurate way (e.g., to create 
pH-gradients allowing the photometric deter- 
mination of acidity constants of compounds 
active in the UV-visible spectral region with no 
pH measurements:’ and carry out acid-base 
titrations&). Other linear concentration gradi- 
ents can be created in flow systems for several 
analytical purposes. The stoichiometries of 
coloured complexes can be determined and 
complexometric titrations carried out by 
establishing ligand concentration gradients.43 

An interesting flow pattern combining vari- 
able flow-rates and flow reversal modes has been 
proposed by RtEiEka et aZ.47 establishing sinu- 
soidal flow functions by a cam-driven computer- 
controlled piston pump. This system controls 
two syringes (one for the sample and the other 
for the reagent) and an eight-port valve, gener- 
ating alternate load and measurement cycles. 
The authors give an important number of 
advantages of the sinusoidal flow pump, its 
main disadvantages are low sampling frequency 
and the device being less flexible than a peri- 
staltic pump. The establishment of this and 
other similar flow patterns through a conven- 
tional peristaltic pump controlled by a com- 
puter may provide higher flexibility, avoiding 
the refilling reservoir requirements. 

Ibl 
D 

TIME TIME 

Fig. 7. Washing effect obtained by using positive linear flow-gradients applied at the residence time of 
FIA peak (a), and starting simultaneously with the injection of the sample (b). The flow-gradient increases 

from A to D in both cases. 
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Table 1. Analytical applications of methodologies based on hydrodynamic aspects of unsegmented flow 
systems 

Key element to 
perform the Analytical 

Me~~olo~ methodology applications 

stopped-flow Peristaltic pump (valves) Kinetic studies 
Blank correction 
Reduction of interferences 
Increase of sensitivity 
Simultaneous determinations 

Intermittent pumping 

Open-closed flow 
systems 

Flow reversal 

Flow-gradients 

Peristaltic pump 

~l~ting~ive~ing valve 

Peristaltic pump 
Selecting-diverting valve 

Peristaltic pump 

Increase of sample frequency 

Improvement of sensitivity 
Kinetic studies 
Determination of viscosity 
Determination of stoichiometries 
Simultaneous determinations 
Speciation studies 
Enzymatic activities 

Dispersion ma~p~ation 
Improvement of sensitivity 
Kinetic studies 
Simultaneous determinations 
Direct gaseous sample analysis 
Liquid-liquid extraction 

Increase of sample frequency 
~~blis~ent of inanition-orients 
Determination of acidity constants 
Determination of stoichiometries 

Another interesting and useful application of 
non-constant flow patterns was proposed by 
RiiiiZka and Flossdorf by using variable for- 
ward flow with immobilized enzymes.” They 
employed designs with stopped flow, flow 
reversals and variable flow for the spectrophoto- 
metric determination of glucose with glucose 
oxidase and peroxidase ~mobili~d on con- 
trolled-pore glass in the same reactor. The vari- 
able flow pattern was fast/slow/fast cycles to 
increase both the contact time and contact 
volume between the sample zone and the im- 
mobilized enzymes without increasing the zone 
dispersion or Aow resistance. 

CONCLUSIONS 

The analytical potential of methodologies 
based on hydrodynamic features of flow systems 
offers interesting possibi~ti~ briefly discussed in 
this paper and summarized in Table 1. Rumps 
and valves are the key elements to these method- 
ologies; they can be controlled by electronic 
timers or microcomputers (through active inter- 
faces) in order to accomplish the maximum 
possible degree of automation. In addition to 
the dynamic foundation of these methodologies, 
most of them involve kinetic aspects that can be 
exploited for analytical purposes. Other inter- 
esting possibilities are the manipulation of dis- 

persion (flow reversal) and sampling frequency 
(inte~ittent pumping and flow-gradient tech- 
niques). The flow reversal mode has introduced 
a new conception in flow manipulation with 
major repercussions on the automation of 
analytical processes. Thus, direct gas sample 
analyses and liquid-liquid extraction with no 
segmenter or separation units are two recent 
examples in this context. The flow-reversal/ 
flow-gradient coupling is another potentially 
interesting approach that will offer important 
applications. 
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Summary-Biosynthetic human Growth Hormone (B-hGH) is a protein comprising 191 amino acids. 
The molecular weight is 22,125 and the isoelectric point is close to pH 5. Due to the ready availability 
of closely related analogues B-hGH was used as a model protein thus allowing for the demonstration 
and evaluation of the high resolution capability of high performance capillary electrophoresis (HPCE). 
The same apparatus was used throughout the experiments and an optimum signal-to-noise ratio was found 
at 200 run. Linearity was observed between peak area, retention time and the hGH concentration or 
sample introduction time. Baseline separation of hGH, desamido hGH and didesamido hGH was 
obtained. Examples showing analysis with 1 million theoretical plates per meter, high speed separation, 
simultaneous analysis of multiple samples, sample stacking, hGH tryptic digest, and hGH lysate are 
reported. The use of electrophoretic velocities instead of apparent velocities for peak identification is 

High performance capillary electrophoresis 
(HPCE) is an analytical technique which per- 
mits rapid and efficient charge and/or size 
based separations of various substances in an 
automated format. HPCE descends from vari- 
ous electrophoretic and chromatographic tech- 
niques, but in its present form it is most 
often dated back to the 1981-1983 papers by 
Jorgenson and coworkers. l-3 

Since then there has been a growing interest 
in the technique as judged from the exponen- 
tially increasing number of annual publications. 
At present more than 1000 papers have been 
published, and the third international meeting 
on HPCE was held in February 1991 with great 
success. Reviews of the technique have been 
presented by Karger et a1.,4 Wallingford and 
Ewing5 and Kuhr,6 among others. 

Analysis of biomolecules is among the most 
promising application areas7-17 of HPCE (e.g., 
purity control and identification of byproducts) 
as high efficiency separations of proteins, 
peptides, nucleic acid fragments and poly- 

*Author for correspondence. 

saccharides may be obtained. Hence, in the 
years to come, HPCE is expected to become a 
major supplement to already existing analytical 
methods in the biotechnological industries. 

Biosynthetic human Growth Hormone 
(B-hGH) comprises 191 amino acids (Fig. l), 
the molecular weight is 22,125 and the iso- 
electric point is close to pH 5. The hGH is 
concerned with somatic growth and is produced 
in the anterior pituitary by the eosinophil or 
a-cells.‘* As a pharmaceutical, hGH has so 
far been used primarily in the treatment of 
retarded growth and dwarfism caused by under- 
production of hGH in the growth period. 

In this paper B-hGH will be used as a 
model protein in order to illustrate some of the 
characteristics of HPCE. By choosing hGH 
as the model protein the ready availability of 
closely related analogues allows for the demon- 
stration and evaluation of the high resolution 
capability of HPCE. 

Reagents 

EXPERIMENTAL 

Biosynthetic human Growth Hormone 
(B-hGH) was from Novo Nordisk A/S 
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(Gentofte, Denmark). The B-hGH samples con- 
tained various preservatives. Tricine (N-[Tris- 
(hydroxymethyl)methyl]glycine) and sodium 
chloride were purchased from Fluka Chemie 
AG (Euchs, Switzerland). Citrate and CAPS 
[3-(Cyclohex y~~ino)- 1 -propanes~phonic acid f 
buffers were from Applied Biosystems 
(Foster City, CA, USA). Fused-silica capillaries 
were obtained from Polymicro Technologies 

Procedures 

All the experiments were performed on an 
Applied &systems (ABI) Model 270A CE 
instrument (Foster City, CA, USA). The fused- 
silica capil&ies had an internal diameter of 
50 pm and an outer diameter of 192 pm. 
Most of the capillary from the introduction end 
to the detector (termed the effective capillary 
length) was surrounded by an airbath kept at a 

(Pheonix, AZ, USA). Peak areas were inte- constant temperature. SampIes were introduced 
grated on a Shim&u C-RSA integrator by means of a 4.95in Hg (16.8 kPa) vacuum. 
syoto, Japan). The x-axis values of each eiectropherogram are 

Fig. 1. Primary sequence of hmnan Growth Hormone (hGH). The protein comprises 191 amino acids, 
the molecular weight is 22,125 and the isoelectric point is close to pH 5. 
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in minutes. Other experimental conditions are 
given in the figure legends. 

RJEXJLTS AND DISCUSSION 

Basically, carrying out HPCE analysis is 
very simple. A typical sequence comprises four 
cycles: 

(1) The capillary is flushed with e.g., O.lM 
sodium hydroxide, thus ionizing the silanol 
groups of the fused-silica capillary inner surface. 

(2) The capillary is filled with running buffer. 
(3) Sample is introduced by siphoning or by 

applying a pressure or voltage gradient between 
the two capillary ends. 

(4) HPCE analysis/electrophoretic separation 
of the analytes is initiated by applying a volt- 
age (typically 50-500 V/cm) between the two 
capillary ends, which are immersed in vials 
containing the running buffer. 

-&--k- 
Fig. 2. High speed separation of hGH and deamidated 
hGH. The total analysis time is less than 3 min. Peak EO 
marks the electroosmotic flow (flow of neutrals). The x-axis 
scale is in minutes, while the y-axis scale is in arbitrary 
absorbance units. Experimental conditions: Buffer; pH 8.0, 
1OmM tricine, 2OmM NaCl. Sample; 0.2 mg/ml B-hGH in 
distilled water and allowed to degrade several weeks at 
ambient temperature, introduced for 0.5 set by 16.8 kPa 
vacuum. Detection at 200 nm, 0.5 set risetime. Capillary 
length 55 cm (total), 30 cm (effective). 20 kV applied. 

Temperature; 30”. 

I I I I I 
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Fig. 3. Baseline separation of hGH, desamido and 
didesamido hGH. Peak EO marks the neutrals (electro- 
osmotic flow). The x-axis scale is in minutes, while the y-axis 
scale is in arbitrary absorbance units. Experimental con- 
ditions: Buffer; pH 8.0, 1OmM tricine. Sample; 0.1 mg/ml 
B-hGH in distilled water and allowed to degrade several 
weeks at ambient temperature, introduced for 1.0 set by 
16.8 kPa vacuum. Detection at 200 nm, 0.5 set risetime. 
Capillary length 100 cm (total), 75 cm (effective). 20 kV 

applied. Temperature; 27”. 

Detection is most often accomplished on-line 
by means of UV light, ‘g-22 though other detection 
means have been applied (e.g., fluorescence,Z3-2g 
mass spectrometry,30-36 amperometry,37 conduc- 
tivity). 20*38-3g The detector signal us. analysis 
time takes the form of an electropherogram. 
Figure 2 shows the separation of hGH and 
desamido hGH in pH 8.0 tricine buffer. During 
deamidation hGH acquires an additional nega- 
tive charge. This makes separation of hGH and 
its deamidated form very suitable for capillary 
electrophoresis. The figure illustrates that high 
speed separations can be performed in HPCE. 
However, while total analysis time is less than 
3 min, the resolution of hGH and desamido 
hGH is poor. If more time is allowed for the 
two peaks to separate, baseline resolution is 
obtained. This is shown in Fig. 3 for another 
partly degraded hGH sample. Didesamido hGH 
elutes shortly after and is baseline resolved from 
the desamido hGH peak. With a typical analysis 
time of 5-15 min HPCE can be used on-line to 
monitor reactions with time constants in the 
minutes to hours range. 

In the free solution capillary electrophoresis 
(FSCE) mode,’ analytes migrate by the com- 
bined action of electrophoresis and electro- 
osmosis. Electroosmosis is usually explained 
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by the Gouy-Chapman-Stern model.40 At pH 
values above ca. 2 the silanol groups of the 
fused-silica capillary inner surface are partly 
ionized when in contact with the buffer sol- 
ution El~~oneutrality is attained by hydro- 
nium cations in the bulk solution. This results in 
a bulk flow towards the cathode when voltage 
is applied. The electroosmotic flow increases 
with increasing pH and decreasing buffer ionic 
strength.” At neutral pH values the electro- 
osmotic flow is much stronger than most pep- 
tide/protein electrophoretic velocities. Hence, 
positively as well as negatively charged pep- 
tides/proteins can be analysed in the same run 
as they are both swept towards the detector 
end (cathodic end) of the capillary. Peak EO 
in Figs. 2-3 marks the electroosmotic flow. 
The numerical ~ao/urr ratio (v,, = electro- 
osmotic velocity, aEp = electrophoretic velocity) 
was ca. 5. In Fig. 2 the electroosmotic flow was 
cu. 15 cm/min or ca. 0.3 &min, which equals 
155 ml/year! 

Mostly due to viscosity changes,4’,42 the elec- 
troosmotic velocity increases by 2-3% per “C. 
The electrophoretic velocity also increases at in- 
creasing temperatures. A linear u,-T and u,,-T 
relationship was found in the range 25-55”. 

When a new running buffer is introdu~, an 
“equilibrium” between the new buffer and the 
capillary surface must be established. During 
the equilibrium period (which can last for 
minutes, hours or even days) the buffer affects 

Run No. 
Fig. 4. Electroosmotic (v,, cm/set), electrophoretic (Q., 
cm/set), and apparent (us = uu) + rEpI cm/set) velocity us. 
the run number after the capillary had been thoroughly 
flushed with O.lM NaOH. The velocity is given relative 
to the anode. As the negatively charged hGH molecules 
migrate towards the anode (opposite the electroosmotic 
fiow), negative velocity values are obtained. Ex~~m~tal 
conditions: Buffer; pH 8.0, 5omM tricine. Sample; 
0.5 mg/ml B-hGH in distilled water, introduced for 0.5 set 
by 16.8 kPa vacuum. Detection at 200 nm. Capillary 
length 50 cm (total), 25 cm (effective). 5 kV applied. 

Temperature; 30”. 

0 

Fig. 5. Signal (S, Peak area/t,, arbitrary units), noise level 
(N, arbitrary units) and S/N ratio on the ABI Model 270A 
detector us. wavelength. An optimum hGH signal-to-noise 
(S/N) ratio was obtained at 200 nm. Experimental con- 
ditions: Buffer; pH 8.0, IOnW tricine. Sample; 0.1 mg/tnl 
B-hGH in distilled water, introduced for 1.0 see by 16.8 kPa 
vacuum. Variable wavelength 190-280 nm, 0.2 see risetime. 
Capillary length 70 cm (total), 50 cm (effective). 20 kV 

applied. Temperature; 30”. 

the charge density of the capillary wall and 
thereby the el~troosmotic flow. An example of 
this is shown in Fig. 4. A SO-pm inner diameter 
capillary was rinsed thoroughly with O.lM 
sodium hydroxide. First manually by means of 
a syringe, followed by a 20.35-in Hg (68.9 kPa) 
vacuum for ea. 30 min after the capillary had 
been aligned in the CE instrument. Imm~iately 
following this rinsing procedure 6 identical runs 
were carried out in a pH 8.0 tricine buffer. Prior 
to each run the capillary was flushed with O.lM 
sodium hydroxide for 2 min by the 20.35-in Hg 
vacuum. (This results in cu. 3 ~1 of the sodium 
hydroxide solution being sucked through the 
capillary. The internal volume of the capillary 
was ca. 1 ,ul). Figure 4 depicts the measured 

OEP, OEO and uR (va = uEo + uEp, the apparent 
velocity) values. The negatively charged hGH 
molecules migrate towards the anode while the 
electroosmotic flow is towards the cathode. As 
the velocity is written relative to the anode the 
hGH uEp values are negative. While the uEo value 
is not constant in the initial runs, uEp is almost 
constant already from the first or second run. 
Hence, if absolute urp values are used instead of 
the ua values, velocity based peak identification 
can be performed already from the first runs. 
As the residuals are not randomly distributed 
around the mean vR value there is no point 
in comparing UEp and va relative standard 
deviations (RSDs) of the six runs. 

The ratio of hGH to total hGII and desamido 
hGH peak area per retention time was, how- 
ever, randomly distributed around the mean 
with a RSD equal to 0.6% for the six runs. 
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The peptide bond shows a maximum 
absorbance at 193 nm. However, if the detector 
wavelength is set below 200 nm the noise level 
increases dramatically with an optimum signal- 
to-noise (S/N) level being governed by the 
quality of the UV absorbance detector. A series 
of experiments was performed on the ABI 
Model 270A CE instrument at 190, 195, 200, 
205, 214, 225, 254 and 280 nm. The hGH con- 
centration was 0.1 mg/ml. An optimum S/N 
ratio of 76 was obtained at 200 nm (Fig. 5). 
Changing the wavelength from 214 nm to 
200 nm improved the S/N ratio by more than 
50% with this specific detector. 

In order to examine whether peak area per 
retention time (tR) or peak height should be 
used for quantitative HPCE analysis two sets 
of experiments were performed. (Peak area is 
inversely proportional to the velocity of the 
analyte zone when it passes the detector. 
Division of peak area by the analyte zone 
retention time accounts for this difference.) 

In the first set of experiments, sample was 
introduced for 5 set (N 12 nl) while the hGH 
concentration was varied in the range 7.8-1000 
pg/ml. Peak area/t, and peak height were 
plotted vs. hGH concentration (Fig. 6). Linear- 
ity between hGH concentration and peak 
area/t, was observed in the range 16-1000 
pg/ml. At the lowest hGH concentration, 7.8 
,ug/ml, there was a positive deviation from 
linearity, which may be ascribed to the inte- 
gration of hGH and monodesamido hGH as 
one peak. When plotting peak height vs. hGH 
concentration linearity was only observed in the 

lobI- . I 

hGH concentration, pg/mL 

Fig. 6. Peak area/l, (arbitrary units) and peak height 
(arbitrary units) us. the hGH concentration. Linear re- 
gression of the area/t, points in the range 164000 rg/ml 
gave a correlation coefficient equal to r = 0.998. Experimen- 
tal conditions: Buffer; pH 8.0, 1OmM tricine, 2OmM NaCI. 
Sample; 7.8-1000 pg/ml B-hGH in distilled water, intro- 
duced for 5.0 set by 16.8 kPa vacuum. Wavelength; 200 nm, 
1.0 set risetime. Capillary length 109 cm (total), 90 cm 

(effective). 30 kV applied. Temperature; 30”. 

- Area/tR 
-A- Height 

0 2 4 6 6 IO 12 14 

Intrcduction time, sdc 

Fig. 7. Peak area/t, (arbitrary units) and peak height 
(arbitrary units) us. sample introduction time (sec.). Linear 
regression on all peak area/t, data points gave a correlation 
coefficients equal to r = 1.000. Experimental conditions: 
Buffer; pH 8.0, IOmM tricine. Sample; 0.1 mg/ml B-hGH 
in distilled water, introduced for 0.2-15.0 set by 16.8 kPa 
vacuum. Wavelength; 200 nm, 1.0 set risetime. Capillary 
length 100 cm (total), 75 cm (effective). 15 kV applied. 

Temperature; 30”. 

range 16-250 pg/ml. The reason for the nega- 
tive deviation from linearity above 250 pg/ml 
hGH is interpreted to be an effect of sample 
overload, which causes increased dispersion. 
Sample overload, which is explained by the 
use of the Kohlrausch regulation function,43*44 
occurs when the analyte ion (hGH) concen- 
tration cannot be neglected relative to the back- 
ground electrolyte concentration. Increasing the 
hGH concentration decreased the number of 
theoretical plates (the theoretical plate number 
was higher by a factor of cu. 7 at 7.8 pgg/ml 
compared to 1000 pug/ml hGH). 

In the second set of experiments the hGH 
concentration was kept constant at 0.1 mg/ml 
while the introduction time, t,“j, varied in the 
range 0.2-15.0 set (-0.5-35.6 ml). Linearity 
was observed between peak area/t, and t,, in 
the entire t,,,, range (Fig. 7). When peak height 
was plotted vs. tin,, linearity was only observed 
in the range 0.2-1.0 set (Fig. 7). In this set of 
runs the deviation from linearity is caused by 
the sample plug originally introduced being a 
major contributor to the total analyte zone peak 
width.45 Hence, at long introduction times the 
analyte peak changes appearance from gaussian 
towards plug shape. The analyte zone length can 
be compressed by the use of stacking conditions. 
This is exemplified in a subsequent paragraph. 

Based on the analysis of a 0.02 mg/ml hGH 
sample solution and a detector risetime of 
1.0 set the detection limit was calculated to 
be 19 pg of hGH (-850 attomole). While the 
mass sensitivity of UV detection in general is 
higher in HPCE than HPLC, the concentration 
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sensitivity is poorer as the analyte in HPCE 
is detected in a very small sample volume 
(typically l-10 nl). 

One of the attractive features of HPCE is the 
possibility of obtaining high efficiencies with 
theoretical plate numbers in the order of 105-10’ 
per meter,’ e.g., for proteins and peptides. In 
Fig. 8 one million theoretical plates per meter 
was obtained for the hGH peak. Sample was 
introduced for 0.2 set thus introducing a volume 
of cu. 0.5 nl. One of the reasons for the high 
number of theoretical plates is that the electro- 
osmotic bulk flow profile is much closer to plug 
flow than to laminar flo~.“-~~ 

The dispersive factors in HPCE can be 
grouped into six additive variance terms,45 axial 
and radial diffusion, sample zone length, detec- 
tor size, chromatographic effects and sample 
overload. All six terms are effected by tempera- 
ture changes. 

Dispersion due to chromatographic effects is 
caused by electrostatic attractions between the 
analyte molecule and the negatively charged 
fused-silica capillary surface. In general pro- 
teins and peptides have a strong tendency for 
adsorption to the capillary wall, thus resulting 
in severe peak tailing or even total adsorption. 
The protein-capillary wall coulombic inter- 

Fig. 8. 1,000,000 theoretical plates (N) per meter was 
obtained for hGH at 0.2 set introduction. Ca. 0.5 nl was 
introduced. N was calculated as 554~(t,/w,,,)2, where t, is 
the hGH retention time, while w,,r is the peak width at half 
hGH peak height The x-axis scale is in minutes and the 
y-axis scale is in arbitrary absorbance units. Experimental 
conditions are as for Fig. 7 except that sample was intro- 

duced for 0.2 sec. 

0 2 4 6 6 IO 12 14 ii 
Intrc&ction tit, set 

Fig. 9. The number of theoretical plates (N) decreases 
exponentially with increasing sample introduction time 

(tmj, WC). Experimental conditions are given in Fig. 7. 

actions can be minimized in several ways. If 
analysis is performed at a pH value above the 
isoelectric point of the protein, it is negatively 
charged thus being repelled from the capillary 
wall. That approach has been used in most of 
the experiments reported here as the hGH 
isoelectric point is cu. pH 5, while analysis was 
performed at pH 8.0. Lowering the pH of the 
running buffer to a value where most of the 
negative charges are titrated off the capillary 
wall eliminates most of the electrostatic inter- 
actions even though the protein is positively 
charged.g*‘o Another approach is to coat the 
capillary surface either through covalent bond- 
ing of chemical agents to the capillary wallgAB 
or dynamically. ‘2*4g-s2 Dynamic coating of the 
capillary is performed by the addition of ionic 
species to the buffer solution. This results in a 
competition between the cationic ions and the 
analyte molecules for the adsorption sites on the 
capillary surface. 

Huang et ~1.~~ discussed that the introduction 
term of the total variance could only be neg- 
lected at very small sample plug lengths. This is 
demonstrated in Fig. 9. The introduction time 
of a 0.1 mg/ml hGH sample was varied in the 
range 0.2-15.0 set (-0.5-35.6 nl). The number 
of theoretical plates decreases exponentially as 
a function of increasing introduction time. At a 
0.2-set introduction time the introduction term 
was calculated to contribute cu. 7% of the total 
variance, while at a 15.0~set introduction time 
the contribution was cu. 99°h.45 

One way of improving the number of theor- 
etical plates is to stack the originally introduced 
sample zone. Sample stacking (concentration of 
the analyte zone) is the process occurring when 
voltage is applied along the capillary tube con- 
taining a sample plug with a lower specific 
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conductivity than the surrounding running 
buffer. As the electric field strength is inversely 
proportional to the specific conductivity of the 
liquid, the field strength is higher along the 
sample plug than to the running buffer. In this 
way the electrophoretic velocity, which is pro- 
portional to the field strength, increases and the 
ionic analyte zone is narrowed. This “reversed 
dispersion” is termed stacking.4s An example of 
stacking is shown in Fig. 10. A hGH sample was 
either diluted in distilled water (stacking con- 
ditions) or in the running buffer (non-stacking 
conditions) to a concentration of 0.1 mg/ml. At 
stacking conditions the ratio of the specific 
conductivity of the running buffer to that of the 
sample zone was cu. 16. Inherently, at non- 
stacking conditions the corresponding ratio was 
1. Identical runs were carried out only differing 
by the two samples. Figures 10(a) and (b) 
show part of the two electropherograms with 
identical co-ordinate scalings. Turning from 
non-stacking to stacking conditions the number 
of theoretical plates was improved from 113,000 
to 345,000 per meter. 

Due to the low dispersion during HPCE 
analysis the voltage can be shut off for short 
periods of time with no significant loss of 
peak efficiency. In Fig. 1 l(a) the sample was 
introduced and normal HPCE analysis was 
carried out with a retention time of cu. 8.8 min. 
In Fig. 1 l(b) the applied voltage was shut off 
every 5 min and a new sample introduced. 
This means that there were always several 
hGH sample zones in the capillary. No signifi- 
cant peak broadening caused by the power 
shut-off period was observed. Hence, multiple 
samples can be run simultaneously in the 
capillary (provided the sample components 
elute closely) thus reducing the average analysis 
time. 

At Novo Nordisk A/S recombinant hGH is 
produced intracellular by E. coli cells. During 
the fermentation period the microorganisms 
produce hGH extended with 4 amino acids 
(4aa-hGH). During down-stream processing the 
4 amino acids are removed thus yielding a 
molecule having an amino acid sequence, 
which is identical to that produced in humans. 
Figure 12 is an electropherogram showing 
baseline resolution of B-hGH and 4aa-hGH. 
Furthermore, monodeamidated forms of hGH 
and 4aa-hGH are also seen in the electro- 
pherograms. 

During the down-stream processing after the 
hGH fermentation period the cells are lysed and 

filtrated. Figure 13 shows an electropherogram 
of a fermentation broth sample after 4aa-hGH 
had been “extracted” with acetic acid and 
filtrated. 4aa-hGH was spiked to the sample. 
The running buffer was a pH-11 .O CAPS sol- 
ution. The retention time of the 4aa-hGH peak 
was cu. 14 min but no baseline separation of 
4aa-hGH and the other sample components 
was obtained. In order to use this method for 
reliable quantitative calculations further im- 
provements in resolution should be made. The 
figure illustrates that HPCE can be used (on- 
line) to monitor, e.g., products and metabolites 

(b) 

ii_ 

+--A 

(a) 
Stacking 

I I I I 
52 54 56 58 

Fig. 10. A lower specific conductivity of the sample solution 
relative to the running buffer results in sample stacking 
when voltage is applied. The analyte zone is reduced in 
length and a higher number of theoretical plates is obtain- 
able. (a) Stacking and (b) non-stacking conditions. The 
x-axis scale is in minutes, while the y-axis scale is in 
arbitrary absorbance units. Experimental conditions: Buffer; 
pH 8.0, IOmM tricine, 25mM NaCl. Sample; 0.1 mg/ml 
BhGH in (a) distilled water (stacking) or (b) running 
buffer (no stacking), introduced for 3.0 set by 16.8 kPa 
vacuum. Detection at 200 nm, 1.0 set risetime. Capillary 
length 100 cm (total), 75 cm (effective). 5 kV applied. 

Temperature; 27”. 



1376 ANDEIU VIN ITma et al. 

in fermentation broths. In general, only fil- 
tration or centrifugation is required as sample 
pretreatment. 

Trypsin splits peptide bonds on the carboxyl 
side of lysine and arginine residues.” Trypsin 
digested hGH contains 21 fragments, two of 
which are crosslinked by disulphide bridges.55 
The fragments range in size from 147 to 3763D. 
Reversed phase HPLC (RP-HPLC) is often 
used to make a chromatographic fingerprint of 

(b) 

the tryptic digest peptide mixture thus yielding, 
e.g., purity information on the hGH molecule. 
Fingerprints can also be obtained by FSCE. 
As analytes are separated according to funda- 
mentally different principles in RP-HPLC and 
FSCE the two methods are orthogonal,i4~” and 
analytes which are not separated by RP-HPLC 
might be separated by FSCE and vice versa. 
If no differences are found it increases the 
confidence level of the first result. If differences 

8 
cd 

P 
cd 

& 
! 
: 

-q-M- 
(a) 

Fig. 11. Multiple sample analysis. Due to low dispersion in FSCE the voltage can be shut off for short 
periods of time with no significant loss of peak efficiency. The x-axis scale is in minutes, while the y-axis 
scale is in arbitrary absorbance units. In (a) the sample was introduced and analysis was carried out with 
a retention time of ca. 8.8 min. In (b) the applied potential was shut off every 5 min and a new sample 
introduced. Hence, multiple samples were run simultaneously in the capillary. Experimental conditions: 
Buffer; pH 8.0, 1OmM tricine. Sample; 0.1 mg/ml B-hGH in distilled water, introduced for 1.0 set by 
16.8 kPa vacuum. Detection at 200 nm, 0.5 set risetime. Capillary length 100 cm (total), 75 cm (effective). 

20 kV applied. Temperature; 27”. 
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EO 

i 

I 

I--c 
I II I I I L 

9.6 tl 10.4 11.2 12 12.8 

Fig. 12. Separation of hGH (peak A), desamido hGH 
(peak B), hGH extended with 4 amino acids (4aa-hGH, 
peak C) and desamido rlaa-hGH (peak D). Peak EO marks 
the neutrals. The x-axis scale is in minutes, while the y-axis 
scale is in arbitrary absorbance units. Experimental coa- 
ditioas: Buffer; pH 8.0, 1OmM triciae, 2OmMNaCI. Sample; 
0.1 mg/ml B-hGH and 0.2 mg/ml rlaa-hGH in distilled 
water, introduced for 1.0 set by 16.8 kPa vacuum. Detection 
at 200 am, 1.0 set risetime. Capillary length 105 cm (total), 

80 cm (effective). 20 kV applied. Temperature; 27’. 

..-/ ..---- 

I I t 
20 I6 I2 

Fig. 13. &a-hGH fermentation broth. 4aa-hGH was 
“extracted” by the addition of acetic acid and filtrated 
before being subjected to HPCE analysis. The x-axis scale 
is in minutes, while the y-axis scale is in arbitrary ab- 
sorbance units. Experimental conditions: Buffer; pH 11.0, 
fOmM CAPS. Sample; 4aa-hGH lysate after filtration. 
4aa-hGH was spiked to the sample, introduced for 1.0 set 
by 16.8 kPa vacuum. Detection at 200 nm, 1.0 set risetime. 
Capillary length 109 cm (total), 90 cm (effective). 30 kV 

applied. Temperature; 27”. 

Fig. 14. Tryptic digest of hGH. Nothing was done in order to identify the individual peaks in the 
electropherogram. Tbe x-axis scale is in minutes, while the y-axis scale is in arbitrary absorbance units. 
Experimental conditions: Buffer; pH 2.5,2Om.M citrate. Sample; tryptic digest of B-hGH in pH 7.8 SO&i4 
tris, 2mM CaC12, introduced for 1.0 se-c by 16.8 kPa vacuum. Detection at 200 nm, 1.0 set risetime. 

Capillary length 109 cm (total), 90 cm (effective). 25 kV applied. Temperature; 30”. 
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are discovered it suggests further action maybe 
needed subject to the circumstance. 

A l-ml volume of 1 mg/ml hGH sample 
was digested with 10 ~1 of 1 mg/ml trypsin for 
6 hr at 37” and subjected to FSCE analysis. 
Figure 14 is an electropherogram of the trypsin 
digested hGH sample obtained in a pH 2.5 
buffer. Nothing was done to identify the indi- 
vidual peaks of the electropherograms (e.g., by 
spiking analysis) or to improve separations. 

CONCLUSIONS 

We have looked at some of the characteristics 
of’ HPCE by illustrative example electrophero- 
grams of “pure” as well as fermentation broth 
samples. The characteristics include: 

(i) Low sample and reagent consumption. 
Typically: l-10 nl sample for introduction; 
50-150 ml reagent per year. 

(ii) High speed separations. Typically: 1-15 
min analysis time. 

(iii) High separation efficiencies. Typically: 
104-lo6 theoretical plates per meter. 

(iv) High mass (but poor concentration) 
sensitivity. hGH: 20 pg (1 fmole). 

(v) Non-toxic chemicals are usually 
employed. 

(vi) Experimental conditions are changed 
by changing the running buffer rather than 
changing the column. 

(vii) The presence of a strong electroosmotic 
flow towards the cathode in untreated fused 
silica capillaries. 

Furthermore the following parameters were 
examined: 

(i) Linearity between hGH concentration/ 
introduction time and the peak area per 
retention time/peak height. 

(ii) Absorbance at various wavelengths. 
(iii) Stacking as a means to increase the 

number of theoretical plates. 
(iv) Equilibrium period when introducing a 

new buffer. 

We found that one of the major advantages 
of HPCE is the possibility of obtaining high 
efficiency separations (of e.g., large molecules, 
fermentation broth) at high speed, which makes 
it an obvious on-line analytical technique. 

REFERENCES 

2. 
3. 
4. 

5. 

6. 
7. 

8. 
9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 
18. 

19. 

20. 

21. 

22. 

23. 

24. 
2s. 
26. 

27. 
28. 

29. 

30. 
31. 

32. 

33. 

34. 

35. 

36. 

Idem, J. Chromatog., 1981, 218, 209. 
Idem, Science, 1983, 222, 266. 
B. L. Karger, A. S. Cohen and A. Guttman, 
J. Chromatog., 1989, 492, 585. 
R. A. Wallingford and A. G. Ewing, Ads. Chromatog., 
1989, 29, 1. 
W. G. Kuhr, Anal. Chem., 1990, 62, 403R. 
P. D. Grossman, J. C. Colbum, H. H. Latter, 
R. G. Nielsen, R. M. Riggin, G. S. Sittampalam and 
E. C. Rickard, ibid., 1989, 61, 1186. 
H. H. Latter and D. McManigill, ibid., 1986, 58, 166. 
R. M. McCormick, ibid., 1988, 60, 2322. 
A. Vinther, S. E. Bjom, H. H. Sorensen and H. So&erg, 
J. Chromatog., 1990, 516, 175. 
M. V. Novotny, K. A. Cobb and J. Liu, Electrophoresis, 
1990, 11, 735. 
M. M. Bushey and J. W. Jorgenson, J. Chromatog., 
1989, 480, 301. 
H. Liidi, E. Gassmann, H. Grossenbacher and 
W. Mlrki, Anal. Chim. Acta, 1988, 213, 215. 
J. Frenz, S.-L. Wu and W. S. Hancock, J. Chromatog., 
1989, 480, 379. 
R. G. Nielsen, R. M. Riggin and E. C. Rickard, 
ibid., 1989, 480, 393. 
P. D. Grossman, J. C. Colburn and H. H. Lauer, 
Anal. Biochem., 1989, 179, 28. 
N. Banke and K. Hansen, Submitted to J. Chromatog. 
J. H. Green, An Introduction to Human Physiology, 
4th Ed., p. 161. Oxford University Press, Oxford, 1985. 
Y. Walbroehl and J. W. Jorgenson, J. Chromatog., 
1984, 315, 135. 
F. Foret, M. Deml, V. Kahle and P. Bocek, 
Electrophoresis, 1986, 7, 430. 
A. E. Bruno, E. Gassmann, N. Pericles and K. Anton, 
Anal. Chem., 1989, 61, 876. 
S. R. Weinberger, Poster TP-120, 1st International 
Symposium on High Performance Capillary Electro- 
phoresis, HPCE’89, Boston, 1989, April 10-12. 
J. S. Green and J. W. Jorgenson, J. Chromatog., 
1986, 352, 337. 
B. Nickerson and J. W. Jorgenson, ibid., 1989,480,157. 
S. Wu and N. J. Dovichi, ibid., 1989, 480, 141. 
A. S. Cohen, D. R. Najarian and B. L. Karger, ibid., 
1990, 516, 49. 
D. J. Rose and J. W. Jorgenson, ibid., 1988, 447, 117. 
W. G. Kuhr and E. S. Yeung, Anal. Chem., 1988 60, 
1832. 
L. Gross and E. S. Yeung, J. Chromatog., 1989, 480, 
169. 
R. D. Smith and H. R. Udseth, Nature, 1988,331,639. 
R. D. Smith and C. J. Barinaga and H. R. Udseth, 
Anal. Chem., 1988, 60, 1948. 
R. D. Smith, J. A. Loo, C. J. Barinaga, C. G. Edmonds 
and H. R. Udseth, J. Chromatog., 1989, 480, 211. 
E. D. Lee, W. Muck, J. D. Henion and T. R. Covey, 
ibid., 1988, 458, 313. 
M. A. Moseley, L. J. Deterding, K. B. Tomer and 
J. W. Jorgenson, Rapid Commun. Mass Spectrom., 
1989, 3, 87. 
R. M. Caprioli, W. T. Moore, M. Moore, B. B. DaGue, 
K. Wilson and S. Moring, J. Chromatog., 1989, 480, 
247. 
R. W. Hallen, C. B. Shumate, W. F. Siems, T. Tsuda 
and H. H. Hill Jr, ibid., 1989, 480, 233. 

1. J. W. Jorgenson and K. D. Lukacs, Anal. Chem., 1981, 37. R. A. Wallingford and A. G. Ewing, Anal. Chem., 
53, 1298. 1987, 59, 1762. 



High performance capillary electrophoresis 1379 

38. F. E. P. Mikkers, F. M. Everaerts and Th P. E. M. 
Verheggen, J. Chromntog., 1979, 169, 11. 

39. X. Huang, T. K. J. Pang, M. J. Gordon and R. N. Zare, 
Anal. Chem. 1987, 59, 2747. 

40. A. W. Adamson, Physical Chemistry of Surfaces, 
Chapter 5, John Wiley & Sons, 1982. 

41. A. Vinther and H. Swberg, J. Chromatog., 1991, 559, 
27. 

42. E. Grushka, R. M. McCormisck and J. J. Kirkland, 
Anal. Chem., 1989, 61, 241. 

43. F. Kohlrausch, Ann. Phys. Chem., 1897, 62, 209. 
44. F. M. Everaerts, J. L. Beckers and Th. P. E. M. 

Verheggen, Isotachophoresis, Theory, Instrumentation 
and Applications, Elsevier, Amsterdam, 1976. 

45. A. V&her and H. Sneberg, J. Chromatog., 1991, 
559, 3. 

46. C. L. Rice and R. Whitehead, J. Phys. Chem., 196569, 
4017. 

47. M. Martin, G. Guiochon, Y. Walbroehl and J. W. 
Jorgenson, Anal. Chem., 1985, 57, 559. 

48. S. Hjerten, J. Chromutog., 1985, 347, 191. 
49. J. S. Green and J. W. Jorgenson, ibid., 1989, 47% 63. 
50. K. D. Altria and C. F. Simpson, Chromatographia, 

1987, 24, 527. 
51. T. Tsuda, J. High Res. Chromatog. d Chromatog. 

Commun. 1987, 10, 622. 
52. K. D. Altria and C. F. Simpson, Anal. Proc., 1988, 

25, 85. 
53. X. Huang, W. F. Coleman and R. N. Zare, 

J. Chromatog., 1989, 480, 95. 
54. L. Stryer, Biochemistry, 2nd Ed., W. H. Freeman and 

Company, San Francisco, 1981. 
55. T. Christensen, J. J. Hansen, H. H. Sorensen and 

J. Thomsen, High Performance Liquid Chromatography 
in Biotechnology, Chapter 9, John Wiley & Sons, Inc., 
W. S. Hancock (ed.), 1990. 



Talanta, Vol. 38, No. 12, pp. 1381-1386, 1991 0039-9140/91 ss.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright 0 1991 Rrgamon Press pk 

PERMEATION-SOLID ADSORBENT SAMPLING AND GC 
ANALYSIS OF FORMALDEHYDE 

CHANSA MUNTUTA-KINYANTA and JAIW K. HARDY* 
Department of Chemistry, The University of Akron, Akron, Ohio 44325-3601, U.S.A. 

(Receiued 9 April 1991. Revised 25 June 1991. Accepted 26 June 1991) 

Summary-A passive method with membrane permeation sampling for the determination of time- 
weighted-average (TWA) concentration of formaldehyde in air is described. The sampling device was 
constructed by affixing an unbacked dimethyl silicone membrane to the base of a glass tube and by sealing 
the top with a rubber stopper. Formaldehyde permeates the membrane and reacts with 2-(hydroxy- 
methyl)piperidine (2-HMP) coated on the surface of XAD-2. Sampling times from 15 mitt to 8 hr have 
been used. The formaldehyde-oxaxolidine produced is thermally desorbed and determined by a packed 
column gas chromatograph equipped with a game ionization detector (FID). The response of the monitor 
is directly proportional to the external concentration of formaldehyde over the concentration range 
0.050-100 ppm. The permeation constant (the slope of the permeation curve) of the membrane is 0.333 
peg ppm-’ . hr, and the detection limit of the method is 0.03 ppm for an 8-hr sampling period. Relative 
humidity (RH) (35-94%), temperature (O-82”) and storage period (O-25 days) do not a&t the permeation 
process for sample collection. Moreover, potential chemical interferences, 10 ppm acetone or acrolein, 
respectively, have no detectable effect on the process. The method gives TWA concentration directly from 
the measurements, and the equipment is economical and convenient for personal or multi-location sample 
collections. 

Exposure to formaldehyde in air results from a 
number of commercial and non-commercial 
users.r4 Due to the toxic, carcinogenic and 
mutagenic effects of formaldehyde,24*Gg the Oc- 
cupational Safety and Health Administration 
(OSHA) has established new limits: (a) an 8-hr 
time-weighted-average (TWA) action level of 
0.5 ppm; (b) a permissible exposure limit (PEL) 
of 1 ppm and (c) a 2 ppm 15min short term 
exposure limit @TEL).” These changes have led 
to increased interest in determining formal- 
dehyde. 

One particular difficulty is the sampling 
method. Although methods using real-time area 
monitors, impingers, and active adsorbents are 
currently used for the collection of formal- 
dehyde, they are not convenient for personal 
monitoring.“-‘3 The major drawbacks of the 
recommended active sampling method” are the 
use of a toxic solvent desorption, CSr in ben- 
zene,r4 and the lack of the sensitivity needed for 
the determination of nanogram levels of formal- 
dehyde.‘2~15-‘8 

Permeation sampling has been used for 
sampling vinyl chloride,‘g hydrogen sulfide,” 
and ethylene oxide in air,*’ as well as phenols” 

*Author for correspondence. 

and six volatile priority pollutants from aqueous 
solutions.23 The technique relies on the selective 
permeability of materials through a polymeric 
membrane, where the rate of permeation is 
directly proportional to the external concen- 
tration of the permeating gas, or: 

iU,= K&t (1) 

where M, is the mass of formaldehyde @g) 
collected at any time; C,, is the external concen- 
tration of formaldehyde in ppm; t is sampling 
time in hr and K is the permeation constant 
which is characteristic of the membrane. More- 
over, the magnitude of the response (it4,) de- 
pends on interferences, the reactivity of the 
analyte with the reagent used, the stability and 
the detectability of the product as well. By 
exposing calibrated samplers for known 
sampling periods, it is possible to determine the 
TWA of formaldehyde, or: 

C TWA = MIKt (2) 

The conversion of carbonyl compounds to 
oxazolidines24+rs with 2-HMP has been used for 
quantification of acrolein26 and acetaldehydef’ 
the gas chromatographic determination de- 
tected no evidence of formaldehyde interfer- 
encesz**’ Other conversion reagents suffer 
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interferences and/or the instability of the prod- 
ucts.2&-31 This paper reports a (ZHMP)-coated 
solid sorbent/permeation sampling method fol- 
lowed by gas chromatography determination of 
formaldehyde in air. The effects of relative 
hefty, tem~ratu~, storage period and in- 
terferences on the sampling technique are also 
reported. The method is simple, sensitive, 
efficient and allows a TWA level to be directly 
obtained from the measurements of formal- 
dehyde. The sampling device, which responds 
within 3 min, is economical, lightweight and 
lends itself to repeated uses for personal or area 
monitoring. 

EXPERIMENTAL 

Apparatus 

The inv~tigation used a pre~o~ly de- 
scribed2’* sampling chamber and sampling 
device. The membrane affixed to the sampling 
device (Fig. 1) was a 0.025~mm thick unbacked 
polymeric dimethylsilicone membrane (General 
Electric Company, Schenectady, New York). 
The sorbent throughout the study was Amber- 
lite XAD-2, a nonionic polymeric porous resin, 
80/100 mesh size (Supelco, Inc., Supelco Park, 
Bellefonte, PA, U.S.A.), coated with 2-(hydrox- 
~ethyl)pi~~dine (2-HMP) (Aldrich Chemical 
Company, Inc., Milwa~~, Wi~onsin USA). A 
Supelco thermal desorption unit, thermal tube 
desorber (TTD) Model 850, and desorption 
sample tubes (DST), 6 mm o.d. x 4 mm 

I 

5 

Fig. I. Apparatus for sampling. Top, sampling de- (1) 
rubber stopper (2) glass tubing (3) adsorbent, (4) single 
backed ~me~yls~~ne membraue. Bottom, exposure 
chamber: (5) holes to support sampling devices (6) ahzmi- 

num box. 

i.d. x 1150 cm, were used for the introduction 
of samples into the GC. A Hewlett-Packard gas 
chromatograph Model 589OA equipped with a 
flame ionization detector (FID) and a Supelco 
stainless steel packed column, 10% UCON 50- 
HB-51~~2% KOH on 80~1~ c~omosorb W- 
AW, 15 m x 2 mm i.d., were used for the 
dete~ination of fo~aldehyde in the collected 
sample. A water bath, a 3OOml round-bottoms 
flask with three $24140 ground glass joints, a 
204xn glass tube, and gas dispersion tubes were 
used to produce formaldehyde from 
paraformaldehyde, An Airguide Instrument 
Company humidity indicator Model 605 was 
required for monitoring the humidity of the 
system. A 4 cm x 30 cm glass tube, a rotary 
eva~rator and a Thermolyne Sybron Corpor- 
ation furnace, TEMCOMETER Model CP- 
12915, were necessary for drying the adsorbent. 

Reagents 

A~or~e~t preparation. Dry acetone (100 
ppm) and dry acrolein (100 ppm) lecture size 
cylinders were purchased from the Akron Gas 
Specialities, in Akron, Ohio. All other chemicals 
were American Chemical Society (ACS) cer- 
tified to be more than 95% pure, and used 
without p~fication. Parafo~~dehyde was 
purchased from the Aldrich Chemical Com- 
pany. About 250 g of XAD-2 were placed in a 
300-ml round-bottoms evaporating flask to 
which 25% (w/w) of 2-HMP and 200 ml of 
methanol were added. The solution was vigor- 
ously shaken for several minutes to mix well and 
let sit for 8 hr at ambient temperature. A rotary 
evaporator was used to remove the solvent. The 
adsorbent was then transferred to a 30-cm glass 
tube and was continuously purged with a 20 
mllmin helium flow at 80”, to remove residual 
fo~aldehyde and imp~ties. The sorbent was 
routinely analyzed for the detection of residual 
fo~aldehyde andJor contaminants, which were 
not s~cifically identifi~, from the chemical 
treatment of the adsorbent. 

Procedure 

Standard formaldehyde atmosphere. A tem- 
perature controlled depolymerization of 
paraformaldehyde was used to produce stan- 
dards of formaldehyde. The components of the 
apparatus were: (1) a standard 300-ml round- 
bottomed flask with three $24140 ground giass 
joints as the mixing chamber; (2) a glass tube 
containing parafo~aldehyde, 20 cm long, fitted 
to the middle joint of the flask as the diffusion 
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tube; (3) two Fisher scientific dispersion tubes, 
extra course fiit, 12 mm x 22 mm frit x 8 mm 
o.d., were used as the inlet and outlet, respect- 
ively, and prevented the carrier gas from dis- 
turbing the parafo~aldehyde in the diffusion 
tube, A range of concentrations of formal- 
dehyde up to several ppm was produced by 
immersing the diffusion tube in a water bath at 
a known temperature (30-60”). By passing a 
metered flow of dry air over the diffusion tube, 
20-500 ml/min, a series of fo~aldehyde stan- 
dards was produced. The flow rate of the di- 
lution air was calibrated with both a flow sensor 
of the gas chromatograph and a bubbler 
flowmeter, and was routinely sampled with a 
syringe for the dete~ination of the produced 
fo~aldehyde. 

Sampling and analysis. The calibration of 
sampling devices was conducted at 22” and 27% 
RH. Two hundred milligrams of the treated 
Amberlite XAD-2 were transferred to a 
sampling device and exposed to a standard of 
formaldehyde in the sampling chamber for a 
sampling period ranging from 0.25-8 hr. For- 
maldehyde was trapped on the XAD-2 via a 
reaction between 2-HMP and formaldehyde 
forming a stable, slightly volatile product, which 
was readily detected by an FID. After sampling, 
the sample was spiked with formamide as an 
internal standard, transferred to a thermal de- 
sorption tube and analyzed for formaldehyde. 
The parameters of the instrument were as fol- 
lows: sample desorption set at 300” for 2 min; 
the gas chromatograph initial tem~rature was 
140” for 2 min, which was then increased to 
200” at ld”/min. The flow-rate of the helium 
carrier gas was 20 ml/min. Figure 2 shows a 
typical chromatogram resulting from the above 
settings. 

5 

Fig. 2. A representative chromatogram: the parameters of 
the instrument are described in the text. The peaks are the 
oxazolidines of: (1) formaldehyde (2) acrolein (3) acetone 
and (4) formamide; and (5) 2-(hydroxymethyl)piperidine. 

Table 1. Membranes investigated; the concentration of 
formaldehyde was 10 ppm, temperature 21” and RH = 35% 

Relative Response 
response (%) at time, 

Membrane steady state* min 

Unbacked dimethylsilicone 100 2.67 
Single backed 
dimethylsilicone 87 33 
Silicone Polycarbonate 65 57 
Polyethylene 53 64 
Polyvinylfluoride 9 83 
Mylar ND t > 120 
TeddSar ND f > I20 
Polystyrene ND t > 120 
Polyethylene terephthylate ND t > 120 

*The highest response made was 100%. 
ND = not detected. 
1 = time 

RESULTS AND DISCUSSION 

Permeation through membrane. 

Initial permeation evaluation involved mem- 
brane screening and the calibration of sampling 
devices. A constant flow of fo~aldehyde was 
produced by a thermal decomposition of 
paraformaldehyde. By using a flow-through 
permeation cell,“*23 it was possible to determine 
the steady state permeation time. Results of 
membrane screening (Table 1) and the study of 
the breakthrou~ time (Fig. 3) indicate that the 
unbacked dimethylsilicone membrane has high 
formaldehyde permeability, with the lag time 
equal to 2.67 + 0.08 min. The rapid transport is 
attributed to the flexibility of the silicon-oxygen- 
silicon chain and the absence of crystallinity in 
this membrane material.32-34 Additional advan- 
tages of the membrane are high thermal stab- 
ility, high separation factors for many gases, 
inertness, the lack of pin holes and hydropho- 
bicity.32 

Figure 4 shows a representative calibration 
plot of the sampling devices for the methods, 
which covers the concentration range from 
0.050-100 ppm, for sampling periods over 

I 

0 5 IO I5 20 25 
Time, I-W 

Fig. 3. Breakthrough time. 
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Table 2. TWA concentration and permeation constant 
loo. values 

Time, Sampling K, WA, 
hr* device ngppm-‘.hrt mmt 

1 : 336.70 1.165 
330.30 1.037 

3 335.50 1.149 
4 332.60 1.017 
5 328.89 1.015 

average 332.80 f 3.82 1.077 f 0.085 
K (the slope) 333.33 

2 1 1.096 
2 1.012 
3 1.109 
4 1.024 
5 I.009 

01 I IO loo 
ppm. hr average 1.05 f 0.056 

Fig. 4. The detection or calibration curve. 8 1 1.253 
2 1.114 
3 1.099 

0.25-8 hr. The result indicates that the rate of 
permeation of formaldehyde through the un- 
backed dimethylsilicone membrane is directly 
proportional to the external concentration of the 
toxin and sampling time. The calibration con- 
stant for the method, K, determined as the slope 
of the calibration curve, has been calculated to 
be 0.333 pg ppm-’ . hr, with the correlation co- 
efficient being 0.99998. Representative results 
for TWA and K values are shown in Table 2. 

Factors aficting sampling. Figure 5 is a repre- 
sentative result of environmental including stab- 
ility studies, which indicated there were no 
detectable losses or response variations for the 
factors and the ranges covered. Temperature 
and RH variations, the presence of other chemi- 

4 1.047 
5 1.004 

average 1.103 f 0.108 

*Concentration = 1 .O ppm, 
tAt 95% confidence limit. 

cals in air, and the storage period can be 
expected to alter device performance, To deter- 
mine the effects of temperature, the mixing and 
sampling chambers were placed in a tempera- 
ture controlled bath, and the exposure study 
was performed with a 1.89-ppm standard for 4 
hr over the range O-82”. The analysis was 
conducted as stated above. The result showed 
no detectable variations for the temperature 
range covered. 

80 - 

40- 

20 - 

+ I I I 
0 

I 
20 

1 
40 60 80 loo 

Temperature, ‘C 

Fig. 5. A typical result of environmental factors and stability studies. 
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Studying the influence of RH, from 30-95%, time of the sampling device and the minimum 
on the permeation of formaldehyde involved sampling time tested are about 3 and 15 min, 
adding moisture to the above dry standard of respectively, which indicate the rapid response 
formaldehyde, and sampling for 4 hr. The rela- of the sampler. TWA concentration can be 
tive humidity of the system was continuously obtained directly from the calibration curve. 
monitored with the humidity indicator placed at The sampling method and the monitor can be 
the outlet of the sampling chamber. The deter- an alternative technique for the determination 
mination was conducted as measured earlier, of exposure to organic vapors in air. 
after 30 min of equilibration. Again, no change 
in the relative humidity was observed (Fig. 5). REFERENCES 
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To examine sample stability, samples were 
collected with the above standard and sampling 
period, and stored at ambient temperature in 
sealed thermal desorption sample tubes for a 
period of O-25 days. At daily intervals, the 
determination was performed on a sample set (3 
samples) as described above. The results showed 
samples can be stored up to 25 days without any 
deterioration (Fig. 5). 

CONCLUSION 

A permeation sampler for formaldehyde with 
Amberlite XAD-2 coated with 2-HMP has been 
found to be an effective sampling device. The 
calculated permeation constant (the slope) for a 
prototype monitor was 0.333 pg ppm-’ . hr, 
within the concentration range 0.050 ppm-100 
ppm. The detection limit for an 8-hr sampling 
period was determined to be 0.039 pg. Storage 
time and environmental variables have no de- 
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Snmmary-A new, sensitive and rapid spectrofluorimetric flow-injection method, is presented for the 
determination of trace levels of aluminium based on the formation of a fluorescent complex between 
altinium and 5,7-dibromo-8-quinolinol (DBQ) and its extraction into diethylether (A, = 400 in, 
&,, = 525 mn). Experimental conditions such as pH, reagent concentration, flow-rates, sample volume, 
extraction coil length, etc., have been optimized for on-line and batch procedures. The detection limits 
are 1 ppb and 0.3 ppb for batch and on-line systems respectively. The coefficient of variation is 3.0% at 
the 4 ppb level for the FIA system. To remove interferences and to preconcentrate aluminium, a chelating 
resin microcolumn which was able to selectively complex Al(III) and was obtained by immobilizing 
Chromotrope 2B on AGI-X8 ion-exchange resin, was incorporated into the FIA system. The proposed 
method was successfully applied to determine ahuninium in tap water, food samples and dialysis solutions. 

Aluminium has been proven to be toxic to Fluorimetric methods are very sensitive 
certain “at-risk humans”,* including patients and require readily available instrumentation. 
with chronic renal failure. The main sources Particularly sensitive are those based on the 
of aluminium for the human organism are complexation with Morin7 and with &hydroxy- 
foods and drinking water as well as dialysis quinoline-5sulphonic acid (HQS) in the 
fluids for people undergoing renal treatment; presence of surfactants,’ although both lack 
therefore, monitoring of this element in such adequate selectivity. In the Morin method better 
materials is necessary. Since aluminium is toxic selectivity is achieved by using a previous ex- 
at very low concentrations for the above- traction with isobutyl methyl ketone. However, 
mentioned group of humans, the availability of the reaction between Morin and aluminium is 
sensitive analytical methods for this element is slow and does not allow the automatization of 
essential. the process. 

Several methods are available to determine 
aluminium in biological materials and dialysis 
fluids; none being fully satisfactory. In particu- 
lar, atomic-absorption spectrometry with elec- 
trothermal atomization (ETAAS) is widely 
used” for sample solutions with concentrations 
below 30 ppb. However, large discrepancies still 
exist in the results obtained’ most probably 
due to contamination problems. Furthermore, 
the high salt content in dialysis concentrates 
interferes with the determination of Al by 
this technique.’ Other alternatives are the 
ICP-AES and FAAS techniques, which are less 
sensitive and need a preconcentration of the 
analyte.5*6 

The method based on complexing with HQS 
in micellar medium does not require extraction 
which is an important advantage, but to over- 
come selectivity problems, the use of a complex 
high pressure liquid chromatography system is 
needed.9 

*Author for correspondence. 

As already mentioned, both selectivity and 
sensitivity problems need to be considered to 
satisfactorily determine aluminium in the re- 
quired biological samples and dialysis concen- 
trates. We thought that passing the sample 
through a chelating resin that could selectively 
retain the aluminium could simultaneously 
solve the two mentioned problems and therefore 
allow the analysis of the samples under study. It 
has been reported that aluminium is in fact 
strongly complexed by sulphonated azo dyes 
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Fig. 1. Scheme of the FIA system for removing interferences with a chelating microcolumn 

Fig. 1. Scheme of the FIA system for removing interferences with a chelating microcolumn 

possessing dihydroxylic groups.” In particular, 
1,8-dihydroxy-2-(p-nitro-phenylazo)-naphtha- 
lene-3,bdisulphonic acid (Chromotrope 2B) 
forms an extremely strong complex with Al(II1) 
allowing its separation from the rest of the 
matrix” and simultaneously preconcentrating 
it. 

If a microcolumn of chelating resin were 
prepared, it could be inserted in a flow-injection 
system with the known advantages of increased 
speed of analysis and decreased risk of sample 
contamination thus improving reproducibility 
of the results. 

This paper describes a new, rapid, selective 
and sensitive method that allows the determi- 
nation of aluminium in biological samples and 
dialysis concentrates. The method is based on 
the separation of the element in a chelating 
microcolumn followed by a spectrofluorimetric 
determination of the complex Al(II1 j5,7-di- 
bromo-&quinolinol extracted into diethylether. 
In addition the conditions for automatization of 
the process by FIA have been established and 
samples of food, drinking water and dialysis 
concentrates analysed. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer Model MPF-44A Spectro- 
fluorimeter equipped with a Hellma flow-cell 
(optical path 1 cm; inner volume 18 ~1) was used 
connected to a Perkin-Elmer 56 recorder. 

Two Qnmifit injection valves (six-way) were 
employed. Teflon tubes (i.d. 0.5 mm) and con- 
nectors were employed to build the reaction 
coils and transmission lines. A displacement 
flask (Omnifit), a laboratory-made phase sepa- 
rator and a teflon column of 35-mm length and 
j-mm i.d. were also used. 

Reagents 

Aluminium standard solution (1000 pglml). 
Prepared by dissolving aluminium metal 
(Merck) in 2% hydrochloric acid. 

5,7-Dibromo-6quinolinol (DBQ) (Flucka)sol- 
ution, 0.05% (w/v) in diethylether (Carlo Erba). 

2-Methyl-8-quinolinol (Scharlau) solution, 
0.05% (w/v) in diethylether (Carlo Erba). 

5-Sulphonic-8-quinolinol acid (Merck) sol- 
ution, 0.05% (w/v) in demineralized water. 

AG 1 -X8 anion -exchange resin, lW200 Mesh 
(Bio - Rad). 

Chromotrope 28 (Aldrich). 
Acetate bu-er carrier solution 0.05M 

(pH = 3.5-5.5). 
Buffer 0.5M hexamethylenetetramine (HMTA) 

(Merck). Acidified with perchloric or hydro- 
chloric acid (Merck) to pH = 5.5-7.5. All 
chemicals were of analytical reagent grade 
and demineralized water (Mini-Q) was used 
throughout. 

Procedures 

Batch method. A volume of solution contain- 
ing up to 100 ng of aluminium was placed in a 
polypropylene test tube. DBQ solution (0.5 ml 
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of 0.5% (w/v) DBQ in acetone) and 1 ml 
of H*MTA+/HMTA butfer (pH = 6.0) were 
added, and the final volume of the aqueous 
phase was made up to 2.5 ml with water. After 
adding 2.5 ml of diethylether, the mixture was 
shaken for 2 min and the fluorescence intensity 
of the organic extract was measured (1, = 400 
nm, A, = 525 nm) against a blank prepared in 
parallel. 

Flow -injection method. The system for on-line 
preconcentration with a microcolumn is shown 
in Fig. 1. 

The procedure is as follows: A 185~~1 volume 
of the sample solution containing less than 100 
ng/ml was injected from the first injection valve 
(B,) into the acetate buffer carrier solution, 
pH = 5.5, at 0.6 ml/min. 

This solution passed through a microcolumn 
(C) f&d with immobilized Chromotrope 2B, in 
which the aluminium was retained. To remove 
the immobilized ahuninium, 100 ~1 of 0. 1M 
hydrochloric acid was injected from the second 
injection valve (B,). The carrier solution was 
mixed with the organic phase [0.05% DBQ in 
diethylether from the displacement flask (G)] in 
segmenter (D), whose flow-rate was 0.36 
ml/min. The alternative aqueous and organic 
phase segments were separated in the membrane 
separator (F) after passing through the reaction 
coil (E). The organic phase passed through the 
flow-cell (H) and the fluorescence peaks were 
recorded. 

Full-column preparation. Chromotrope 2B 
was immobilized on the anionic AGI-X8 resin 
by soaking 1 g of wet resin in 25 ml of a solution 
containing about 6.6 x 10e3 millimoles of Chro- 
motrope 2B. The suspension was shaken until 
the aqueous phase became colourless (30 mm). 

The chelating resin was placed in a micro- 
column made of a teflon tube 35 mm long and 
5 mm i.d. The column end-caps were teflon 
screws; a fibre glass membrane of 3-pm pore 
size to prevent loss of resin particles was used. 

RESULTS AN-D DISCUSSION 

Batch method 

The properties to complex Al shown by three 
different derivatives of 8-hydroxyquinoline (5,7- 
dibromo, 2-methyl and 5-sulphonic acid) were 
studied in order to select the one showing the 
best analytical characteristics. Different organic 
media (n-butanol, chloroform and diethylether) 
were tested for extraction of the complex. The 
last, in spite of its notoriously inconvenient 
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Fig. 2. Uncorrected excitation and emission spectra of 
Al(III)-DBQ complex (I, III) and DBQ blank (II, IV). 
Conditions: [Al(III)] = 0.1 ppm; [DBQ] = 0.5% (w/v) in 

acetone; H&ITA+/HMTA @H = 6.0) medium. 

handling, was chosen because it appreciably 
increased fluorescence intensity. The complex 
showing the best sensitivity was Al(III)-5,7- 
dibromo-8-quinolinol (DBQ) extracted into 
diethylether. 

The Al(III)-5,7-dibromo-8-quinolinol com- 
plex in diethyl ether showed maximum fluor- 
escence intensity at 525 nm when excited at 400 
nm. Uncorrected excitation and emission spec- 
tra are given in Fig. 2. 

To determine the optimum extraction pH, 
several regulatory media were tested: HCl 
(pH = l), HAc/Ac- (PH = 3.5-5.5), H,MTA+/ 
HMTA (pH = 5.5-7.5), NH&l/NH3 (PH = 
8.0-9.0) and NaOH (pH > 10). The results given 
in Fig. 3 show that the optimum pH range is 
5.5-7.5. It was noted that the presence of 
HMTA significantly increased the sensitivity 
compared to that obtained with HAc/Ac- and 
therefore H, MTA+/HMTA was chosen as opti- 
mum medium. 

The effect of ionic strength was studied by 
adding increasing amounts of ammonium ni- 
trate and sodium chloride as strong electrolytes 
to a solution containing 0.02 ppm aluminium. It 
was found that up to an ionic strength of 0.25M, 
the fluorescence intensity of the complex re- 
mained constant, and that above this value it 
decreased. 

Changes in temperature over the range O-25” 
had no effect on the fluorescence complex. 

The analytical characteristics are as follows. 
The calibration graph is linear from 1 to 75 ppb. 
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Fig. 3. Effect of pH on Auorescence intensity for: (I) DBQ 
blank and (II) Al(III)-DBQ complex. pH was adjusted with 
(0) HCl, (0) HAG/AC-, (0) HzMTA’/HMTA, (H) 
NH: /NH, and (A) NaOH. Conditions: [Al(III)] = 50 ppb; 

[DBQ = 0.05% (w/v) in diethylether. 

The 
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Fig. 4. Fluorescence emission of Al(III)-DIBQ complex with 
different volumes and concentrations of HCl eluant (H) 
O.OlM, (0) O.OSf, (a) O.lM, (0) 0.5X. Conditions: 
[Al(III)] = 50 ppb; [DBQJ = 0.05% (w/v) in diethylether; 

HAc/Ac- 5. 10-3M (PH = 5.9) medium. 

Table 1. Optimum values of FIA system physical and 
chemical variables. Liquid-liquid extraction followed by 

fluorimetric determination of Al(II1) with DBQ 

Variable Optimum value 

PH 6.5* 
Regulating medium 0.5M H~MTA+lHMTA* 
DBQ concentration in 0.05% (w/v) 

diethylether 
Aqueous flow-rate 0.62 ml/min 
Organic flow-rate 0.36 ml/min 
Injection volume 185 pl 
Reactor length 3OOcm 
Coil shape 82 knots 
Reactor inner diameter OS mm 
Segmenter angle 45” 
Phase separator Membrane 

*Acetate buffer 0.05M pH = 5.5 was used when a chelating 
microcolumn was inserted into the FIA systems. 

The optimum medium was, as in the batch 
,method, HMTA buffer solution at pH 5.5-7.5. 
The optimum DBQ concentration in di- 
ethylether was 0.05%. 

To choose the optimum organic and aqueous 
flow-rates, the range 0.3-2.1 ml/min was tested 
and 0.62 ml/ruin and 0.36 mlfmin were chosen 
for aqueous and organic flow-rates respectively, 
using 185 ~1 as optimum sample injection vol- 
ume. The effect of different lengths of extraction 
coil, inner diameter and shape were also tested, 
the optimum extraction coil having a 3OOcm 
length, 0.5-mm inner diameter and 82 knots. It 
was found that knots in the extraction coil 
increased the yield of extraction by 300%. Opti- 
mum values for physical and chemical variables 
are summarized in Table 1. 

The selectivity of the FIA method is substan- 
tially higher than that batch method, but not 
so high that it can be applied to determine 
Al(II1) in complicated matrices such as food and 
dialysis fluids. 

To increase the selectivity of the method, a 
chelating resin microcolumn was inserted in the 
FIA system (Fig. 1). Chromotrope 2B immobi- 
lized on the AGI-X8 anion exchange resin was 
used. This reagent is able to retain the alu- 
minium present in the sample as a chelate. 
Previous studies” showed that this chelating 
resin completely separates aluminium from lead, 
nickel, cadmium, calcium and magnesium, 
although copper and iron were in part retained 
on the resin. 

This microcolumn makes it necessary to use 
HAG/AC- carrier because the HZ MTA+ /HMTA 
carrier acidified with both, perchloric acid or 
hydrochloric acid significantly increased blank 
fluorescence emission intensity due to its reac- 
tion with eluated Chromotrope 2B. The lower 
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Table 2. Determination of Al(III) content of several samples by 
FIA-spectrofluorimetric method (FIA-SFM) and electrothermal atomic- 

absorption spectrometry (ETAAS) 

FIA-SFM, ETAAS, Addition,7 Recovery,t 
Sample /@g/g’ cv P&w CV ppb % 

10 95.5 
Water 149 3 142 I 20 100 

30 105 

110 
Fresh tomato 7.51 5 7.70 7 2 99.3 

30 97.7 

Dialysis fluid 
920 

1.75 9 - - 
10 111 
20 99.3 
30 102 

*Average of six determinations. 
tFor FIA-SFM only. 

fluorescence intensity with a HAc/Ac- carrier 
was compensated by the aluminium preconcen- 
t&ion obtained with the chelating micro- 
column. 

Optimum Al(II1) retention in the micro- 
column and AI-DBQ fluorescence development 
were obtained at pH 5.5 with 5 x lo-‘M 
HAc/Ac - . 

Varying concentrations and volumes of hy- 
drochloric acid eluant were studied. The 
results (Fig. 4) show that maximum fluorescence 
intensity is reached between 75 and 100 ~1 
of IO-‘M hydrochloric acid. A volume of 100 ,ul 
was selected as optimum for further exper- 
iments. 

The effect of varying the amount of 
Chromotrope 2B immobilized in the column 
from 1.3 x 10e4 to 1.6 mmoles was studied. 
For amounts higher than 6.6 x 10m3 mmoles, 
the retained aluminium could not be com- 
pletely removed. For complete removal, it 
was necessary to raise the hydrochloric acid 
concentration above 0.5M which made it 
more difficult to reach the optimum pH 
for Al-DBQ complex formation. As a com- 
promise, 6.6 x 10e3 mmoles of Chromotrope 
2B per gram of AGl-X8 dry resin was used. 
The results of the preconcentration study 
showed that the fluorescence intensity of the 
signal increased proportionally with increasing 
volume of injected sample up to the maximum 
volume assayed of 1000 ,ul. Thus, using the 
optimum eluant volume of 100 p 1 it was possible 
to achieve a IO-fold sample preconcentration. 

The calibration graph was linear from 1 to 50 
ng/ml aluminium. The limit of detection for the 
sample solution is 0.3 ppb aluminium and the 
coefficient of variation at the 4 ppb level is 
about 3%. 

Sample analysis 

Various dialysis fluids, foods and tap 
water were analysed. Tap water was analysed 
without any sample pretreatment and dialysis 
fluid with a 1: 25 sample: water dilution. Freeze 
dried fresh tomato was mineralized by the 
following dry ashing procedure: About 0.25 g 
of sample was placed in a porcelain crucible 
and held at 500” for 2 hr. The residue 
was dissolved in 0.5 ml of 65% (w/v) nitric 
acid and the final volume was made up to 
25 ml.” 

In all cases, the slope of the standard ad- 
ditions line was parallel to the slope obtained 
from the AI(II1) standard solutions. It was 
concluded that the analysed samples did not 
show matrix effects. 

The results obtained for tap water and fresh 
tomato with the proposed method agreed with 
those obtained by the ETAAS method; the 
differences were not significant at the 5% level. 
For dialysis fluids the mean value of recovery, 
obtained by adding different known amounts of 
aluminium to the samples, was 104%. The 
results obtained for six replicate determinations 
are summarized in Table 2. 

CONCLUSIONS 

The new spectrofluorimetric FIA method 
proposed for the determination of aluminium 
is very sensitive and selective, because inter- 
fering ions are removed by passage through 
a chelating resin microcolumn incorporated 
into the FIA system. Furthermore, samples 
can be preconcentrated at least IO-fold by 
retaining the Al(II1) contained in 1000 ~1 
of sample solution and eluting it with 100 ~1 
of 0.M hydrochloric acid. It is therefore a 
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valid alternative method to determine traces 
of aluminium in biological materials. It has 
been successfully applied to determine alu- 
minium in tap water, food samples and dialysis 
fluids. 
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Summary-A simple, large-volume wall-jet cell was designed for unsegmented flow analysis. The working 
electrode is immersed in a solution that reactivates the electrode surface. During the sample measurement, 
the working electrode is screened from the reactivation solution by the streaming sample solution; between 
the individual samples, air is pumped through the jet and agitates the reactivating solution at the electrode 
surface. The properties of the cell were investigated with the fluoride and chloride ion-selective electrodes 
and the method was applied to determination of fluoride and chloride in steel corrosion products and in 
a reference sample of the fly dust from electric-arc furnaces. The method permits about 90 measurements 
per hour, the results are reproducible and the limits of determination (6.3 x lo-* and 2.3 x lo-‘M for 
fluoride and chloride, respectively) are substantially lower than the values commonly obtained in batch 
experiments. At least 1.50 measurements can be carried out without significant changes in the reliability 
of determination and the reactivation solution can then be replaced. 

Various techniques of flow analysis have rapidly 
gained importance, as they exhibit many advan- 
tages that are thoroughly discussed in the liter- 
ature.1*2 In addition to the most common 
spectrophotometric detection, some electro- 
chemical methods are being progressively used 
more (primarily potentiometry, amperometry 
and coulometry), in view of their high sensitivity 
and selectivity that can, to a certain extent, be 
varied by judicious control of the experimental 
conditions.3 Potentiometry with ion-selective 
electrodes (ISE’s) is very popular because it is 
highly selective and simple. However, problems 
may arise in flow detection due to rather slug- 
gish response of many BE’s which, to make it 
worse, is dependent on the analyte activity (the 
response time generally increases with decreas- 
ing activity). M Another difficulty, common 
to all the electrochemical methods except for 
high-frequency impedance measurements, stems 
from the interactions between the electrode sur- 
face and the test solution and leads to electrode 
passivation, memory effects and enhanced 
noise.3,6 

On the other hand, an advantage of flow 
measurements with BE’s lies in the fact that the 
measuring sensitivity is often somewhat higher 
than in batch experiments6 and that many oper- 
ations required for the sample pretreatment and 
electrode reactivation are easy to carry out. 

The cells for flow potentiometry are mostly 
low-volume thin-layer, wall-jet and tubular 
cells or open wall-jet systems with the working 
electrode placed above a solution containing a 
reference electrode.3 All these cells often suffer 
from noise and random interruptions to the 
electric circuit, due to air bubbles trapped in 
small cells or breakage of the thin film of liquid 
connecting the working electrode with the 
solution containing the reference electrode in 
the open systems. Moreover, if the working 
electrode is to be reactivated, it must either be 
taken out of the cell, or a different solution must 
be pumped through the cell, which is awkward 
and time consuming. 

A large-volume wall-jet cell, in which the test 
solution is fed from a jet onto the working 
electrode surface and the whole system is placed 

TN. 3*,1*--D 
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in a large vessel containing a suitable solution, 
was first described by Horvai et al.’ and later 
studied in detail by Gunasingham et aL8-” The 
detector has primarily been used for ampero- 
metric detection in HPLCal’ and recently also 
for flow-injection potentiometric stripping 
analysis,” flow-injection potentiometry13-l5 and 
potentiometric detection in ion chromatog- 
raphy.16s’7 

It has been shown”” that the liquid beam 
coming from the jet remains intact even at 
lo-mm distances of the jet orifice to the elec- 
trode surface, that the effective working volume 
of_ the cell is small (less than the volume of the 
hydrodynamic boundary layer at the electrode 
surface) and that the impinging test solution 
shields the electrode from the effects of the 
liquid in the cell, so that it is, e.g., possible to 
perform amperometric reductive measurements 
without removal of oxygen from the solution in 
the cell. 

The present paper describes a large-volume 
wall-jet cell of a very simple design and its 
application to unsegmented flow ISE poten- 
tiometry. The favourable properties of the cell 
are utilized for continuous reactivation of the 
working electrode surface and the method is 
applied to determination of fluoride and chlor- 
ide in the products of steel corrosion and in a 
reference sample of fly dust from electric-arc 
furnaces. 

EXPERIMENTAL 

Apparatus 

The potentiometric measurements were per- 
formed with an ION-85 instrument and a REC- 
80 chart recorder with a REA-120 module (all 
from Radiometer, Copenhagen, Denmark). The 
fluoride and Chloride ISE’s and the saturated 
silver/silver chloride reference electrode were 
Crytur types 09-27, 17-27 and RAE-l 12, re- 
spectively, obtained from Monokrystaly, 
Turnov, Czechoslovakia. In order to suppress 
the noise caused by the high impedance of the 
chloride ISE, an impedance convertor based 
on a WSH-220 operational amplifier (Tesla, 
LanBkroun, Czechoslovakia) was placed inside 
the electrode body.” 

The test solutions were propelled by a Type 
3 15 peristaltic pump (Zalimp, Warsaw, Poland). 
In the measurement of the detector time 
constant dependence on the solution flow-rate, 
an ABU-80 autoburette (Radiometer, Copen- 
hagen, Denmark) was used for pumping. 

The sample solutions were aspirated from 
polypropylene beakers and the sample size was 
controlled by controlling the aspiration time. 
The solutions were aspirated through a PTFE 
tubing (1 mm in internal diameter) and led to 
the detection cell by silicone rubber tubing (40 
cm long and 2 mm in internal diameter). Unless 
stated otherwise, the flow-rate was 3 ml/min. 

The detection cell is schematically depicted in 
Fig. 1. The cell consists of a cylindrical glass 
vessel (1) with an opening for the working 
electrode (2) and reference (3) electrode and 
for the jet (4) which are fixed in place by 
polyethylene O-rings. The horizontal position of 
the ISE and the jet prevents gas bubbles from 
adhering to the ISE surface. The polyethylene 
jet is 0.3 mm in internal diameter and its 
distance from the ISE can be varied. The vessel 
is provided with a solution outlet stop-cock (5) 
and is placed in the neck of a waste bottle (7). 
Tube (6) maintains a constant solution level 
(a solution volume of 50 ml). 

Reagents 

Analytical-grade chemicals were employed as 
received from Lachema, Bmo, Czechoslovakia. 

Stock solutions of the analytes, O.lM, were 
prepared by dissolving solid sodium fluoride 
and sodium chloride in water, and used as 
primary standards. 

Buffer solution A [0.5M in sodium nitrate, 
acetic acid and sodium acetate and O.lM in 
diaminocyclohexanetetraacetic acid (DCTA)], 
pH 4.3, was prepared as follows. A 36-g amount 
of DCTA was dissolved in ca. 500 ml of an 
aqueous solution of 15 g of sodium hydroxide, 

Fig. 1. The large-volume wall-jet cell (for description see 
test). 
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then 43 g of sodium nitrate and 30 ml of acetic 
acid (p = 1.060) were added and the mixture 
was made up with water to 1000 ml. 

Buffer solution B (pH 4.3) was 0.5M in 
sodium nitrate, acetic acid and sodium acetate, 
and was prepared by dissolving 6.0 g of sodium 
hydroxide in water, adding 30 ml of acetic acid 
(p = 1.060) and 43 g of sodium nitrate, and 
diluting with water to 1000 ml. Solutions A and 
B were filtered before use. Buffer solutions A 
and B were mixed with the sample solutions at 
a volume ratio of 1: 5. 

A reactivation solution, 0.M in A13+ and 
nitric acid, was prepared by dissolving 3.3 g 
of Al,(SO,),. 18H,O in 100 ml of O.lM nitric 
acid. 

General measuring procedure 

The detection cell is prepared for measure- 
ment by directing the jet to the centre of the 
working electrode and adjusting its distance 
from the electrode. The jet is placed excentri- 
tally in a plastic stopper, so that its proper 
position is attained by turning the stopper, while 
pumping water onto the electrode surface 
through the jet in the empty vessel. The vessel 
is then filled with 50 ml of an appropriate 
reactivation solution and the ISE potential is 
allowed to stabilize. 

The test solution is pumped for 5-10 set, thus 
obtaining sample solution volumes from 0.25 
to 0.5 ml at a flow-rate of 3 ml/min. When a 
sample is not aspirated, air is pumped through 
the jet and the reactivation solution is thus 
stirred at the electrode, hastening the reactiva- 
tion process. 

Procedure for determination of fluoride and 
chloride in the steel corrosion products and in the 

j?y dust from electric-arc furnaces 

A sample of lo-25 mg is fused in a platinum 
crucible with 0.5 g of sodium carbonate; 20 mg 
of silica may be added to assist the sample 
decomposition. The melt is extracted with 5 ml 
of cold water in an ultrasonic bath, the extract 
acidified with 2 ml of 5M nitric acid, degassed 
in an ultrasonic bath and diluted with water to 
10 ml. A part of this solution is measured in a 
polyethylene beaker and diluted with water to 
20 ml. A volume of 5 ml of buffer A (determi- 
nation of fluoride) or buf?‘er B (determination 
of chloride) is added to the beaker, the mixture 
is stirred and the determination is carried 
out according to the above measuring pro- 
cedure. The vessel contains the appropriate 

reactivation solution, i.e., 0.M A13+ + O.lM 
HNO, (fluoride) or O.lM NaNO,+O.lM 
CH, COOH + 0. 1M CH, COONa + 0.02M 
DCTA, pH 4.3 (chloride). The samples are 
pumped for 10 see at a flow-rate of 3 ml/min; the 
reactivation interval is 30 sec. 

RESULTS AND DISCUSSION 

So far, when the activity of a measuring ISE 
in a flow cell changed, the electrode was either 
removed from the cell and reactivated by a 
suitable mechanical or chemical procedure, or a 
chemical reactivation was carried out directly in 
the cell, by passage of a reactivating solution. In 
both cases, the sequence of analytical measure- 
ments had to be interrupted. However, the 
favourable properties of the large-volume wall- 
jet cell, primarily the fact that the solution 
impinging on the electrode efficiently separates 
the electrode surface from the bulk solution in 
the cell, make it possible to continuously reacti- 
vate the electrode by placing the reactivating 
solution in the cell. During passage of a sample 
solution, the reactivating solution has no access 
to the electrode surface; between samples, air is 
pumped through the jet and stirs the reactivat- 
ing solution at the electrode. 

The most efficient way of reactivating solid- 
membrane ISE’s is removal of a very thin layer 
of the electrode surface, either by mechanical 
polishing or chemical etching. In this work, 
complexation reactions are used for the pur- 
pose-an acidic solution of aluminium ions for 
the fluoride ISE and a weakly acidic solution 
of DCTA for the chloride ISE. The action of 
these solutions is efficient but gentle and no 
mechanical damage is done to the electrode 
surface. 

Basic properties of the cell 

The results are in agreement with those pub- 
lished earlier.p” The optimal distance of the jet 
orifice from the electrode surfaces lies within an 
interval of 2-12 mm. The higher the flow-rate, 
the greater is the optimal distance. At distances 
shorter than 2 mm, the noise sharply increases; 
at distances longer than ca. 12 mm, the beam of 
the liquid coming from the jet ceases to be 
intact. For the flow-rate used in further exper- 
iments, 3 ml/r&, a distance of 3-6 mm was 
found optimal and was maintained within this 
interval throughout. At this or greater distance, 
there was also no danger of air bubbles being 
trapped between the jet and the electrode. 
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Table 1. Dependence of the time constant, 
T,., of the detector with the chloride ISE 

on the flow-rate of the test solution 

Flow rate, T k, 
mllmin see 

1 4.60 
2 1.93 
3 1.14 
4 0.73 
6 0.55 
8 0.40 

The T, value is the time required for the 
signal to increase to 63.2% of the 
maximum value on a step change in 
the chloride concentration; the test sol- 
ution, 0.M HNO, + 2.5 x 10-j or 
2.5 x lo-‘M Cl-; the cell solution, 
O.lM HNO,. 

As can be expected, the response time de- 
creases with increasing flow-rate (for the depen- 
dence with the chloride ISE see Table 1). From 
the points of view of electrode response and 
sample consumption, a flow-rate of 3 ml/mm is 
a useful compromise. 

Determination of fluoride and chloride 

Whereas the response rate of the chloride ISE 
is independent of the solution pH from 1 .l to 
4.6 and of the chloride concentration within 
the range of 2.5 x 10e4-2.5 x lo-‘M Cl-, the 
response rate of the fluoride ISE increases with 
increasing concentration of fluoride and de- 
creasing pH (see Table 2). Moreover, the linear 
dynamic range increases with decreasing pH 
(see Fig. 2). However, measurement in strongly 
acidic solutions is inconvenient because the po- 
tential stabilization is slow and the selectivity of 
measurement is poorer. Therefore, it is better to 
work at a pH between 4 and 5 (we further used 

Table 2. Dependence of the time constant, 
T,, of the detector with the fluoride ISE 
on the fluoride concentration and the sol- 

ution pH 

cr- , T k, 
PH pgl25 ml see 

6.7 1.9 4.8 
6.7 19 1.5 
4.6 1.9 
4.6 19 ::: 
1.1 1.9 
1.1 19 ;I 

For the detinition of Tk see Table 1; the 
test and the cell solutions were identi- 
cal, either 0. 1M HCl (pH 1. l), or 0.M 
NaCl +O.OSM CH,COOH with the 
pH adjusted between 4.6 and 6.7 by 
additions of NaOH. 

PH 

0 I.1 

0 33 

6.0 56 6.2 4.6 

L 
PF- 

\- 

-20 

Fig. 2. The effect of the test solution pH on the fluoride 
calibration plot. The test and the cell solution were identical: 
O.lM sulphosalicyclic acid + 0.02M EDTA with the pH 
adjusted with an NaOH solution, or a O.lM HCl @H 1.1). 

a pH of 4.3), and add aluminium(II1) ions to 
the cell solution to enhance the electrode reacti- 
vation (O.lM HN03 + O.lM Al’+). We further 
added DCTA to the sample solution, to im- 
prove the measuring selectivity.6 

The calibration dependences obtained under 
these conditions are given in Fig. 3. It can be 
seen that the slope of the dependence is higher 
for the flow measurement (68 mV per concen- 
tration decade) than for the batch measure- 
ments under identical conditions (60 mV per 
concentration decade). The reason for this 
phenomenon is not only a somewhat higher 
sensitivity of measurement attained under flow 
conditions, but also the fact that a nonsteady- 

140 
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120 ii! 
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w- 60 
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40 

L 
. 
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Fig. 3. The calibration plots for fluoride obtained in flow 
(1, 2) and batch (3) experiments. Buffer solution A; reactiv- 

ation solution of 0.M Al)+ and HNO,. 
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state signal is measured in the flow system and 
that the electrode response is slower at low 
analyte concentrations. Therefore, the values 
obtained at low fluoride concentrations are fur- 
ther removed from the respective steady-state 
values than those obtained at higher analyte 
concentrations. The hysteresis region in the flow 
measurements is wider at low analyte concen- 
trations (ca. 6 mV) and it only occurs in the 
presence of DCTA (this confirms the earlier 
observations that DCTA makes the response of 
the fluoride ISE slowed). 

Typical recordings of repeated flow determi- 
nations of fluoride are given in Fig. 4. It can be 
seen that the baseline is usually subject to a drift 
and thus it is more convenient to measure the 
difference between the peaks corresponding to 
the highest and the actual analyte concen- 
tration. Hence the signal for the highest analyte 
concentration defines the working baseline, 
which is stable for several hours. 

The limit of determination was determined as 
follows: A regression straight line was con- 
structed for a narrow range of the lowest con- 
centrations (O-4 x 10e7 and O-4 x 10m6 for 
fluoride and chloride, respectively, and the value 
was found on this line that corresponded to 
triple the standard deviation of the intercept 
divided by the straight line slope. The limit of 
determination for fluoride under the above flow 
conditions is 1.2 pg/l. (6.3 x lo-*M), which 
is a value about 30 times lower than that 
obtained in common batch measurements.‘g An 

9 

I 40 mV 4 min 

Fig. 4. A recording of a series of flow determinations of 
fluoride. Measurements were always made in teplicate (for 
conditions see Fig. 3 and text). cF - (~g/25 ml): 0 (l), 
0.095 (2), 0.19 (3), 0.38 (4), 0.95 (5), 1.9 (a), 3.8 (7), 9.5 (8) 

and 19 (9). 
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Fig. 5. The calibration plots for chloride. Flow measure- 
ment with (1) and without (2) DCTA (for conditions 

see text). 

analogous situation is with the determination of 
chloride, where the limit of determination 
equals 8 pg/l. (2.3 x 10e7), about 14 times lower 
than in common batch measurements.‘g 

In measurements with the chloride ISE, 
the optimal pH range lies between 2.5 and 
4.5, as expected and thus a solution of buffer B 
was selected for the measurement. The electrode 
can be reactivated in the blank sample solution, 
but somewhat better results are obtained when 
this solution is made 0.02M in DCTA. The 
slope of the calibration plot (Fig. 5) then slightly 
increases (from 61.4 mV per concentration 
decade in the absence of DCTA to 62.7 mV 
in its presence) and the linear correlation 
coefficient is somewhat improved (from 0.9996 
to 0.9999). The cleaning effect of DCTA prob- 
ably depends on the complexation reaction with 
the Ag+ ions on the surface of the membrane. 
Moreover, DCTA improves the selectivity of 
determination, similar to the determination of 
fluoride. 

Rather high concentrations of the reactiva- 
tion solutions were used to prevent rapid loss of 
their function on dilution with the samples. 
Under the given experimental conditions, at 
least 150 measurements could be carried out 
without significant deterioration in the measur- 
ing reliability. The reactivation solution was 
then replaced. 

The results of the application of the flow- 
through method to determination of fluoride 
and chloride in steel corrosion products and in 
a reference sample of an electric-arc furnace fly 
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Table 3. Determination of fluoride and chloride in the steel corrosion products and in a reference sample of the electric-arc 
furnace fly dust (for procedures see Experimental) 

Fluoride content Chloride content 
fi) (%I 

Decomposition Confidence Confidence 
Sample procedure interval n interval n Turbidimetry 

Corrosion products I without SiO, 0.017 f 0.003 3 0.21 * 0.04 3 0.28 f 0.05 
Corrosion products II without SiO, 0.053 f 0.005 3 1.29 f 0.04 4 1.3 f 0.03 
Fly dust without SiO, 0.26 f 0.04 4 1.35 + 0.17 3 1.5 f 0.08 

with SiOr _ 0.24 & 0.04 4 1.39 f 0.17 3 0.43 f 0.10 

dust are given in Table 3 (for the procedures see 
Experimental). The determination of chloride 
was compared with the results obtained by a 
turbidimetric method20 employing a surfactant 
for stabilization of the turbidity and the agree- 
ment was satisfactory (see Table 3), except for 
the procedure in which Si02 was added to the 
fusion mixture. The turbidimetric determination 
is, of course, much more sensitive to colouration 
of the test solution and to cloudiness, which is 
caused in this case by a high content of hydrated 
silicon dioxide. The results indicate that the 
method yields good results and permits about 90 
individual measurements per hour. There was 
no suitable reference method available for the 
determination of fluoride. 
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Sununary-Three main types of PVC solvent polymeric membrane ion-selective electrodes for chloroquine 
are described. They are based cm three ion-pairing agents namely dipicrylamine (DPA), tetraphenylborate 
(TPB) or tetra~~4~~orop~nyl)~rate (TCPB) with either ~~ylphenyl phosphonate (DOPP) or 
trioctyl phosphate (TOP) solvent mediator. All electrodes exhibit Nernstian responses, fast dynamic 
response times and a wide useful pH range. The best all-round electrode is based on TPB and TOP 
plasticizing solvent mediators with a limit of detection of 7.1 x 10e6M and was utilized for the assay of 
chloroquine in tablets. Direct potentiometric determinations with either the analyte addition method or 
the normal calibration method gave results comparable to the official method. 

Malaria is a mosquito-borne disease and one of 
the major killers of the world, currently causing 
an estimated one million deaths annually.’ In 
1983, a report estimated the number of new 
malaria infections annually throughout the 
world was 210-230 million,2 most of these 
(85%) being malignant malaria caused by the 
most dangerous of all the malaria parasites, 
Plasmodium falciparum. 

Anti-malaria drugs are usually classified in 
terms of the action against the different stages of 
the life-cycle of the parasite. Chloroquine [7- 
chloro-4-(4-diethylamine-l-methylbutylamino)- 
quinoline] the most widely used anti-malarial 
drug is an example of a schizonticidal agent 
which is effective against the erythrocytic forms 
of the plasmodial organism and is used to cure 
the clinical attack of malaria.3 Chloroquine is 
effective against the erythrocytic forms of all 
types of malaria parasites with the exception of 
resistant strains of Pl~modium faIcipar~ in 
South America and South-East Asia. With the 
exception of this resistant strain, they com- 
pletely cure falciparum malaria. 

Chloroquine in pharmaceutical preparations 
may be determined by two rather laborious 
methods: the U.S. Pha~acopoeia4 which in- 
volves extraction with chloroform followed by 
spectrophotometry at 343 nm; or the British 

*Author for correspondence. 

Pharmacopoeia5 which involves extraction of 
the chloroquine in sodium hydroxide with 
ether and back titration of excess base with 
hydr~hlo~c acid, using bromocresol green as 
indicator. 

Ion-selective electrodes have been advo- 
cated as simple, fast responding and sensitive 
devices for the monitoring of various biochemi- 
cal and pharmaceutical species.b-8 In this con- 
text, a PVC membrane ~hloroquine selective 
electrode containing ~hloroquin~inonylnaph- 
thalene sulphonate (DNNS) as the electroactive 
material and 2nitrophenyl octyl ether (NPOE) 
solvent mediator has been proposed.q Here we 
report the development of chloroquine solvent 
polymeric membrane electrodes based on three 
other ion-pairing agents namely DPA, TCPB 
and TPB. 

EXPERIMENTAL 

Reagents 

Sodium tetraphenylborate, potassium tetra- 
kis(4-chlorophenyl)borate and high molecular 
mass poly(viny1 chloride) were obtained from 
Aldrich. The other reagents were obtained from 
the following sources: dioctylphenyl phos- 
phonate (Lanchester Synthesis); chloroq~ne 
diphosphate, glucose, starch (Sigma); hydro- 
chlorides of berherine and cinchonine, dipicryl- 
amine (Tokyo Kogyo Kasei); trioctyl phosphate 
(Pfaltz and Bauer). Chloroquine tablets were 
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purchased from a local drug store. AnalaR- 
grade chlorides of calcium, magnesium, sodium, 
potassium and copper(I1) were used. 

Electrode preparation and use 

Chloroquine-TPB ion-pair was formed by 
precipitation of an aqueous solution of sodium 
tetraphenylborate (0.1 M) and chloroquine 
diphosphate (O.lM). The white precipitate was 
isolated by filtration, thoroughly washed with 
demineralized water and dried overnight at 30”. 
The dried salt (40 mg) was added to PVC (170 
mg) and plasticizing solvent mediator (360 mg) 
dissolved in tetrahydrofuran (6.0 cm3). The 
homogeneous cocktail was next cast with a glass 
plate and glass ring (30 mm i.d.) as described 
elsewhere. ‘O 

For potassium tetrakis(4-chlorophenyl)- 
borate and dipicrylamine which are both insol- 
uble in water, it was necessary to prepare 
their master membranes by entrapping the ion- 
pairing agent without chloroquine (30 mg) plus 
plasticizing solvent in PVC, in an equal amount 
as for the TPB membrane. The TCPB- and 
DPA-chloroquine ion-pair was generated in situ 
by conditioning the assembled electrode” in 
lo-‘M chloroquine diphosphate (pH 4.70, ionic 
strength 0.03M) overnight. Similar chloro- 
quine diphosphate concentration was used as 
the internal filling solution for all the electrodes. 
After overnight storage, the DPA-based mem- 
brane turned from orange to dark brown, indi- 
cating the formation of a DPA-chloroquine 
ion-pair. 

Electrochemical measurements were made 
with an Orion digital ionanalyser (Model 701A). 
A double junction reference electrode (Orion 
model 90-02) was used. Electrode calibrations 
were effected by spiking with successive aliquots 
of a known concentration of sample into doubly 
demineralized water (20 cm3). All samples were 
prepared in doubly demineralized water. The 
chloroquine standard solution was prepared 
fresh and protected from light by wrapping the 
standard flasks with aluminium foil. 

Selectivity coefficients, kc were measured 
with the separate solution method at a cation 
concentration of 10-‘&f, unless otherwise 
stated, using the equation; 

log kr; = (E2 - E,)/S 

where E, and E2 are the measurements on 
separate solutions of the primary ion (i) and 
interferent ion (j), respectively, at the same 

concentration, and S is the slope of the 
chloroquine calibration curve. 

Tablet analysis 

All analysis was done in O.lOM acetate 
buffer; pH adjusted to 5 with sodium hydroxide. 
Ten chloroquine tablets were finely ground and 
thoroughly mixed. A mean mass of each tablet 
of 0.4131 g was dissolved in acetate buffer in a 
standard flask (100 cm3) up to the mark. The 
analyte addition method was based on: 

where AE is the emf difference after spiking the 
tablet solution of volume V, (150 ~1) of un- 
known concentration C,, into a chloroquine 
solution in buffer of volume V, (15 cm3) and 
concentration C, ( 10-4M). 

RESULTS AND DISCUSSION 

All electrodes prepared with TPB, TCPB and 
DPA as ion-pairing agents in a plasticized PVC 
liquid membrane gave functional chloroquine 
electrodes with almost Nernstian responses 
(Table 1) and a long linear range. Even though 
these electrodes possessed slightly inferior detec- 
tion limits as compared to the reported 
chloroquine electrode based on dinonylnaph- 
thalene sulphonate, this is sulhciently low for 
many analytical applications. These electrodes 
exhibit fast dynamic response times (= 10 set), 
although at lower concentrations (< lo-‘jM), 
the response time is expectedly sluggish (30-60 
set). The electrode responses were found to be 
pH-independent in the pH range of about 
3.5-8.0 (Fig. 1). This was studied by varying the 
pH of 10F3M chloroquine by addition of minute 
amounts of concentrated hydrochloric acid 
and/or sodium hydroxide. At higher pH values, 
the potential decreased due to the gradual in- 
crease in the concentration of unprotonated 
chloroquine resulting in the precipitation of 
chloroquine base, while at low pH, a triproto- 
nated chloroquine species [ChlH3,+] is probably 
formed. The chloroquine base and the triproto- 
nated chloroquine are presumably not detected 
by the electrode. Such pH-mV profiles are 
also observed for electrodes based on other 
ion-pairing agents.” 

When tested for possible interferents 
that might be present in pharmaceutical 
preparations, the electrodes were essentially 
interferent-free from the alkali and alkaline 
earth metal ions tested (Table 2). The electrode 
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Table 1. Comparison of electrochemical characteristics of chloroquine mem- 
brane electrodes 

Electrode no. 
(ion-pairing agent) 

1 (TW 
2 PW 
3 (TCPB) 
4 (TCPB) 

5 (DPA) 
6 (DPA) 
7t (DNNS) 

Solvent 
mediator 

slope*, 
m V/decade 

32.0 
33.0 

31.2 
32.6 

31.3 
33.0 
28.6 

Detection 
limit*, Useful 

M PH range 

DOPP 
TOP 

DOPP 
TOP 

DOPP 
TOP 
NPGE 

4.3 x IO-6 
7.1 x 10-e 3.5-8.0 

3.5 x 10-S 
8.6 x 1o-5 4.0-8.0 

7.0 x 1o-6 
2.8 x 1O-5 3.5-8.0 
2.0 x 10-T 2.0-8.0 

*Mean of three determinations. 
tFrom Reference 9. Key to abbreviations: TPB = Sodium tetraphenylbor- 

ate. DOPP = Dioctyl phenylphosphonate. TOP = Trioctyl phosphate. 
TCPB = Potassium tetrakis(4chlorophenyl)borate. DPA = Dipicryl- 
amine. DNNS = Dinonyl naphthalencsulphonic acid. 

so- 

40- 

203 9 10 

PH 

Fig. 1. pH-emf profiles of chloroquine electrodes (all at 
lo-‘M chloroquine) based on TPB (O), TCPB (0) and 

DPA (A); all plasticized with trioctyl phosphate. 

responses were also not affected by glucose or 
binders such as starch. Indeed, the electrode 
response was unaffected even up to 500 ppm 
starch. However, alkaloids such as cinchonine 
and berberine cause serious interferences. This 

is expected of electrodes based on ion-pairing 
agents where larger lipophilic species will also be 
efficiently extracted into the membranes,‘* hence 
the interference phenomena. Interference from 
lipophilic amines were also observed for the 
DNNS-based chloroquine electrode.g However, 
this is of no deterrent to the use of these 
electrodes in the analysis of pharmaceutical 
preparations as these alkaloids are not present 
together with chloroquine. 

The use of trioctyl phosphate plasticizing 
solvent also yields a good quality electrode 
(Table 1) with Nernstian response and fast 
response times. The use of TOP yields electrodes 
of slightly improved selectivity character- 
istics, especially for the TPB-based membrane 
(Table 2). Hence this electrode (electrode 2) was 
studied further. 

Potentiometric determination of standard 
chloroquine solutions utilizing this electrode 
yields an average recovery of 103.0 and 100.9% 
with the normal calibration and the analyte 
addition methods, respectively (Table 3). When 
used for the analysis of chloroquine in tablets, 
the potentiometric normal calibration and 
analyte addition methods yield 252.0 and 
250.0 mg per tablet of the base, respectively, as 

Electrode 
No. 

Table 2. Selectivity coefficients* k,, “;” of chloroquine membrane electrodes 

Ca*+ Mg*+ Na+ K+ cu*+ Glucose Cinchonine Berberine 

1 5.43 x 1O-3 1.83 x 1O-3 2.28 x 1O-3 1.28 x 1O-3 9.02 x IO-* 6.12 x 1O-4 47.2 38.0 
2 5.37 x lo-’ 1.99 x lo-’ 7.88 x 1O-4 5.67 x 1O-4 1.63 x 1O-3 3.56 x 1O-4 69.0 14.1 
3 4.29 x IO-* 7.94 x IO-) 2.06 x lo-’ 2.72 x 1O-4 1.39 x lo-* 8.84 x 1O-5 0.26 29.2 
4 5.78 x lo-* 7.81 x lo-’ 1.85 x 1O-2 9.82 x 1O-3 4.78 x lo-* 1.49 x lo-* 2.79 65.34 
5 2.94 x 1O-2 7.18 x 1O-3 1.97 x 1O-3 8.16 x 1O-4 1.54 x 1O-2 1.12 x 1O-4 3.05 22.53 

2.02 x 1O-2 7.37 x lo-’ 3.25 x lo-’ 1.05 x 1O-3 1.22 x lo-) 2.89 x 1O-4 8.50 87.29 
<10-4 < 1o-4 <lo-4 < 1o-4 - - - - 

*Separate solution method, evaluated at 10F2M except for cinchonine and berberine, (IO-‘M). 
tFixed interferent method (IO-*M), from Ref. 9. 
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Table 3. Potentiometric determination of chloro- 
quine using the tetraphenylborate (TPB) chloro- 

quine electrode* 

Normal Analyte 
Chloroquine calibration, addition, 
spiked, ppm pp* PPm 

3.2 (G%)+ z 
16.0 16.9 

(105.0%) 1 
32.0 33.2 

(103.4%) = 
160.0 163.1 

(101.9%) 1 
319.9 323.1 323.1 

(101.0%) (101.0%) 
1599.5 1609.0 1612.2 

(100.5%) (100.8%) 

*Mean of triplicate determinations. 
?A11 data in brackets denote per cent recovery. 

compared to the British pharmacopoeia method 
of 246.0 mg. 

CONCLUSIONS 

The electrodes developed showed good 
prospects for the analysis of chloroquine in 
pharmaceutical preparations. Although the 
detection limit (7.1 x 10ebM) is slightly inferior 
as compared to the DNNS-based electrode 
(2 x lo-‘M), good agreement was found 
between both the calibration and analyte 

addition potentiometric methods and the official 
method, using the proposed electrode. The 
proposed electrode method has the advantage of 
being much simpler than the official method. 
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Summary-The extraction of niobium(V) from aqueous hydrochloric and sulphuric acid solutions with 
3-hydroxy-2-methyl-1-(4-tolyl)-4-pyridone (HY) dissolved in chloroform is described. Niobium(V) can be 
quantitatively extracted with HY in the form of two different complexes depending on the chloride ion 
concentration in the aqueous phase. At a low chloride concentration or without chloride in the aqueous 
phase niobium(V) is extracted with HY in the form of Nb(OH),Y, and at a high chloride concentration 
as a mixed Nb(OH),CIY complex. Niobium extraction with HY enables the separation of niobium(V) 
from zirconium(W) and hafnium(IV). The formation of a mixed chloro-4-pyridone complex is also 
applicable for the spectrophotometric determination of niobium in the organic phase at the maximum 
absorption at 350 nm. 

In continuation of our investigations of 
metal extraction with 4-pyridone derivatives: 
3-hydroxy-2-methyl-1-phenyl-Cpyridone (HX) 
and 3-hydroxy-2-methyl-1-(4-tolyl)-4-pyridone 
(HY)‘-’ the present experiments were under- 
taken to study the extraction of niobium(V) 
with HY from different aqueous solutions. The 
results described here show that the extraction 
of niobium(V) with HY is preferable to that 
with HX’ because it is feasible from solutions 
without the presence of large amounts of chlor- 
ide or thiocyanate ions. Niobium(V) can be 
quantitatively extracted with HX only in the 
presence of an excess of chloride or thiocyanate 
ions in the form of a mixed Nb(OH),CIX 
mb(OH),NCSX] complex.’ However, niobi- 
um(V) can be quantitatively extracted with HY 
in the form of two different complexes depend- 
ing on the chloride ion concentration in the 
aqueous phase. At a low chloride concentration 
or without chloride in the aqueous phase nio- 
bium is extracted with HY in the form of 
Nb(OH),Y, and at a high chloride concen- 
tration as a mixed Nb(OH)JIY complex. For 
some other metal ions, as for niobium(V), HY 
is a more effective extractant than HX.2-5 With 
some metal ions the tolyl analogue (HY) reacts 
at higher acid concentration than the phenyl 
analogue (HX), quantitatively extracted with 
less excess of extractant, and sometimes causes 
a change in the composition of extracted 
complexes. 

Based on conditions of niobium(V) extraction 
with HY described here and those of zir- 
conium(IV) and hafnium(IV) extraction with 
HY dealt with earlier,’ a simple and fast 
separation of niobium(V) from zirconium(IV) 
and hafnium(IV) is feasible by extraction with 
HY from 1M hydrochloric acid. 

EXPERIMENTAL 

Reagents and radioactive tracer 

A standard solution of niobium(V) (about 
2 x 10M2M) was prepared in hydrochloric and 
sulphuric acid solutions as described earlier.’ 
The “Nb isotope supplied from the Radio- 
chemical Centre, Amersham, England, in the 
form of an oxalato complex in a 0.5% solution 
of oxalic acid was used as tracer. 95Nb in the 
form of chloride and sulphate was prepared as 
described earlier.’ HY was synthesized as de- 
scribed previously6 and used in a chloroform 
solution. All other chemicals used were of 
analytical reagent grade. 

Apparatus and procedures 

Radioactivity measurements were performed 
with a well-type gamma scintillation counter 
(NaI/Tl) from Ecko Electronic. Gamma-ray 
spectrophotometry was carried out with a com- 
puterized multichannel analyzer, Model 8 100, 
Canberra. For extraction, a Griffin flask shaker 
with a time switch was used. Absorption spectra 
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log lH+l, M 
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Fig. 1. The dependence of the percentage of extraction (a) and the distribution ratio (6) of niobium on 
initial hydrogen ion concentration. Concentration: 6 x 10-‘&f Nb(V); +; sulphuric acid solution, without 
addition of Cl-; 0, A, hydrochloric acid solution, (II, Li)Cl= 10M; 0, 1.5 x IO-‘M HY; A, +, 

3 x IO-)M HY. 

and absorbance measurements of solutions were hydrochloric or sulphuric acid solution in the 
made with a Perkin-Elmer Hitachi-200 spectro- range 0.8-l .2M hydrogen ion concentration 
photometer. [Fig. l(a)] if chloride concentration is less than 

Determination of the distribution ratio and 3M (Table 1). With an increase in chloride ion 
spectrophotometric determination of niobium concentration in the range 3-6M the percentage 
in the organic phase were performed by the of extracted niobium gradually decreases, but 
same procedure as used for the HX method.’ with an increase in chloride concentration above 

The testing of the separation of niobium(V) 6M it increases again and at a chloride ion 
from zirconium(IV) and hafnium(IV) has been concentration higher than 8A4, niobium(V) is 
described earlier.5 quantitatively extracted from hydrochloric acid 

solutions. From sulphuric acid solution and at 

RESULTS AND DISCUSSION a chloride ion concentration above 8M, the 
maximum niobium concentration is about 83%. 

Optimum conditions for extraction The optimal hydrochloric acid concentration 
The extraction of niobium(V) from aqueous for quantitative extraction of niobium(V) at a 

hydrochloric and sulphuric acid with HY dis- chloride concentration higher than 8M is also 
solved in chloroform was examined at different 0.8-1.2A4, and is the same for extraction of 
acidities and ionic strengths. Niobium(V) can be niobium(V) at a low chloride concentration 
quantitatively extracted with HY from aqueous or without chloride in the aqueous phase 

Table 1. The dependence of niobium extraction on chloride ion concen- 
tration in the aqueous phase 

Hydrochloric acid solution Sulphuric acid solution 
Cont. LiCl, 

M E, % AM E, % 

- 99.6 99.5 
0.5 99.7 99.1 
1.0 99.6 99.5 
1.5 99.6 99.6 
2.0 99.7 99.6 
2.5 99.7 99.1 
3.0 99.2 99.4 
4.0 98.0 95.3 
5.0 95.2 89.0 
6.0 92.8 0.390 73.2 
1.0 95.3 0.455 78.3 
8.0 99.2 0.515 79.5 
9.0 99.6 0.516 82.3 

10.0 99.7 0.515 83.2 

Organic phase: 3 x lo-‘M HY. 
Aqueous phase: 6 x lo-‘M Nb(V), l.OM H+. 
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Table 2. The dependence of niobium extraction on HY concentration in 
the organic phase 

Chloride cone., Chloride cont., 
2M IOM 

Cont. HY, HY:Nb 
M (molar ratio) E, % E, % A,, 

2 x 10-r 0.34 1.1 25.0 
5 x 10-s 0.83 1.6 49.0 
1 x 1o-4 1.67 11.1 69.2 0.112 
3 x 10-4 5.00 39.9 90.7 0.213 
5 x IO-’ 8.34 66.6 93.7 0.250 
8 x IO-’ 13.34 82.3 96.7 0.358 
1 x lo-’ 16.67 87.1 98.3 0.458 
2 x 10-r 33.34 99.1 99.8 0.498 
3 x 1o-3 50.00 99.8 99.7 0.512 
6 x 1O-3 100.00 99.7 99.8 0.516 
I x Io-2 166.67 99.7 99.7 0.515 

Aqueous phase: 6 x 10-5M Nb(V), 1M H+. 

[Fig. l(a)]. These results suggest that nio- 
bium(V) can be extracted with HY in the form 
of two different complexes depending on the 
chloride ion concentration in the aqueous phase 
and also suggest that hydrochloric acid sol- 
utions are more suitable for extraction of nio- 
bium than sulphuric acid solutions. In order to 
extract niobium(V) quantitatively from an opti- 
mal hydrochloric acid concentration the HY 
concentration must be at least 17 times higher 
than that of niobium if extraction takes place 
from solution at a chloride concentration higher 
than 8M and 40 times higher if extraction is 
from solution without chloride or at a chloride 
concentration less than 3M (Table 2). 

The niobium(V) extracted in the presence of 
an excess of chloride or at low chloride concen- 
tration, or without the presence of chloride can 
be quantitatively stripped with IOM hydro- 
chloric or sulphuric acid. At optimum extract- 
ing conditions only citrate, tartrate, fluoride and 
oxalate minimize niobium extraction. These 
anions mask niobium(V) but do not interfere if 
present in moderate quantities. Citrate and tar- 
trate may not exceed a loo-fold amount and 
fluoride and oxalate a IO-fold amount with 
respect to niobium(V). 

Absorption spectra of the extracted complexes 

The absorption maximum of the extracted 
complexes depends on chloride concentration 
and lies between 310 and 350 nm (Fig. 2). With 
an increase in chloride concentration it is shifted 
towards higher wavelengths. With chloride con- 
centrations less than 3M the absorption maxi- 
mum of the extracted complex is in the range 
310-320 nm. With a chloride concentration 
between 3 and 5M the absorbance at 
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3 lo-320 nm gradually decreases and, simul- 
taneously, another absorption maximum ap- 
pears at 350 nm. At a chloride concentration 
higher than 6M the absorption maximum of the 
organic phase is at 350 nm. At this wavelength 
there is no shift of either the absorption maxi- 
mum or the absorbance values with an increase 
in chloride concentration. The absorbance of 
the organic phase obtained with an excess of 
chloride in the aqueous phase is stable for 
about 30 min. With prolonged standing the 
absorption maximum appears at 310-320 mn 
and the absorbance values at 310-320 mn 
increase with time. After 120 min, the maximum 
at 350 mn is still visible and after one day, the 
spectrum shows a maximum at 320nm only 
(Fig. 3). 

0.6 - 
3M cc 

4M cl- 

5M cc 

6M Cl- 

0M cl- 

Fig. 2. The dependence of the absorption spectra of the 
organic phase on chloride ion concentration. 6 x lo-‘M 

Nb(V); 1M H+; 3 x lo-)M HY. 
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300 330 400 450 

A, nm 

Fig. 3. The dependence of the absorption spectrum of the 
organic phase on standing time. 6 x IOe5M Nb(V); IM H+; 

10M Cl-; 3 x lo-‘M HY. 

Identljication of extractable niobium(V) com- 
plexes 

The compositions of the extracted nio- 
bium(V) complexes have been studied by radio- 
metric and spectrophotometric methods. 
Distribution studies (Fig. 4) show that at a low 
chloride concentration or without the presence 
of chloride in the aqueous phase niobium(V) 
can be extracted as a complex with two HY 
molecules bonded to a single niobium atom and 
at a high chloride concentration as a mixed 
chloro-HY complex with one HY molecule 
bonded to a single niobium atom. The ratio of 
niobium to HY was also determined on the 
basis of the dependence of niobium extraction 
on its initial concentration in the aqueous phase 
and spectrophotometrically by Job’s method. 

The results also indicate that niobium can be 
extracted as a complex with two HY molecules 
bonded to a single niobium atom or as a mixed 
chloro complex with one HY molecule bonded 
to a single niobium atom. Distribution studies 
also show that four protons are released in the 
formation of the mixed Nb-Cl-HY complex 
and five protons in the formation of the Nb-HY 
complex [Fig. l(b)]. It was not possible to 
determine the ratio of niobium to chloride in the 
mixed chloro-HY complex, but the ratio was 
determined at extraction of niobium with HX 
as a mixed chloro-HX complex.’ Comparison 
of those results and the results described 
here shows the compositions of the mixed 
Nb-Cl-HX and Nb-Cl-HY complexes to be 
identical. On the basis of all the results obtained 
and the fact that niobium(V) in an acidic sol- 
ution can exist in the form of various hydroxo 
and 0x0 ions whose composition depends on the 
acidity as well as on the kind and concentration 
of anion present7-9 we suggest that complexes 
having the stoichiometries Nb(OH),Y, and 
Nb(OH),ClY can be quantitatively extracted. 
The formation of these complexes may be 
shown as: 

Nb(V),,, + 3H20 + 2HY,, 

+tNb(OHXYw, + 5H;, (1) 

NbO,,,, + 3HzO + Cl,, + HY,, 

eNb(OH),ClY,, + 4H& (2) 

The formation of the complex at low chloride 
concentration or without chloride in the 
aqueous phase shown in equation (1) is 
fundamentally different from the extraction of 
niobium with HX. With HX, niobium is 

I - 1: / / 4 Slope 2 0 

l 

/ 

7 1 

0 4 

3” 7 /;I):, / .’ 

. 

/ Sbpe . / 

i /A 

I\&./ 

-I 
I : 

-4 -3 -2 ’ l-4 -3 -: 

log CHYI, /%I 

Fig. 4. The dependence of the distribution ratio of niobium(V) on initial HY concentration; +, 0, A, 
without addition of Cl-; 0, A, 0, 10M Cl-; +, 1M H+; 0, 3.2M H+; A, 3.5M H+; 0, 4.5M H+; 

A, 6M H+; 0, 6.94 H+. 
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quantitatively extracted only as a mixed ligand 
complex.’ Based on the absorption spectra of 
the extracted complexes (Figs. 2 and 3) it is also 
suggested that the mixed ligand complex pro- 
duced from a high chloride concentration in the 
aqueous phase shown in equation (2) with maxi- 
mum absorption at 350 nm by prolonged stand- 
ing reacts with the excess of undissociated 
HY molecules in the organic phase giving 
Nb(OH)3Y2 with maximum absorption at 
310-320 nm as shown in equation (3): 

Nb(GH),ClY,, + HY,,, 

*Nb(GH),Y,(,, + HCl,, (3) 

Spectrophotometric determination of niobium in 
the organic phase 

The formation of a mixed ligand Nb-Cl-HY 
complex is applicable to the spectrophotometric 
determination of niobium in the organic phase 
at the maximum absorption of 350 nm. Opti- 
mum conditions for extraction and spectro- 
photometric determination are: 0.8-l .2M 
hydrogen ion concentration and 10M chloride 
concentration (HCl + LiCl = lOiI4) in the 
aqueous phase and 3 x 10e3M HY in the or- 
ganic phase. The optimum concentration range 
for niobium is l-20 pgg/ml. Beer’s law is obeyed 
over this range. The effective molar absorptivity 
is 8.7 x IO3 l.mole-‘.cm-‘. The absorbance of 
the organic phase is stable for 30 min (Fig. 3). 
The reproducibility of the method, expressed as 
a relative standard deviation, is l-5% depend- 
ing on niobium concentration. The influence of 
foreign ions on the absorbance at 350 nm was 
studied. A large concentration of ions can be 
present in the aqueous solution of niobium. 
Acetate, bromide, sulphate, nitrate, perchlorate, 
ammonium, sodium, potassium, magnesium, 
cadmium, manganese(II), nickel, barium, stron- 
tium, chromium(III), lead and zinc ions do not 
interfere in amounts exceeding lOOO-fold those 
of niobium. Thorium, uranyl, tin(II), europium, 
mercury(II), copper, citrate and tartrate are 
tolerated in loo-fold and molybdenum(VI), 
titanium, fluoride and oxalate in a IO-fold molar 
ratio to niobium. Uranyl, zirconium, thorium, 
copper and molybdenum can be found in large 
amounts if a higher HY concentration is present 
in the organic phase, because these metals con- 

sume HY for their own extraction and decrease 
the extraction of niobium. 
Separation of niobium(V) from zirconium (IV) 
and hafnium(IV) 

The varying behaviours of niobium(V), zirco- 
nium(W) and hafnium(IV), in extraction with 
HY can be utilized for their separation. From 
1 M hydrochloric acid, niobium is quantitatively 
extracted (Fig. 1) while zirconium and hafnium 
remain in the aqueous phase.’ The separation of 
zirconium and niobium is of large practical 
importance because of the radiochemical equi- 
librium 95Zr/95Nb. The separation of zirconium 
and niobium was tested with 95Zrp5Nb and that 
of hafnium and niobium with a mixture of ‘*‘Hf 
and 95Nb. A 0. l-ml volume of 95Zr/95Nb in 5M 
hydrochloric acid or 0.1 ml of a mixture of “Nb 
and ‘*‘Hf in 5M hydrochloric acid, 0.9 ml of 5M 
hydrochloric acid and 4 ml of water were shaken 
mechanically for 20 min with 5 ml of 5 x 10m3M 
HY in chloroform. For quantitative separation 
the HY concentration in the organic phase must 
be at least 40 times higher than that of niobium 
(Table 2). After centrifugation the phases were 
separated. The results show that the radio- 
chemical purity of niobium in the organic phase 
was 98% and in the aqueous phase 98% for 
zirconium and hafnium. The radiochemical 
purity of the separated “Zr and ‘*‘Hf in the 
aqueous phase and of “Nb in the organic phase 
was verified by a gamma counting system con- 
sisting of a 40-cm3 Ge(Li) semiconductor crystal 
attached to a multichannel (4096) analyser 
(Canberra). The precision of this measurement 
was +2%. 
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Summary-JESS is a new computer package for modelling chemical systems in solution and performing 
numerical analyses on associated experimental data. It was developed to solve problems requiring 
specialist knowledge of chemical speciation. It currently comprises over 150 programs, 1200 subroutines 
and 120,000 lines of Fortran code. The main reasons for the development of JESS, and the principles which 
underpin it, are described. Subsequent papers detail the major facilities which JESS now provides. 

This paper introduces a large computer pack- 
age, written in Fortran 77, called JESS (for 
“Joint Expert Speciation System”). The pack- 
age has been designed to minimize the expertise 
needed to carry out various calculation8 con- 
cerned with chemical species in solution. In 
particular, the aims have been to make JESS as 
“user-friendly” as possible and to embody in it 
a more comprehensive knowledge of solution 
chemistry than has hitherto characterized speci- 
ation computer programs. Whilst one purpose 
of this is to help inexperienced users, it is also 
intended for accomplished researchers who wish 
to perform their calculations more easily and/or 
with fewer errors. Such assistance can be of 
benefit to many scientists.’ 

The specific reasons why speciation calcu- 
lations can cause difficulties, even for those with 
a good basic training in chemistry, are numer- 
ous and inter-dependent. In essence, however, 
most of them boil down to a single problem: to 
use existing computer programs successfully re- 
quires considerable judgement guided by experi- 
ence.* Reaching the overall goal may be simple 
enough in principle but, in practice, it always 
entails many sub-tasks, each of which demands 
some detailed knowledge. Often the information 
to be supplied to the program is peripheral to 
the chemical issue but, nevertheless, it is used to 
make decisions that can substantially influence 
the program’s chemical predictions. Attempt8 to 
perform speciation calculations without s&i- 
cient expertise may accordingly yield deceptive 
or overtly incorrect results. All too frequently 
these are accepted at face value because it is 

virtually impossible to identify and check all 
the assumptions upon which the calculations 
depend. 

It is worth listing briefly the main difficulties 
that are encountered. First, there are significant 
technical obstacles in preparing input data. All 
existing programs have an implicit way of for- 
mulating the description of chemical systems 
which is computationally convenient but far 
from what might be termed “a natural chemical 
approach”. Rarely are the program’s require- 
ments well documented and particular idiosyn- 
crasies abound to trap the unwary or the 
uninitiated. Secondly, many applications of spe- 
ciation modelling inherently require sophisti- 
cated chemical expertise. This includes the need 
to know about definition of components, 
methods of expressing equilibria, effects of 
background electrolytes, choice of standard 
state, changes of temperature and pressure, 
etc. Whilst each of these specific issues may be 
well enough understood individually, dealing 
with all of them simultaneously in complicated 
systems is not so easy.3 There are also subtle 
conceptual questions like how best to handle 
metastable chemical systems or the redox poten- 
tial of solutions.’ Thirdly, obtaining reliable 
thermodynamic data from the literature can 
be a formidable undertaking; considerable 
insight is required to discriminate properly 
between the large number of inconsistent 
equilibrium constants that have been published. 
All too often there is a paucity of critically- 
evaluated data for a particular system of 
interest. 
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Worrying evidence of the consequences of the 

above difficulties is provided by the recent 

CHEMVAL/MIRAGE report on the verifica- 

tion of speciation models used to describe the 

chemistry of radionuclides in the geosphere.4 

CHEMVAL is an international project con- 
cerned with predictive simulations of radio- 
active waste disposal; it involves fourteen 
organizations from the European Community, 
Finland, Sweden and Switzerland. The verifica- 
tion exercise was “essentially a test that the 
mathematical models accurately perform the 
calculations for which they were written” 
(Reference 4, p. 11); in this comparison between 
organizations, no experimental measurements 
were performed, just simulations. Despite this, 
and despite the fact that the participants were all 
very well-experienced practitioners in the area 
of research, striking discrepancies in results were 
often obtained. For example, consider the data 
for species of Fe(I1) and Fe(II1) in the “straight- 
forward” case of a groundwater assuming no 
equilibration with solid phases, as shown in 
Fig. 1. Differences in database compilations, 
followed by individual decisions about data 
input, were found by the authors of the report 
to be the most frequent source of variation in 
the modelling results. There are also grounds for 
thinking some blame rests with dependence on 
computational procedures that demand too 
much from users: an intimate control over the 
calculations combined with the need for a good 

grasp of all the relevant chemistry is a recipe for 

making mistakes. 

In the area of solution chemistry, few com- 
puter programs to date can justifiably be called 
“user-friendly”. This is illustrated in the com- 
plexities of program input requirements docu- 
mented in Reference 5. Neither has a single 
standard program or approach emerged. This is 
surprising because computational methods have 
been utilized for equilibrium calculations and 
the determination of equilibrium constants since 
their introduction by Sill&n and co-workers in 
the early 1960’s. 6-g However, the codes and 
techniques in standard use today offer little 
improvement over the originals. Although new 
programs are regularly reported in the litera- 
ture, the majority of these can, at best, be 
considered refinements.’ Apart from a few 
notable exceptions,2,1”-‘2 applications of novel 
numerical methods and/or artificial intelligence 
are conspicuous by their absence. Moreover, 
scant advantage has been taken of the modem, 
interactive computing environments which have 
become available over the last decade. 

This is in stark contrast to other areas of 
chemistry where it has been evident for a 
long while that computer technology is 
making an impact in many ways other than by 
just performing traditional calculations more 
rapidly. ‘3*14 For example, the emergence of 
“chemometrics” as a major activity in contem- 
porary analytical research’5s’6 is based on the 

Y -wJ ,, ! , . . . . , . . . 
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* F&N)- 
3 

Fig. 1. Example of result from CHEMVAL/MIRAGE verification exercises for groundwater speciation. 
Test case B. I.-concentration of iron species-redrawn from Ref. 4. 
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additional information which can be obtained 
from experimental data with modern numerical 
techniques. So-called “expert systems”17*‘S 
provide another example where chemistry has 
been expanded by new computing methods: 
these are decision-making computer programs 
which can assist the inexperienced in areas 
requiring specialist knowledge. Expert systems 
such as SYNCHEM” and DENDRAL” have 
demonstrated unequivocally that, in certain lim- 
ited contexts, computers can interpret chemical 
phenomena as well as, and often even better 
than, a competent person. It seems clear that, as 
performance-to-cost ratios continue to improve, 
so will the scope and effectiveness of this kind 
of computer application. 

When work on JESS commenced in 1985, we 
decided to tackle the above difficulties with 
speciation calculations by exploiting develop- 
ments in computing that, at that time, had either 
just occurred or could be forseen. The newly- 
available computing power permitted an en- 
tirely novel approach. We wanted to generalize 
the way the calculations were performed, per- 
mitting the widest possible variety of simu- 
lations and avoiding dependence on particular 
numerical methods. As already mentioned, we 
sought to integrate chemical knowledge more 
intimately into the calculations. We also made 
a commitment to pay more attention than was 
conventional in scientific programming to the 
methodology of computer science. 

CHEMICAL OBJECTIVES 

This section outlines how our broad general 
vision translates into a variety of specific chemi- 
cal goals. 

A unified thermodynamic data depository 

To perform speciation simulations success- 
fully, inexperienced users must obviously have a 
source of equilibrium constants that is reliable, 
comprehensive and can be accessed automati- 
cally i.e., without direct user-intervention. 

A number of thermodynamic solution- 
chemistry databases in machine-readable form 
already exist. To our knowledge, all of these are 
associated with particular speciation programs, 
examples being GEOCHEM,2’*Z2 MINEQL,23 
PHREEQE,% EQ3/6,3 SOLMINEQ.8825 and 
ECCLES.26 Unfortunately, these databases all 
exhibit serious weaknesses, as will be discussed 
in Part II of this series. Hence, a supremely 
important objective of JESS is to develop a large 

on-line database of thermodynamic parameters 
which, by design, will evolve progressively to 
satisfy the majority of users regarding the data 
it ought to contain. 

The accumulation over an extended period of 
time of critically-selected data into a unified 
primary source for speciation calculations is, 
unquestionably, an ambitious goal but, in our 
opinion, it is nevertheless feasible. Part II de- 
scribes in detail how it has been tackled in the 
development of the JESS Thermodynamic 
Database. It is sufficient here to say that, clearly, 
success will depend on the extent to which the 
new database: 

(i) proves convenient to use; 
(ii) respects conflicts in expert opinion; 
(iii) encourages informed feedback. 

Estimating unmeasured equilibriwn constants 

Large numbers of chemical reactions remain 
without measured equilibrium constants. At the 
same time there are a variety of methods which 
make it possible to estimate values for a signifi- 
cant proportion of these reactions. For example, 
“mixed-ligand” or “ternary” metal-ion com- 
plexes are formed in such plentiful combi- 
nations that to investigate them all would be a 
Herculean labour; however, it is often possible 
to calculate their formation constants quite 
precisely from a knowledge of the reactions 
forming their “binary” parent species.27*28 
Estimating equilibrium constants from certain 
established chemical trends is another common 
way to obtain values when they have not yet 
been experimentally determined.2g 

It is pertinent to note that if such estimates 
are to be used satisfactorily in speciation calcu- 
lations, the method by which they are obtained 
must be visible, well-defined and reproducible. 
However, these ideals have seldom, if ever, been 
achieved. The large volume of the information 
that has to be recorded has been one pitfall and 
the temptation to resort to subjective judge- 
ments has been another. 

Accordingly, the automation of procedures 
for estimating equilibrium constants that are 
not available in the thermodynamic database is 
another high priority of JESS. In some in- 
stances, this should be accomplished fairly 
readily. The calculation of formation constants 
for mixed-ligand complexes following the ag 
preach adopted for the model of low-molecular- 
weight equilibria in blood plasma2” is the 
obvious example. It will not be as easy in other 
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cases. Our intention, therefore, is to introduce 
these facilities as soon as possible, just as long 
as there is some sound chemical basis for 
making the predictions. 

Automatic generation of speciation mode& 

Setting up the input for a speciation calcu- 
lation has been identified in the introduction as 
being a major obstacle for the inexperienced and 
a significant cause of errors, even for more 
knowl~geable users. Thus, for the goals of 
JESS to be accomplished, automating these 
procedures is essential. 

One difficulty here is to span the varying 
requirements users have, depending on their 
level of expertise.M Simpli~ty is the key to 
helping some users whereas speed and conven- 
ience are more important to others. Beginners 
should be able to specify a chemical system in 
very general terms, just by naming the sub- 
stances present in the solution of interest. How- 
ever, once they have the knowledge to do so, 
users must be able to exert a greater degree of 
control over the calculation. This goes beyond 
simply determining the model’s parameters. Re- 
casting the entire simulation to address various 
“what if” questions is a routine requirement. 
Resolving this conflict between the needs of 
novices and of experts has been a dominant 
theme of JESS development. 

A second difficulty in setting up speciation 
calculations is associated with the choice of 
component set and the formulation of reaction 
eq~lib~a. Although widely regarded as 
straightforward once understood, these tasks 
involve manipulations which are generally te- 
dious and prone to careless mistakes. A good 
illustration of this is the interconversion of 
reactions and ~ui~b~~ constants made 
necessary by different assigmnents for the 
“number of dissociable protons” on ligands 
such as citric acid. Similar interconversions are 
also required when reactions reported in the 
literature are not expressed in the way de- 
manded by the speciation computer program, 
e.g., most programs only accept formation reac- 
tions, with a single species on the right-hand 
side of the chemical equation. As described in 
subsequent parts of this series, in JESS there are 
no program restrictions placed on the form 
which reactions can take or on which species 
can be regarded as components when data are 
entered into the database. Procedures have been 
developed to carry out all interconversions of 
reactions and equilibrium constants as required. 

It is therefore possible to store all experimental 
data in the exact representation of its measure- 
ment but, nevertheless, to perform speciation 
calculations for any mathematically-feasible 
formulation of the reactions. 

Correcting for changes in ionic strength and 
temperature 

How to deal with changes in ionic strength 
and temperature is, in principle, well under- 
stood. ~ever~eless these corrections cause pro- 
found difficulties in practice. First of all, there 
are well-known deficiencies in the theoretical 
expressions describing how the equilibrium con- 
stants change. Functions for ionic strength, 
especially, are rarely valid over an extended 
range. Resulting errors can be significant be- 
cause many existing databases use “infinite di- 
lution” as their reference ionic strength and no 
single alternative having presented itself as a 
better standard condition. Secondly, there isn’t 
any ~ifo~ty regarding the best type of 
Debye-Hiickel function to use. The Davies 
equation is widely employed despite almost 
universal reservations3’ This is because the 
theoretically superior Pitzer equations32-34 and 
other specific ion interaction models3”* are 
f~quently impractical due to a lack of data. 
Thus, an inadequate theoretical base is 
worsened by a widespread inconsistency of ap 
preach. Thirdly, the exact ionic strength of the 
solution only becomes known when the speci- 
ation has been calculated; this therefore requires 
an iterative approach which, in turn, implies 
slowness. Fourthly, in those computer programs 
which attempt such corrections simultaneously, 
e.g., ESTA, 3g the chosen correction functions 
have to be imbedded very deeply into the 
equation-solving code. Mo~f~ng the functions, 
even in minor ways, can consequently be a big 
undertaking which tends not to get done, re- 
gardless of any deficiencies that might emerge. 
A new approach towards these problems has 
been developed and is now fully incorporated 
into JESS. Details will be given in Part III. 

Improving modei verljkation 

In an effort to address some of the problems 
mentioned in the introduction concerning verifi- 
cation of results, special output should be pro- 
duced automatically at each major stage of the 
modelling procedure to summarize the import- 
ant assumptions made and, where any options 
are available, the particular methods used. The 
combined output from each stage would thus 
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provide a full description of all the relevant 
information, from start to finish, that may have 
affected the predictions of the model. It is 
envisaged that such information would be pub- 
lished routinely along with the results of the 
model, making detailed inter-model compari- 
sons feasible. An important characteristic of 
expert systems is that they should be able to 
show how they arrived at their results.” 

Comprehensive modelling capability 

The industrial, physiological or environmen- 
tal applications for which many speciation cal- 
culations are performed cannot be adequately 
addressed by simulations limited to simple equi- 
libria. Whilst it has been possible to include a 
broad variety of physico-chemical phenomena 
such as adsorption, transport and diffusion with 
equilibrium calculations for some time,4’,42 
models of such processes are still relatively 
imperfect and uncommon. Moreover, other 
much-needed capabilities are not yet available. 
The coupling of general speciation models with 
a variety of kinetic calculations and the ability 
to deal generally with metal ion binding by 
macromolecules fall into this category. Ways 
must still be found to link the different parts of 
such computations together intimately and 
efficiently. An inability to evaluate rigorously 
the sensitivity of speciation models to errors is 
another serious current weakness.’ 

Although it is too soon to know how all these 
necessary features will eventually be provided, 
a large effort has been made to ensure that 
JESS is highly amenable to change and to 
extension. This should enable it to evolve into a 
comprehensive modelling package for simulat- 
ing all kinds of systems in a far less restricted 
manner than is possible with the older program 
codes. 

COMPUTATIONAL DESIGN 

In any substantial software project, there are 
always a number of design decisions which have 
to be made at an early stage. Such decisions 
cannot later be reversed because this would 
generally mean rewriting too large an amount of 
code. This section describes the basis for the 
main computational design decisions on which 
JESS was based. 

Modular program units 

Since our main objectives could obviously 
only be accomplished by a large and complex 

computer system, one of our first decisions was 
to implement JESS as a collection of many 
computer programs rather than as a single one. 
Certain benefits of tackling the project piece- 
meal are obvious: problems can be digested in 
whatever order and at whatever rate are most 
convenient; it is not necessary for the whole 
system to be operational before parts of it can 
be useful; solutions to intricate questions can be 
developed gradually. Moreover, even with the 
virtual memory capabilities of some modem 
computer operating systems, huge multi-pur- 
pose programs are still far from being a practi- 
cal proposition. Inordinately long “link’ times 
during the development cycle are a particular 
problem. 

On the other hand, segmentation of the sys- 
tem into many units implies that all but the most 
simple of tasks need to be accomplished by 
sequential execution of programs. This has to be 
co-ordinated at a higher level, by involving the 
computer operating system. It also requires that 
knowledge of both the chemical and the compu- 
tational goals be encoded and subsequently 
applied by some kind of artificial intelligence. 
For this reason, amongst others, we concluded 
that an expert-system capability was essential. 
To distinguish it from the user-interface pro- 
vided by individual programs, we call the level 
controlling program execution and intended to 
supply expert-system guidance, the command 
interface. 

Segmentation of the system into many pro- 
grams also raises the need for effective inter- 
program communication. Substantial quantities 
of data must be transferred, as must infor- 
mation used to control, assist and check on 
progress towards current goals and subgoals. 
Rutting all this into a conventional sequential 
formatted computer file would be highly inap- 
propriate. Accordingly, a special mechanism 
has had to be developed which allows various 
data types (integers, reals, arrays, strings, files 
and so on) to be stored as nodes in a hierarchical 
tree structure. We have called this assembly of 
information “Resident Data”. 

User interface 

The need to be helpful implies at least three 
things: the system must be consistent, it has to 
be tolerant of but not permissive towards errors 
and, where necessary, it should suggest how to 
proceed. We decided this could only be effec- 
tively achieved if it were tackled differently at 
command and program levels. 
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For various reasons including user-simplicity 
and system-portability (as discussed below), the 
command interface needs to be as basic as 
possible. Little more than a facility to select 
and execute sequences of programs is necessary; 
all the sophisticated capabilities of the system 
can then be embodied in specialized programs 
which are summoned up at the appropriate 
time. From the user’s viewpoint however, the 
system at this level should appear to be driven 
by a small set of commands. These permit 
the user to exercise overall control but, at the 
same time, novices need only be aware of a 
few of the broader choices available. A compre- 
hensive “help facility” ought to be apparent 
at this level, Likewise, expert system guidance 
regarding what goals can be reached and 
how best to reach them must be provided here. 
In reality, however, all these functions can be 
achieved by executing appropriate independent 
programs. 

At program level, much more detailed inter- 
action with users is required. In particular, 
this is where the convenience of the system is 
either accomplished or it is not. Consistency of 
messages/prompts issued, of input expected, of 
consequent program behaviour and of output 
displayed is one of the most im~rtant keys 
to helping new users. Thorough checking of 
user responses, as immediately as possible, 
is another. Using menus to indicate options 
available and supplying sensible defaults on 
prompts, are further aids that should be 
routinely implemented. 

The conflicting priorities of experts and 
novices mentioned earlier is another of the 
challenges at design stage. Experts want 
speed and convenience; knowing where to go 
and what to do are not their main concern. 
Novices want help and do not mind if this 
means proceeding more slowly. In principle, 
we believe the solution to this lies in developing 
a “black box” system, but one which is suffi- 
ciently modular to permit intervention at appro- 
priate stages by more knowledgeable users. 
Initially, such a system can produce results with 
a minimum of user involvement. Then, if and 
when the need to modify calculations or to 
change assumptions becomes apparent, the 
beginner is motivated to learn more about 
driving the system, This is made easier because 
the focus of attention falls on an individual 
aspect of the calculation-thus making it 
unnecessary to master the whole system in 
advance. 

Computer portability 

It is difficult to overstate our concern to 
ensure that JESS software is independent of the 
computers on which it will operate. The reasons 
are twofold: 

(i) with such a long term endeavour, it seems 
imperative to produce code that will work 
far into the future, well after the hardware 
on which it was developed has become 
obsolete; 

(ii) to succeed, JESS must become widely 
available. 

The latter goal will not be achieved if JESS only 
runs under one or two computer operating 
systems. In our experience, most indi~d~s 
interested in speciation calculations are as yet 
unable to acquire computers specifically for this 
purpose, even though this will probably change 
in time as microcomputers grow powerful 
enough to support larger software packages. 

Writing portable software is difficult, much 
more difficult than is commonly supposed. 
Moreover, in the present context, the problem is 
intensified because the catholic requirements of 
JESS make it far more demanding than simple 
num~r-cinching programs. 

Fortran 77 is the only scientific computer 
language which offers any realistic prospect of 
achieving the degree of hardware independence 
that we desire. It is fundamentally more efficient 
than the large majority of more recent computer 
languages, in particular Pascal. As well as being 
superior for numerical processing, it is far more 
portable than C. Fortran 77 therefore represents 
the language of choice for our purpose. How- 
ever, it nonetheless suffers from a number of 
serious disadvantages. Perhaps the worst of 
these is that it is inherently very poorly struc- 
tured, so that without great care, large amounts 
of code may easily become unmanageable. In 
particular, if programming gets too compli- 
cated, errors are impossible to eradicate and the 
system is impractical to maintain (i.e., to modify 
andfor extend). Furthermore, compared with 
some languages that are now available, stan- 
dard Fortran is technically deficient in many 
areas. For instance, there is no indexed file 
capability-something which is essential for our 
database applications. Limi~tions with the way 
Fortran handles character string manipulations 
is another profound weakness. Much of the 
early construction of JESS consequently had to 
be devoted to producing code which rectifies 
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these deficiencies in a rigorously portable man- 
ner. We had, for example, at the very earliest 
stage to define our own JESS collating sequence 
as a subset of printable ASCII and EBCDIC 
characters, to guarantee the compatibility of 
ordered data at all JESS sites. 

IMPLEMENTATION 

Although it may still be many years before the 
ambitions of JESS are all addressed, let alone 
fully realized, development has now reached the 
stage where the package can be used effectively 
for its essential purposes. To be specific, it is 
now possible to perform speciation calculations 
from a primary database of over 12,000 reac- 
tions in aqueous solution. There are no pro- 
gram-imposed constraints regarding the kinds 
of equations to be solved, the presence of other 
phases, the form in which reactions are rep- 
resented, the choice of electrolyte medium or 
changes to ionic strength and temperature. 
Limits to the number of chemical species and 
number of reactions do exist but are probably in 
excess of 100,000. The entire procedure is auto- 
mated so that it can be carried out with a 
minimum of user intervention; at the same time, 
each stage can be isolated and its input modified 
if greater control or flexibility is desired. 

The JESS package presently comprises over 
150 programs, most of these being interactive. 
Only relatively few are actually used for specia- 
tion modelling. Some exist specifically for ther- 
modynamic database management. Yet others 
provide a range of facilities to help with every- 
day tasks. These include a portable general- 
purpose editor, a spelling-checker and a suite of 
programs to manage large numbers of literature 
references. The remainder are for general JESS 
development purposes. 

This gamut of programs is made possible by 
extensive sharing of lower-level code. In total 
there are now over 1200 subroutines and 
120,000 lines of Fortran code. The present 
computer storage requirement is generally 
about 25MB. The thermodynamic data, other 
data, Fortran code, object libraries and exe- 
cutable images each need about 5MB. It should 
be noted, however, that some computer systems 
require considerably more than this. 

So far, the amount of experience we have had 
with JESS is necessarily patchy. Most of the 
common subroutines, and certain facilities like 
the JESS Literature databases, have been oper- 
ational for several years but we have only 

recently completed the software for equilibrium 
modelling. The thermodynamic database pro- 
grams fall between these two extremes, having 
been initiated about 18 months ago but exer- 
cised intensively since then. The system seems to 
be evolving as planned, although at present it 
remains difficult to judge whether or not it will 
prove as helpful to inexperienced users as we 
hope. This is because the development of the 
final tiers of the system, especially at the com- 
mand level, has only just commenced. 

At program level, the user interface is well 
advanced. A substantial degree of consistency 
has been achieved. For example, simple com- 
mands like “View”, “Insert”, “Modify” and 
“Delete” operate in the same way everywhere, 
regardless of the program or the kind of data- 
base. The use of menus to present other choices 
is ubiquitous. Control is always implemented in 
a hierarchical way so that, for instance, entering 
“Back” generally causes the previous prompt to 
be re-issued. Likewise, entering “Quit” termi- 
nates the current context whatever it may be, 
first returning the program to its highest level of 
command and then exiting the program. Identi- 
cal methods of editing data operate universally 
throughout the system. Similar methods of 
abbreviation are also widely implemented, 
although we have found it desirable to permit a 
few context-dependent differences. Low-level 
error detection (e.g., if entered data are of the 
wrong type or happen to be outside present 
limits) is diagnosed and handled in the same 
way by all programs. The input stream can be 
redirected to accept data from a named sequen- 
tial file at all interactive prompts. Database 
house-keeping mechanisms are completely inde- 
pendent of the kind of database. None of these 
features depend on the capabilities of the com- 
puter operating system external to the JESS 
programs themselves. 

We have attempted to display sensible default 
responses on prompts for input wherever poss- 
ible; however, this is not a trivial matter and it 
is already clear that improvements will have to 
be made as experience dictates. We are also 
conscious that until the command level is fully 
developed, users will need a knowledge of their 
computer operating system and an understand- 
ing of the relationships between JESS programs 
beyond our stated objectives. 

From a computational viewpoint, the JESS 
code now available is highly structured. A hier- 
archy of interfaces has been constructed which 
deals with the various levels of processing in a 
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Table 1. Rasic JESS interfaces 

Name Punmsc 

CHR 

& 
JAR 
JED 
JIF 
JLR 
JPF 
LST 
NOD 
NUM 
OPD 
PLT 
PLY 
PWD 
RAN 
RSD 
SRT 
STR 
TYM 
VDU 

universal collating sequence 
file manipulation 
general equation solving 
storage and retrieval of large arrays of numbers 
editing 
storage and retrieval of strings by key 
storage and retrieval of literature references 
general text formatting 
manipulating of character string lists 
tree-structure storage 
character-to-number interconversions 
numerical optimization 
graphical facilities 
polynomial storage and manipulation 
authorization facilities 
random number generators 
inter-program data storage 
sorting facilities 
character string operators 
time and date facilities 
interaction with visual display units 

strictly modular way. The common routines, 
providing standard facilities such as checking 
user responses, sorting data, list processing, 
generating random numbers have already been 
briefly described.43 Table 1 shows how the sys- 
tem is subdivided and gives the purposes of the 
different sections of code. Two of the more 
notable features in this respect are: 

(i) the JIF (JESS Indexed File) subsystem, on 
which depends all database activity; 

(ii) the RSD (Resident Data) mechanism by 
which information is generally transferred 
between sequentially-executed programs. 

The effort that has been put into producing 
portable Fortran has enabled us to implement 

*Interested readers can obtain details of how to acquire the 
latest version of JESS (currently V3.0) by writing to 
either of the authors. Email inquiries can be sent to 
“may@murdoch.edu.au”. 

JESS on a wide variety of computer systems. 
These are listed in Table 2 to indicate the kind 
of facility required to support JESS. We have 
established that there are no compatibility prob- 
lems associated with character sets (particularly 
control characters) when JESS data are trans- 
ferred between different types of machine, or 
when interactive JESS programs are operated 
across computer networks. 

Documentation is fairly extensive (> 500 
pages) and comes in two main parts. The User’s 
manual describes how to operate the system and 
gives a certain amount of background chemical 
theory. The developer’s manual contains 
specific information about the Fortran code and 
the algorithms applied therein. The developer’s 
manual also contains a detailed statement of the 
Fortran coding conventions we have adopted 
and a specification of the minimum computer 
facilities required to implement JESS. Both 
manuals are extensively indexed and cross- 
referenced.* 

CONCLUSIONS 

For the future, completion of the command 
level interface is our highest priority, but this 
should become operational shortly. Work will 
also soon commence on the programs for auto- 
matic estimation of equilibrium constants and 
checking of the thermodynamic database for 
internal consistency. We have already written a 
prototype code for modelling systems in which 
compartmentalization and/or reaction kinetics 
are involveda and this is now ready to be 
integrated with the equilibrium modelling pro- 
grams. Methods of dealing properly with 
macromolecular interactions are presently 
under investigation and will also be incorpor- 
ated into JESS in due course. 

Table 2. Computer systems running JESS 

JESS 
System Compiler Operating System Version 

Commodore Amiga 2000 Absoft Inc. Amiga-CL1 2 
Cyber 860 ftn NOS/VE 1.4.2 2 
Data General f71 AOS/VS 1 
Honeywell Fortran CP6 2t 
Honeywell Fortran Multics 1 
ICL 2980 ICL Fortran 77 Plus VME 1 
MicroVAXII MicroVAX Fortran MicroVMS (V.4) 3 
MicroVAXIII t77 Unix Rerkley 014.3) Tahoe 3 
Prime Salford Univ. Primos 1t 
Sun IPC SPARCstation Sun FORTRAN 1.3 sunos 4.1.1 3 
Total Peripherals 80386/7 Lahey MS-DOS/OS386 3 
VAX-11 VAX Fortran VAX-VMS (v.3) 1 

tcompiled but not fully tested. 
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Thus far we have given little attention to the 
benefits which can be derived from the appli- 
cation of JESS to the analysis of experimental 
data, especially from potentiometric titrations. 
We have previously noted that an entirely new 
approach to the computation of solution equi- 
libria is needed to extract the maximum infor- 
mation available from such data.‘* JESS has 
been designed as a foundation for this. Given 
other demands, however, there seems a while to 
go before we can embark in earnest on such an 
undertaking. In the meantime, we are distribut- 
ing ESTA as part of the JESS package even 
though it does not conform to the JESS pro- 
gram specifications (many of which were formu- 
lated directly as a result of problems we 
experienced with ESTA portability). 
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Summary-The thermodynamic database of the JESS (Joint Expert Speciation System) software package 
is described. It overcomes many existing problems associated with solution-chemistry databases. The 
system is fully interactive. Reactions can be expressed in any form. Any number of equilibrium constants, 
enthalpy, entropy and Gibbs-free energy values can be associated with a reaction. Supplementary data 
such as background electrolyte, temperature, ionic strength, method of determination and original 
literature reference are also stored. Data can be readily transferred between databases. Currently, the 
thermodynamic database that is being distributed with JESS contains over 12,000 reactions and over 
20,000 equilibrium constants. These data span interactions in aqueous solution of some 100 metal ions 
with more than 650 ligands. 

As is well recognized, one of the most serious 
weaknesses with equilibrium calculations is the 
reliability of thermodynamic data.‘*2 The prep- 
aration and handling of such data are major 
contributors to this unreliability. The process 
tends to be time-consuming and prone to hu- 
man error. Accordingly, one of the most im- 
portant objectives of JESS is to produce 
programs that will facilitate the development of 
a large, on-line database of reliable thermodyn- 
amic parameters.’ 

Many existing equilibrium calculation pro- 
grams @ do supply some sort of thermodynamic 
data set. However, these systems were mostly 
written many years ago, when there was much 
less computer power than is now available. As 
a result, they suffer from a variety of limitations 
which tend to contribute to the problem of 
unreliable data rather than help to alleviate it. 
Common weaknesses include a lack of versatil- 
ity in the calculations they can perform (increas- 
ing the need for manual intervention), technical 
difficulties with preparing their input, poor or 
non-existent error detection and an inherent 
tendency to divergence of their data sets across 
various sites running the same program. The 
last of these is especially troublesome and 
difficult to correct. Differing priorities and 
opinions make it inevitable that modifications 
to databases will vary from one location to 
another. Since none of the existing computer 

systems offers a mechanism to resolve such 
differences, it has become prohibitively time- 
consuming to re-establish any kind of uni- 
formity, and therefore authority, using cur- 
rently-available speciation software. 

Moreover, the data associated with these 
programs are themselves inherently limited. The 
sets are all relatively small, none possessing 
more than a few thousand reactions. Nearly 
always, only a single equilibrium constant can 
be stored for each reaction, i.e., the value applies 
to a particular temperature and ionic strength 
(usually 25” and zero, respectively). Reactions 
are invariably expressed in a fixed form. The 
“components” or basis species are pre-defined 
and all “complexes” must be expressed in terms 
of these components. Changing the component 
set is tedious, necessarily requiring constants to 
be re-evaluated manually. 

Some programs’ supply enthalpy data and 
others’ permit the storage of functions describ- 
ing how enthalpy changes with temperature. 
However, these functions usually have to be 
determined prior to their insertion in the data- 
base. If new primary data become available 
the appropriate function needs to be re-deter- 
mined manually and re-entered. A better ap- 
proach is to preprocess the data, replacing the 
equilibrium constants with equivalent interpo- 
lating polynomials,‘0 but this is not yet widely 
done. 

1419 
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Another common limitation is the lack of 
information on what methods and/or publi- 
cations were used to obtain a constant. This 
makes it difficult, and sometimes impossible, to 
assess the correctness of a value. Given the 
many problems that can be encountered in 
critically assessing the literature, or estimating 
constants for conditions under which no 
measurements are available, omission of such 
information does little to enhance confidence in 
the database and hence in the results of any 
calculations based on it. Inconsistencies be- 
tween various results reported in the literature 
are a largely unsolved problem for those cur- 
rently building thermodynamic databaseslO 

Finally, there are at present no convenient 
mechanisms by which data in solution-chem- 
istry computer systems can readily be trans- 
ferred from one database to another. This has 
led to a divergence of equilibrium constant 
values (and hence of results of equilibrium 
calculations) that has surely damaged the credi- 
bility in general of speciation modelling.3 There 
has also been much wasteful duplication of 
effort since the same primary data are often 
entered in more than one location. As a corol- 
lary, the databases tend to remain restricted in 
size, with only a small fraction of all the equi- 
librium constants that could usefully be in- 
cluded. An important reason for these problems 
is that the identity of every chemical entity is not 
unambiguously established within the database 
itself. In other words, the abbreviated symbols 
used to represent chemical species are not defini- 
tive. Consequently, it is imposible to automate 
the transfer process securely. 

This paper describes how these various issues 
have been addressed in the development of the 
JESS thermodynamic database. 

USER INTERFACE 

Data hjinition 

Every attempt has been made to ensure the 
interface of the database with the user is as clear 
as possible. One of the main ways this has been 
done is by using symbols directly recognizable 
in terms of the chemistry they represent. To 
achieve this, we have classified the data into four 
fundamental types. 

The first is the unique symbol used to rep- 
resent a chemical species in any input or output, 
referred to hereafter as an I/O symbol. Two 
types of I/O symbol exist, primitive and com- 
posite. The latter are comprised of two or more 

primitive symbols in any order separated by 
underscore characters, Typical primitive sym- 
bols might be as follows: 

Cu+2 OH-l Gly-1 

Cr207 - 2 FeOOH(s) NH3(g) 

The following are some examples of composite 
symbols: 

Cu+2_Gly- 1 Cu+2_Gly- l(2) 

Cu+ ZNH3(2) Fe+ 3_OH - 1(3)_(s) 

These combinations of symbols permit a large 
number of chemical species to be represented, 
using relatively few primitives. However, users 
entering new data always have the choice. Any 
species, even complexes, can be represented by 
a single primitive symbol if this is deemed 
appropriate. For example, the above composite 
species could equally well be expressed as the 
following primitives: 

CuGly + 1 CuGly2 Cu(NH3)2 + 2 FeOH3(s) 

This is particularly useful when a composite 
symbol would contain so many primitives that 
it might not clearly convey the identity of the 
species. In some cases a primitive symbol may 
be the only option because the species cannot be 
written in terms of any combination of existing 
primitives. 

The second data type is “species”. This term 
is used to describe both the I/O symbol (primi- 
tive or composite) and various data character- 
istics of the associated chemical entity. The 
molecular formula and the charge of each 
species are always determined for this purpose 
(although they only need to be entered specifi- 
cally for primitive species). The CAS registry 
number and any number of names (common, 
IUPAC, Chemical Abstracts, etc.) can also be 
associated with species, as can certain other 
species-specific data, e.g., regarding ionic 
strength corrections. 

Since I/O symbols can be readily modified to 
suit any individual need, they cannot be used as 
unique identifiers, e.g., when data are being 
transferred from one database to another. To 
overcome this problem, the CAS registry num- 
ber serves as the primary means of unambigu- 
ous identification. Indeed, we carefully maintain 
the distinction between I/O symbols and species 
to emphasize that species are the real chemical 
entities whereas I/O symbols are just arbitrarily- 
formulated tokens. 
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The third data type is the reaction. This is 
expressed in terms of interacting species. The 
species are delimited within a reaction by plus or 
minus signs (surrounded by blanks) with reac- 
tants and products being separated by an equals 
sign. Species preceded by a stoichiometric co- 
efficient are enclosed in angle brackets. The 
following are some examples: 

Fe+3+3(OH-l)=FeOOH(s)+H20 

Fe+3 + 2(H20) = FeOOH(s) + 3(H+l) 

Cu+2_Gly- 1 + Gly- 1 

= Cu + ZGly - l(2) 

Fe+3fe- =Fe-2 

Reactions may be, entered with any number of 
reactants and products. Stoichiometric coeffic- 
ients may be integers or real numbers. These 
conventions permit the insertion of all reactions 
in the exact form in which they are published, 
irrespective of what might be required for sub- 
sequent equilibrium calculations. A check is 
made to ensure that each reaction is balanced 
with respect to charge and mass when it is being 
inserted. 

Two other, abbreviated, methods for express- 
ing reactions are available which greatly sim- 
plify the specification of certain reactions and 
speed up their insertion. First, the conventional 
“beta formulation” is permitted, i.e., overall 
formation reactions of simple binary and 
ternary complexes can be expressed as follows: 

BllO meaning M+L=M_L 

B1210 meaning M +2(L) + X = M_L(Z)_X 

B13 meaning L + 3(H) = LH(3) 

where the identity of M, L and X is given only 
once, prior to specifying the reaction or, more 
usually, sequences of related reactions. The sec- 
ond option permits specification of diverse reac- 
tions with the letters M, L, X, H and the pair 
OH. Thus, having once established the identity 
of each letter, the three reactions above could 
also be entered as follows: 

ML/M. L 

ML2X/M. L2. X 

LH3/L. H3 

The advantage of this second abbreviated 
method is that it also encompasses many step- 
wise reactions, for example: 

ML2/ML. L meaning 

M_L + L = M-L(2) 

ML2X/ML2. X meaning 

M-L(2) + x = M-L(2)X 

LH3/LH2. H meaning 

LH(2) + H = L-H(3) 

It is worth noting how easily ternary complexes 
(MLX, ML2X, etc.) are handled since these are 
somewhat inconvenient to classify in printed 
compilations of formation constants. 

The fourth and final data type is the thermo- 
dynamic data itself. Such data may include 
equilibrium constants, standard enthalpy, en- 
tropy and Gibbs free energy values. 

Any number of constants can be associated 
with a reaction although to help establish in- 
ternal consistency only one value may exist for 
a given combination of medium, temperature 
and ionic strength. For the same reason, a 
constant is considered to exist if it can be 
determined from other existing data, using the 
following thermodynamic relationships: 

AG = -RTlnK=AH-TAS 

Each thermodynamic constant is characterized 
by certain supplementary data. 

(i) Each is associated with a medium (back- 
ground electrolyte), a temperature and an 
ionic strength. The temperature and the 
ionic strength can both be represented as 
ranges if necessary. In addition to conven- 
tional mediums, e.g., NaCl or KNO,, we 
also often use this item to indicate particu- 
lar groupings of equilibrium constants. 
For instance, all the values estimated for 
the simulation of metal-ligand equilibria 
in human bood plasma* have been inserted 
in the database under the medium “Blood 
Plasma”. The procedures for automatic 
extraction of the data, to be described in 
a subsequent paper, select constants ac- 
cording to an order of priority which is 
assigned to the various mediums as appro- 
priate for each application. This mechan- 
ism also permits different sets of 
equilibrium constants to be held simul- 
taneously in the database where there are 
irreconcilable differences in expert opinion 
regarding which ought to be used, e.g., 
one might establish two mediums, NaCl 
(Toulouse) and NaCl (Cardiff), so that 
by specifying different medium-priority 
orders each centre could preferentially 
determine the data to be selected for their 
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simulations, even though both centres were 
using the same database. 

(ii) A three-character code is also associated 
with each constant indicating the 
method by which it was obtained. This 
distinguishes between experimentally 
measured, estimated and critically as- 
sessed (e.g., averaged) constants. It also 
indicates the actual experimental tech- 
nique used; for example, two such codes 
are MGL “Measured, Glass Electrode” 
and MSP “Measured, Spectropho- 
tometry”. 

(iii) An error is associated with each con- 
stant. It can be expressed as a standard 
deviation, maximum error or in terms 
of the number of significant figures. A 
three-character code can also be associ- 
ated with the error describing how it was 
obtained. 

(iv) The literature publications from which the 
data are obtained are entered into a corre- 
sponding literature reference database 
(with cross-references between publi- 
cations, if required). The unique number 
of the publication in this database is then 
stored in the thermodynamic database 
alongside each of its corresponding ther- 
modynamic constants. In this way, the 
publications on which every constant in 
the database depends can always be ascer- 
tained. 

Data display and modification 

Data can be displayed on the VDU with a 
program that opens the database for read-only 
access. No modification of data is then possible; 
this serves as a useful protection mechanism 
(allowing for write-access to be restricted to 
certain users and minimizing the occasions 
when the database is open to curruption). 
Species (with any associated data) and reactions 
(with their thermodynamic data) can be dis- 
played. Various facilities are available which 
permit rapid searching of the database. For 
example, all reactions containing specified 
species (or combinations thereof) can be dis- 
played; species with a given name, CAS registry 
number or molecular formula can be located 
and so on. 

Updating is done by a separate program 
which permits new species, reactions or data to 
be inserted, as well as allowing existing data to 
be modified or deleted. 

Various miscellaneous facilities like produc- 
ing lists of reactions whose data have been 
modified since a specified date and obtaining 
printed lists of specific species and reactions 
with their data are also provided by individual 
programs. 

Database housekeeping 

Physically, the database consists of eight JIFs 
(JESS Indexed Files part Ij3). Each JIF con- 
tains a particular data type and/or certain links 
between the data items. Some of these links, 
called inverted lists, make it possible to provide 
those capabilities requiring rapid searching of 
the database. 

Unfortunately, links such as these inherently 
make the database open to corruption. For 
example, if the computer’s power supply hap- 
pens to be interrupted while internal links are 
being updated, the database may be left in a 
badly-defined state. Although all programs op- 
erating on the database have built-in mechan- 
isms that aim to minimize the chance of such 
corruption, a special set of programs has been 
developed to provide a convenient means of 
keeping backups of the database, from which it 
may be restored if necessary. 

Such backups consist of all the data written 
out sequentially, with individual items existing 
more-or-less independently of other items, yet 
from which the whole original database can be 
reconstructed automatically. Indeed, regular re- 
construction in this way is recommended as part 
of the routine housekeeping required to main- 
tain a high level of efficiency in accessing data- 
bases that are frequently modified. Another 
advantage of this backup system is that the 
storage required to make a direct sequential 
copy of all the information is always consider- 
ably less than to make a copy of the database 
JIFs themselves. 

Data transfer between databases 

Although the process of inserting data from 
original publications into a JESS thermodyn- 
amic database is made as easy as possible, it 
nonetheless remains a time-consuming business. 
For this reason, at least, it is highly desirable 
that entry of data into local databases is not 
duplicated at different sites. One way to mini- 
mize this is to transfer data directly from one 
JESS database to another, making use of an 
intermediate set of sequential files. A set of 
programs exists to facilitate this. 
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The program that produces the set of “trans- 
fer files” processes all reactions and their data in 
the source database. The reactions, thermodyn- 
amic data, species, species data, literature refer- 
ences, etc., are handled en bkk. If only a subset 
of the reactions in a database needs to be 
transferred, another program is available by 
which a sub-database, containing only the re- 
quired reactions, can first be produced. 

Usually, the owner of the “target database” 
checks the incoming data before they are in- 
serted. In particular, synchronization may be 
necessary to ensure that the same data item is 
not being referred to by two different names or 
descriptions in the two databases. This also 
permits the deletion of any reactions or data 
that ought not to be transferred into the target 
database. The program which loads transferred 
data into the target database checks for such 
errors but overall control resides with the data- 
base owner. 

Database management and responsibility 

Within JESS, a thermodynamic database rep- 
resents the starting point in the automation of 
equilibrium calculations leading to the final 
display of results. From this perspective, both 
the entry of data and the management of the 
database are different from subsequent steps in 
that there is no need for any involvement by 
completely inexperienced users. It nevertheless 
remains important that the knowledge required 
to perform these tasks should relate mainly to 
chemical rather than computational issues. 
Sooner or later many users will want either to 
insert new data or to modify copies of the 
database distributed with JESS. In practice we 
have found that chemical expertise is mostly 
required to define and enter new primitive 
species; entering composite species and reac- 
tions is relatively straightforward because the 
program can deduce most of its essential re- 
quirements. Regarding the input of primitive 
species, the user must at least be able to deter- 
mine both the molecular formula and the appro- 
priate charge. This is simple enough if the 
source publication is well-written but, unfortu- 
nately, all too frequently the details supplied are 
not as clear as they could be. 

*Interested readers can obtain details of how to acquire 
copies of this database by writing to either of the 
authors. Email inquiries can be sent to 
“may@murdoch.edu.au”. 

It is important to realize that control over the 
contents of a database cannot therefore be 
divorced from the possibility of introducing 
errors, no matter how expert the user. Accord- 
ingly, we envisage that wherever there are mul- 
tiple users of a single JESS system, a variety of 
databases may be established. This will provide 
the flexibility required to deal with applications 
that are inevitably more diverse than can be 
accommodated by a single database. On the 
other hand, convenient exchanges between data- 
bases can and should be made whenever there 
are data which can usefully be shared. 

The proliferation of JESS databases, locally 
and globally, makes it essential that the respon- 
sibility for each is clearly demarcated to the 
person mainly making changes to it. It also 
seems likely that, at each location there ought to 
be a single person in charge of the database 
distributed with JESS. In itself this will require 
little expertise, for housekeeping is only necess- 
ary if a database is extended or modified. 
However, where different research projects gen- 
erate many individual databases, some co- 
ordination may become desirable to maintain 
local coherence. 

IMPLEMENTATION 

Although we expect many users to build JESS 
thermodynamic databases for their own specific 
needs, we have ourselves constructed a master 
set, pertaining to aqueous solutions, which we 
intend to distribute widely as part of the JESS 
package. This has two purposes: 

(i) to serve as a source of thermodynamic 
parameters for those who do not have the 
time or expertise to provide their own; and 

(ii) to provide a substantial amount of com- 
mon data as a nucleus for those who wish 
to contribute their data and opinions to a 
unified primary source for speciation 
models.3 

At the time of writing (Feb. 1991), the master 
database* contains over 12,000 reactions and 
over 20,000 equilibrium constants. Table 1 lists 
the metal ions for which more than 10 reactions 
exist. More than 25 inorganic ligands and over 
600 organic ligands are involved. Data for 
about 250 solid species have so far also been 
included. 

In an effort to achieve a practical database, 
best suited to the needs of speciation modelling, 
we have decided not to be overly restrictive 
concerning the reactions and constants which 
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Table 1. Number of reactions for various 
metal ions in the JESS master database 

Ag+ 209 
Al’+ 265 
Au+ 10 
Au’+ 29 
Ba2+ 23 
Be2+ 52 
Bi3+ 19 
Ca2+ 316 
Cd2+ 411 
Ce3+ 31 
co2+ 308 
co’+ 20 
Cr2+ 38 
Cr3+ 65 
cro- 20 

Fe)+ 299 Pu4+ 124 
Ga’+ 49 Rh”+ 29 
Gd’+ 24 Ru3+ 21 
Hf4+ 14 k14+ 19 
H$+ 111 SC-‘+ 21 
Ho3+ 23 Sm3+ 27 
In3+ 59 Sn2+ 28 
Iti+ 12 Sr2+ 58 
K+ 41 Th‘++ 93 
La3+ 83 Ti’+ 11 
Li+ 23 Tl+ 14 
M$+ 283 Tl’+ 16 
Mn2+ 268 U4+ 18 
Mn3+ 24 uo;+ 39 
Nat 54 vo: 30 

cu+-51 Ni2+ 645 voj+ 101 
Cu2+ 1565 Na4+ 15 Y3+ 51 

Pg2+ 321 Zn2+ 719 
Pd2+ 40 Zr4+ 15 

Fez+ 221 Pt2+ 23 

we include. Our aim is to construct the best 
possible representation of reactions occurring in 
solution, regardless of experimental or other 
practical constraints. There are three aspects to 
this: 

(a) Methods of determining constants. A con- 
stant may be inserted into the database if: (i) it 
has been experimentally measured; (ii) it is an 
average of values determined experimentally by 
more than one worker; or (iii) it has been 
estimated empirically, based on “expert” knowl- 
edge in this field (e.g., using graphical methods, 
linear free energy relationships, Irving-Williams 
series, etc.). The use of method codes (vide 
sup-a) ensures that the distinction between 
measured and estimated values is always appar- 
ent. Of course, critical assessments which cast 
sufficient doubt on published values to justify 
them being excluded, override all of these selec- 
tion criteria. Moreover, as mentioned above, 
only one constant is permitted under a single set 
of conditions (medium, ionic strength and tem- 
perature). Constants are not inserted into the 
database if they can be calculated automatically 
from data already existing in the database with 
a simple mathematical formula (like the van? 
Hoff equation). 

(b) Dealing with inadequacies of data in the 
literature. Given the seriousness of the errors 
which pervade the formation-constant litera- 
ture,” it is obviously important to establish a 
strategy for dealing with discrepancies in pub- 
lished values. The two most commonly-used 
sources of thermodynamic constants adopt 
different approaches, neither of them ideal. On 

the one hand, the Chemical Society and certain 
IUPAC compilations’2-‘5 strive to be compre- 
hensive, leaving all assessment to the user. This 
makes things very difficult for everyone but the 
highly-specialized expert. On the other hand, 
the critical volumes of Smith and MartelF are 
selective--they average values and omit outliers, 
for example. The problem with this is that the 
data available in the literature are often in&Ii- 
cient to make definitive judgements. One of the 
most common difficulties is to reconcile different 
sets of species reported by various investigators. 
Sometimes it is reasonable to pick the results of 
the work appearing to be of the highest stan- 
dard but, all too frequently, objective criteria 
for judging this are inadequate. Another 
difficulty lies in distinguishing between the 
effects of electrolyte medium and differences due 
solely to the investigators’ experimental errors. 
Consequently, the Smith and Martell tabula- 
tions largely disregard the effects of an electro- 
lyte medium. 

We are attempting to find a compromise 
between these two approaches, in which much 
of the evident experimental noise is filtered out 
but without arbitrarily selecting between sets of 
constants or neglecting the systematic effects of 
electrolyte mediums. We thus hope to compile 
an unbiased collection of constants, accurate 
and practical enough for automatic utilization 
by non-experts yet comprehensive enough to 
satisfy the needs of the more specialized re- 
searcher. 

The principal means whereby we deal with 
unresolvable differences in the literature is to 
categorize each species in the database with 
respect to its likelihood of existence. Users can 
later select which reactions are extracted auto- 
matically from the database in a way similar to 
that for handling constants from different re- 
search groups, using the medium classification 
[see User Interface section l(i)]. In this instance, 
we employ terms like “assured” (meaning found 
by every investigation of good standing), “prob- 
able” (found by most), “controversial” (no 
clear-cut agreement) and “improbable” (found 
by a minority, often only one investigation, but 
with otherwise insufficient reason for exclusion). 
In addition, where significant grounds exist 
regarding poor analytical techniques or in 
adequate computational methods, anomalous 
species can simply be omitted. However, when 
there is doubt, we prefer to include species in the 
database (as “improbable”) rather than omit 
them. This is because (i) omission is tantamount 
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to an estimate for the formation constant of 
zero-it is generally possible to be more accu- 
rate than that; and (ii) omission is likely to mean 
a possible species is subsequently overlooked- 
it is better instead to exclude uncertain species 
later, during the equilibrium modelling process. 

At present it is not feasible to employ the 
error estimates associated with each thermodyn- 
amic constant for automatic assessment and 
selection purposes. Errors are sometimes not 
reported and, even when they are, they tend 
neither to be reliable nor comparable from one 
system to another. For example, so-called “in- 
ternal standard deviations” of formation con- 
stants (as computed by least squares programs) 
are invariably underestimates since they take no 
account of systematic errors in the titration 
parameters. I7 This is not to say that the error 
estimate data are without value: they have been 
included in the database because (i) realistic 
values are occasionally available, e.g., from 
various IUPAC critical reviews,‘p-73 (ii) reported 
errors may be indicative of the relative internal 
consistency of constants determined by a single 
investigator, and (iii) large estimated errors can 
be used to flag constants which can only be very 
roughly estimated. 

(c) Correcting errors introduced during the 
compilation of data. Given that a reliable ther- 
modynamic database is the cornerstone of all 
JESS procedures to help inexperienced users, a 
strategy for detecting and eliminating errors is 
essential. Many programmed checks are carried 
out when the data are being entered, particu- 
larly with the aim of preventing duplication of 
a species. However, these checks clearly cannot 
entirely prevent the entry of mistaken infor- 
mation or careless errors. We intend to pursue 
this problem in two ways, over and above being 
as systematic and as careful as we can be. 

The first of these ways is to develop programs 
that predict equilibrium constants automati- 
cally; these will be used to search for internal 
inconsistencies, as foreshadowed in Part I of this 
series.3 Intra-reaction checking would confirm 
that the data for a particular reaction obey 
various established relationships, such as govern 
the effect of electrolyte mediums and changes in 
ionic strength or temperature. Inter-reaction 
checking would involve two approaches: 

(i) different linear combinations of reactions 
giving a particular reaction of interest, 
should give rise to constants in agreement 
with those of that reaction; and 

(ii) a given series of reactions, e.g., with a 
common ligand or metal ion, can be ex- 
pected to show characterizable trends in 
their equilibrium constants. 

Of course, none of these approaches can be 
perfect; their usefulness will very much depend 
on quantifying the tolerance within which differ- 
ences between observed and calculated values 
are considered acceptable. However, it seems 
likely that any gross discrepancies introduced by 
errors made whilst the data are being compiled 
or entered will thus be detectable. 

Our second way of dealing with such errors in 
the master database is to invite input and feed- 
back from all users of it. One of the great 
advantages of a computerized source of data 
compared with a printed compilation, is that it 
readily affords modification. Our hope is that 
users will see the benefits not only of sending us 
new data but also of notifying us of errors. 
Convenient mechanisms for transferring data 
make this feasible. There is also a strong incen- 
tive for anyone receiving regular updates of the 
system: they can avoid repeatedly having to 
modify each new copy of the enlarged database 
by having their improvements made centrally 
just once. Of course, all such suggestions will be 
assessed by us to preserve the integrity of the 
data distributed with JESS but this scheme 
should considerably reduce the workload in- 
volved in keeping the JESS master database 
up-to-date, comprehensive and as error-free as 
possible. 

CONCLUSIONS 

The various classifications and cross-linking 
of data in a JESS thermodynamic database 
make it potentially far more useful than either 
a printed compilation or a computerized list of 
equilibrium constants. The main purpose for 
which the system has been designed is to facili- 
tate the automatic extraction of data for equi- 
librium speciation calculations following 
pre-determined selection criteria. This is essen- 
tial for JESS to meet its primary objectives.3 
However, it is clear, even as the system is 
currently developing, that the thermodynamic 
database will also serve in other ways. In a 
stand-alone capacity, it can provide solution- 
chemistry researchers with the means of access- 
ing the formation-constant literature in a 
convenient and powerful manner. The whole 
master database can now readily be installed on 
certain commonly-available workstations (e.g., 
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on a 386 desktop microcomputer). This only 
requires about 10 MB of hard disk, including 
space for the appropriate programs. At the same 
time, at the other end of the spectrum of 
potential applications, it is now possible to 
search through a large and growing body of 
integrated thermodynamic data, using special- 
purpose computer programs. Interesting new 
chemical relationships might well be revealed as 
such programs systematically quantify the col- 
lective properties of metals and ligands interact- 
ing in solution. 
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!Sunmwy--A simple but accurate potentiometric method for the estimation of certain sulphur containing 
organic compounds has been developed, based on their oxidation with I-chlorobenzotriazole. A 
back-titration procedure can also be used. The nature of oxidation in different media is discussed and the 
oxidation products have been identified. 

Thioureas find extensive application in rubber 
vulcanization, electrodeposition and corrosion 
inhibition of metals, photography, polymers, 
textiles and agriculture. Dithiocarbamates and 
thioamides are well known analytical reagents. 
Methionine is one of the essential amino acids 
present in a large number of biological systems. 
A review of the literature reveals the use of a few 
procedures for the assay of thioureas,’ dithio- 
carbamates,2 thioamides3 and methionines4 
However, these methods have limitations due to 
time consumption, narrow range of developed 
experimental conditions and in some cases over 
oxidation of red&ants. 

Recently, 1 -chlorobenzotriazole ( 1 CBT), an 
N-halogen0 compound, has attracted the atten- 
tion of organic chemists as a novel organic 
reagent in organic synthesis because of its reac- 
tivity towards a number of functional groups.’ 
However, its analytical application is scarce. 
As part of our investigations of potential oxi- 
dative reagents, we have studied its utility as an 
analytical reagent for the assay of a few indus- 
trially important organic compounds.6*7 In this 
communication we report titrimetric procedures 
for the assay of thiourea (TU), allylthiourea 
(ATU), phenylthiourea (PTU), tolythiourea 
(TTU), thioacetamide (TA), thiobenzamide 
(TB), diethyldithiocarbamate (DDC), ethyl- 
phenyldithiocarbamate (EPDC), diisopropy- 
ldithiocarbamate (DIDC) and methionine (Met) 
with CBT. 

EXPERIMENTAL 

CBT was prepared by the method of Johnson 
et al.’ and recrystallized (m.p. 105.0-106.0 f 

*Author for correspondence. 

0.1’) from dichloromethane. Its purity was 
checked (>99%) by the iodometric method. 
The sulphur compounds (Sigma or Aldrich, 
U.S.A.) were used after purification with suit- 
able solvents. Comparative assay of these com- 
pounds showed acceptable purity (>99%). 
Solutions were prepared from analytical reagent 
grade chemicals and distilled water. The exper- 
iments were repeated to check reproducibility. 
The detailed procedures for preliminary studies, 
back titration and potentiometric titration are 
similar to those described earlier.‘j 

The rate of oxidation at different tempera- 
tures and pH values prior to back titration 
are depicted in Fig. 1. Oxidation reactions 
are reproducible in 0. 1M sodium hydroxide 
with stoichiometries of 1:4 for thioureas and 
thioamides, and 1: 6 and 1: 8 for methionine and 
dithiocarbamates, respectively (Table 1). Hence, 
O.lM sodium hydroxide is used for the analysis. 

Back-titration. Prepare accurately a solution 
containing about 1 mg/ml of the sulphur 
compound. Add an aliquot of this solution to 
50.00 ml of 2 x 10W3M CBT solution in an 
iodine flask. Add enough sodium hydroxide to 
obtain the required concentration (0.N). Set 
the reaction mixture aside at 30” for 15-20 min 
(40 min for PTU) and shake at intervals. Add 
25.0 ml of l.OM sulphuric acid and 5.00 ml of 
2% (w/v) KI solution and titrate with standard 
thiosulphate solution (1 x 10M3M) to a starch 
end-point. Run a blank under the same con- 
ditions. The amount of sulphur compound in 
the solution (“A mg) is given by the equation, 

x= MY(V,- Vi) 
E 
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Fig. 1. Rate of oxidation of phenylthiourea under different conditions. [CBT] = 2 x 10m3M, mv] = 
1 x lO_‘M. 

where A4 is the molecular weight of the sulphur 
compound, Y the molarity of the sodium thio- 
sulphate solution, E is the number of electrons 
per mole of sulphur compound, V, ml is the blank 
titre and V, ml is the sample titre, respectively. 

Potentiometric titration 

During potentiometric titration the change 
in potential at the end-point on addition of 
0.1 ml of 2.0 x lo-‘M CBT was appreciable 
(So-120 mV) and reproducible in the pH range 
l-5 (Fig. 2. The number of electrons involved in 
the stoichiometric reactions depends on the 
nature of the reductant and the medium (Table 
2). In buffer solution of pH 5.0, it is 6 for TU 
and ATU, 4 for RTU and TTU, 5 for TA and 
TB, and 2 for Met. 

in Table 3. The present method (especially the 
potentiometric method) seems to be superior to 
the back-titration method. 

The four-electron stoichiometry obtained for 
oxidation of Met in 0.1 M perchloric acid can be 
represented by equation 1. 

CH,-S-(CH2)2 CH(NHJ COOH 

+ 2RNCl + 2H20 

+CHr-SO2 (CH2)2CH(NH2)COOH 

+ 2RNH + 2HCl (1) 

The respective 1: 1, 1: 2, 1: 3,2 : 5 stoichiometr- 
ies for the oxidation of Met, arylthioureas, 
alkylthioureas and thioamides with CBT in pH 
5 buffer can be represented by equations (2) to (5). 

CH, S(CH,)r CH(NHr)COOH 

RESULTS AND DISCUSSION 

Some of the results obtained during back- 
titration and potentiometric titration are given 

+RNCl+H20 

+CHrSO(CH2)&H(NH,)COOH 

+ RNH + HCl (2) 

Table 1. Extent of oxidation of thioureas, thioamides, dithiocarbamates and methionine 
(1 x 10-‘&f) in different media (buffers, acid and base) with excess of I-chlorobenzotri- 

axole (2 x lo-‘M) (back-titration) 

Medium TU ATU PTU TTU TA TB Met DDC EPDC DIDC 

0. 1M HClO, 
O.OlM HCIO, 

PH 3 
PH 4 
PH 5 
PH 6 
PH 7 
PH 8 
pH 9 

1.10 1.52 1.55 1.68 1.70 1.72 2.05 
1.15 1.60 1.85 1.70 2.00 2.02 2.00 
1.20 1.73 2.20 2.25 2.30 2.15 2.66 
2.30 2.55 2.31 2.35 2.50 2.43 2.75 
2.65 2.96 2.50 2.56 2.50 2.50 3.10 
2.70 3.05 2.55 2.58 2.87 2.80 3.15 
3.72 3.80 3.50 3.55 3.46 3.31 3.30 
3.90 3.85 3.68 3.72 3.50 3.46 3.86 6.05 5.90 6.11 
3.92 3.90 3.65 3.75 3.51 3.42 4.80 6.21 6.00 6.35 
3.94 3.91 3.70 3.80 3.90 3.78 4.85 7.30 7.10 7.50 
3.95 3.99 3.80 3.89 3.98 3.88 6.01 7.80 7.50 7.90 
4.00 4.05 3.98 3.99 4.00 4.01 6.00 8.00 8.01 7.99 

pH 10 
O.OlM NaOH 
O.lM NaOH 

mmols CBT/mmoles reductant 
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C Ap : Met 
B,B’: Tu 

c: PTU 
D: TA 
o: pH5 
l : O.lM HCIO, 

0 1.2 2.4 3.6 4.8 6 

Vol. of CBT (2 x lOaM, ml 

Fig. 2. Variation of AE/AV us volume of CBT under 
different conditions. [Reductant] = 1 mg/lO ml. Tempera- 

ture = 30”. 

R’NHCSNH, + 2RNCl+ 2H,O 

-+R’NHCSOIHNH + 2RNH + 2HC1 (3) 

R’NHCSNHI + 3RNCl+ 3Hz 0 

+R’NHCS03 HNH + 3RNH + 3HCl (4) 

2R”CSNHz + SRNCl + 8Hz0 

+2R”COOH + SRNH + 2NH,+ 

+ SO:- + 5Cl- + 5H+ + S (5) 

The 1:4 (thioureas and thioamides), 1: 6 
(Met) and 1: 8 (dithiocarbamates) stoichiometry 
in O.lM sodium hydroxide can be represented 
by equations (6) to (9). 

R’NHCSNH2 + 4RNCl+ 60H - 

+ R’NHCONH, + 4RNH + SO:- 

+ 4Cl- + H,O (6) 

R”CSNH2 + 4RNCl+ 60H- 

+R”COOH + 4RNH + SO;- 

+ 4Cl- + NH3 (7) 

CHj S(CH,), CH(NH,)COOH 

+ 6RNCl+ 7 OH- 

+HCHO 

+ -03 S(CH,),CN + CO* + 6RNI-I 

+ 6Cl- + 3HrO 

R, S 

‘Nk- + 8RNCI + 120H- 

(8) 

R’ z 

RI 0 

\N II + CO- + 8RNH + 8Cl- 

R’ 2 

+ 2SOj- + 2H20 (9) 

where; R==C,H,N, for CBT and lH-benzotria- 
zole (BTA); R-H for TU, CH2CH=CH2 for 
ATU, C,H, for PTU, CH3CbHS for TTU; 
R”=CH, for TA, C,H, for TB, R,=Rz=‘_C2HS 
for DDC, CH,CHCH, for DIDC and 
R,==C,H, for EPDC. 

The reaction products such as CH, SO(CH,), 
CH(NHr)COOHL3 [equation (211, CH3 SO2 
(CH2)2CH(NH2)COOH’4 [equation (1X 
R’ NHSOr CHNH” [equation (3)] R’ NHS03 
CHNHiS [equation (411, HCHO” [equation (811, 
R’NHCONH2 [equation (6)], R, R2NCOO-” 
[equation (9)] and -03S (CH2)2CN’6 [equation 
(8)J have been identified with standard pro- 
cedures. The carboxylic acids [equations (5) and 
(7)J have been identified by TLC (Rr 0.68) with 
toluene/dichloromethane/methanol(25 : 10 : 1) as 
solvent, SO:- in the form of barium sulphate 
and NH3 with Nessler’s reagent. The UV spec- 
trum of one of the products (RNH) in methanol 
showed bands at 275,258 and 253 nm similar to 
those for 1Hbenzotriazole. 

Table 2. Extent of oxidation of thioureas, thioamides and methion- 
ine (1 x lo-‘M) in different media (buffers, acid and base) at 30” 

with I-CBT (2 x 10-‘&f) (Potentiometric titration) 

Medium 

mmoles CBT/mmoles reductant 

TU ATU E’fU ‘l-W TA TB Met 

0. 1M HCIO, 1.00 1.06 1.55 1.52 1.95 1.76 2.00 
O.OlM HClO, 1.06 1.21 1.51 1.50 2.00 1.98 1.80 

PH 3 2.48 2.50 1.46 1.43 2.26 2.30 1.36 

PH 4 2.90 2.13 1.49 1.45 2.40 2.33 1.20 

PH 5 3.00 3.01 2.00 2.00 2.50 2.50 1.00 
PH 6 3.06 3.11 2.00 2.06 2.87 2.58 1.01 
DH 7 3.46 3.66 2.50 2.65 3.48 3.35 1.11 
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Table 3. Estimation of thioureas, thioamides, dithiocarbamates and methionine with I-CBT 
at 30” 

Recovery, % 

Compound Present method* Comparison Reagent for comparison 
(OS-10 mg) Back titration Potentiometric method method 

TU 99.6 f 0.1 99.8 f 0.1 99.7 f 0.2 NaOFO 
ATU 99.5 + 0.2 99.7 + 0.1 98.8 f 0.1 NaOIiO 
PTU 98.4 f 0.3 98.6 + 0.2 98.2 f 0.3 Iodinei 
TTU 98.6 f 0.2 98.8 f 0.2 98.5 f 0.2 Iodinei 
TA 99.3 f 0.1 99.6 + 0.2 99.2 f 0.3 Chloramine-T’ 
TB 98.9 f 0.2 99.2 f 0.2 98.6 f 0.3 Chloramine-T3 
Met 99.7 * 0.1 99.9 _+ 0.1 99.6 & 0.1 Acetous perchloric acid” 
DDC 98.4 f 0.3 97.6 f 0.3 Iodinei 
EPDC 98.8 f 0.2 98.2 f 0.2 Hg(II)12 
DIDC 99.3 f 0.2 98.8 f 0.2 Hg(II)12 

*Mean f standard deviation of 10 determinations. 

From the detailed investigations of the above 
compounds, it was found that MgZ+, Ba’+, 
Zn’+, Cu2+, K+, Na +, PO:-, ClOi and SO:- 
had no effect on the rate of oxidation. [Chloride 
(>0.35 mg/ml) particularly in appreciably 
acidic media interferes in the estimation.] In the 
case of the back-titration procedure, the stoichi- 
ometry was unaffected by the reversal of the 
order of addition of CBT and reductant. l-CBT 
showed stoichiometric reactivity towards the 
reductants and also in many occasions behaved 
as a powerful oxidizing agent when compared to 
other similar N-halogen0 compounds like 
chloramine-T and chloramine-B. 
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Summary-A method is described for the flotation and determination of MO(W) in water at ng/ml levels. 
MO(V) is preconcentratcd and separated by adsorbing colloid flotation employing aluminimn(II1) 
hydroxide as collector and sodium lauryl sulphate as surfactant at pH 5.3 If: 0.1. The molybdenum content 
in the froth is estimated by using the catalytic wave of MO(W) in the presence of nitrate by charging 
current compensated d.c. polarography (CCCDCP) or differential pulse polarography (DPP). The effect 
of variables such as pH, ionic strength, concentration of collector and surfactant, time of stirring and gas 
flow-rate on the recovery of MO by flotation is reported. The effects of various cations and anions on 
the flotation and determination of MO are studied. This method is employed for the determination of 
molybdenum in natural fresh water samples. 

Adsorbing colloid flotation (ACF) has been can be avoided if iron(II1) hydroxide is replaced 
applied to the separation and preconcentration by aluminium(III) hydroxide. But previous 
of trace elements in many aqueous systems efforts to use aluminium(II1) hydroxide as col- 
during the past two decades.‘-I3 Analytical lector were not successful.* The present study is 
applications of flotation have been reviewed aimed at finding out a method of preconcentrat- 
recently.14 Adsorbing colloid flotation has some ing MO by ACF with aluminium(II1) hydroxide 
advantages over ion flotation (IF) such as as collector. 
(i) surfactant needed in ACF is smaller com- 
pared to the stoichiometric or greater amount JZXPERIMJZNTAL 

required in IF and (ii) the flotation is achieved 
in a few seconds in ACF whereas gas has to be Apparatus 

bubbled for a longer duration in IF. Polarographic measurements were made with 

Kim and Zeitlin’ have separated MO by a model CL-90 Pulse Polarograph of Elico (P) 

ACF with ferric hydroxide as cullector and Ltd., Hyderabad. A Metrohm polarographic 

sodium lauryl sulphate (SLS) as surfactant and cell with mercury pool as counter electrode and 

estimated MO by spectrophotometry. Recently SCE as reference electrode was used with a 

Hidalgo et al.’ have preconcentrated MO in sea Sargeant capillary having a 3-set natural drop- 

water by flotation with iron(II1) hydroxide and time as DME. The rate of flow of mercury was 

hexadecyl trimethyl ammonium bromide. They found to be 2.30 mg/sec. For DPP measure- 

estimated MO in the floated layer (after remov- ments, the pulse duration was 0.04 set and the 

ing iron by ion exchange) by differential pulse pulse amplitude was 50 mV. The droptime was 

polarography employing the catalytic wave in mechanicallY controlled* 
nitrate medium. In all the ACF separations of The flotation apparatus was similar to that 

MO reported so far, iron(II1) hydroxide has described by Nakashima.6 The flotation cell was 

been used as the collector.‘” Iron interferes with a tall glass cylinder with a 500-ml capacity fitted 

the polarographic estimation of MO when the with a G-4 porosity sintered glass disc to gener- 

Fe : MO ratio is greater than 100. Hence iron has ate small gas bubbles. A side arm was provided 

to be separated by ion-exchange or any other near the bottom of the cell to drain the mother 

suitable method. This additional separation step liquor raPidlY after *Otation 
Purified nitrogen (free from oxygen) was used 

*Department of Inorganic and Physical Chemistry, Indian for deaeration of the solution prior to polaro- 
Institute of Science, Bangalore-560003, India. graphic measurements as well as for bubbling 

tAuthor for correspondence. through the flotation cell. 
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Hitachi W-Visible spectrophotometer 
(model 139) was used for spectrophotometric 
determination of some of the added ions 
present in the froth. 

reagents 

All reagents used were of analytical grade. 
A Mo(VI) (1 mg MO/ml) stock solution was 
prepared from ~rno~~ moly~ate, Al{I~) 
(10 mg Al/ml) solution from aluminium nitrate 
and Fe(II1) (2 mg Fe/ml) solution by dissolving 
pure iron powder in diluted hydrochloric acid. 
Standard solutions of other metals were pre- 
pared either by dissolving the pure metal in 
nitric acid or by dissolving the nitrate salt in 
water. Eighty per cent (v/v) ethanolic solutions 
of sodium lauryl sulphate (SLS) (1 mg/mI~, 
sodium oleate (SO) (4 mg/ml) and cetyl tri- 
methyl ammonium bromide (CTAB) (1 mg/ml) 
were employed. Sodium chloride, sodium 
nitrate and sodium sulphate were used to study 
the effect of ionic strength. For the study of 
anionic interferences, standard solutions of 
Na, CO,, sodium carbonate, sodium hydrogen 
carbonate and sodium phosphate were used. A 
standard silicate solution is prepared by dissolv- 
ing pure silica in sodium hydroxide soiution and 
diluting to volume. 

Procedures 

Flotation step. Place 400 ml of water con- 
taining trace amounts of MO(W) in a beaker 
and add 2 ml of Al(III) solution. Adjust the pH 
to 5.3 + 0.1 with aqueous ammonia solution 
while stirring with a magnetic stirrer. Continue 
stirring for 10 min. Add 2 ml of SLS solution 
to the beaker and then transfer the contents to 
the flotation cell, quantatively. Pass nitrogen at 
a moderate rate for 1 min. Allow the froth to 
settle for 2 min. Drain most of the mother liquor 
through the side arm, The remaining mother 
liquor is sucked off through the sintered disc. 
Dissolve the froth in the cell with 10 ml of 2M 
nitric acid and collect is quantitatively in a 
beaker. Heat this solution to boiling and 
simmer until the volume is reduced to 1 ml. 
Make up to 10 ml with water. For the separ- 
ation of MO from natural water samples, the 
above procedure is modified by increasing 
the solution volume to 1000 ml and Al’* 
and SLS ~n~ntrations to 100 mg and 5 mg 
respectively. 

Polarographic measurement. Transfer a suit- 
able aliquot of the precon~ntrated MO(W) 

solution to a polarographic cell. Add 10 ml of 
a solution containing 2M sodium nitrate and 
0.5M sulphuric acid and dilute to 20 ml so that 
the solution is 1 M in sodium nitrate and 0.25M 
in sulphuric acid. After deaeration, record the 
polaro~m from 0.0 to -0.40 V us. SCE at 
25”. Determine the concentration of MO(W) 
by making standard additions of comparable 
amounts of Mo(VI). 

Ef/kct of pH on the flotation behaviour of 
collectors with surfact~ts 

The flotation behaviour of iron@) 
hydroxide and al~ni~~I1~ hydroxide with 
SLS, SO and CTAB was studied. This was done 
by adjusting the pH of solutions containing 
Al(II1) and Fe{III) by means of diIute ammonia 
and nitric acid and floating with an ethanolic 
solution of surfactant, After flotation, a visual 
evaluation of the completeness of flotation was 
made by observing the residual solution and the 
froth. A clear residual solution, which is free 
from the collector as shown by quantitative 
testing, and a stable froth indicate complete 
flotation. If the flotation is incomplete, the 
precipitate remains dispersed in the solution. 
It was found that SLS was able to float 
ferric hydroxide completely in the pH range 
4.5-8.0. Al~ini~(III) hydroxide was com- 
pletely floated in the pH range 5.0-7.5. The 
flotation was incompiete above pH 7.5 for 
alu~ni~~II1) hydroxide and above pH 8.0 for 
iron(III) hydroxide. This was expected, because 
the isoelectric points (IEP) of the hydroxides 
of Al(II1) and Fe(II1) are 7.5 and 8.0, respect- 
ively.” Flotation of these colloids with other 
surfactants like SO and CTAB was also depen- 
dent on pH. SO floats both ~umi~um{III) and 
iron(II1) hydroxides completely above pH 7. 
CTAB floats iron(II1) hydroxide partially at 
low pH values and completely at pH 9-10, 
With aluminium(I11) hydroxide and CTAB, no 
flotation occurs in the pH range 4-10 and the 
precipitate remains dispersed in solution. 

The results obtained for ferric hydroxide are 
in agreement with the results of Grieves and 
Bhattacharya.16 Matsuzaki and Zeitlin’ had 
studied the effect of pH on the ability of various 
surfactants to Aoat the collectors from aritificial 
sea water. Their results showed that ferric 
hydroxide could easily be floated with a number 
of surfactants while the flotation efficiency was 
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poor for aluminium hydroxide. The negative 
results for aluminium hydroxide were probably 
due to the effect of high ionic strength as found 
in sea water. No work has been reported on the 
flotation behaviour of collectors with surfac- 
tants from fresh water or water with low ionic 
strength. We have found that aluminium(II1) 
hydroxide can be completely floated from 
fresh water samples by SLS in the pH range 
of 5-7.5 and by SO in the pH range 7-10. 
When the ionic strength is increased, complete 
flotation can be achieved by increasing the 
amount of surfactant to some extent. Above a 
particular limit, flotation remains incomplete. 
Further experiments on the flotation of Mo(V1) 
with aluminium(III) and iron(II1) hydroxides 
were carried out with SLS as surfactant. 

Efict of pH on the recovery of Mo(VZ) by 
ACF 

Figure 1 shows the effect of pH on the 
recovery of Mo(V1) using aluminium and ferric 
hydroxides as collectors and SLS as surfactant. 
A 100% recovery of Mo(V1) is achieved with 
aluminium(II1) hydroxide in the pH range 
5.2-5.5. As the pH is increased, the recovery of 
Mo(V1) decreases even though the flotation is 
complete. At higher pH values, the colloid 
becomes negatively charged and the recovery 
of molybdate decreases to zero. With iron(II1) 
hydroxide as collector, 100% recovery is 
obtained in the pH range 4.5-6.0. 

In ACF, the mechanism of collection of the 
analyte on the colloidal precipitate is either 
adsorption or coprecipitation. In the case of 
Mo(VI), the pH range for maximum recovery is 
quite narrow and in this pH range, the colloidal 
precipitate has a charge opposite to that of the 
analyte. Hence, it appears that the mechanism 
governing the separation of Mo(V1) from sol- 
ution is adsorption. Since Mo(V1) is present as 
an anion at pH > 1.0, adsorption of this species 
can be expected to occur at a positively charged 
colloid. Fe(II1) hydroxide and Al(II1) hydroxide 
have positive charges at pH values lower than 
their IEP’s. Above the IEP, there is no electro- 
static attraction as both molybdate and the 
colloidal precipitates are negatively charged. 
Therefore the adsorption of Mo(V1) decreases 
almost to zero as the pH is increased to a value 
above the IEP of the colloidal precipitates 
(Fig. 1). 

Kim and Zeitlin17 found that Mo(V1) could be 
completely coprecipitated with colloidal ferric 
and thorium hydroxides but the recovery of 

Mo(V1) by coprecipitation on aluminium(III) 
hydroxide was very poor. They attributed this 
to the relatively higher solubility of aluminium 
molybdate compared to ferric and thorium 
molybdates. The Paneth-Fajans-Hahn rule for 
the coprecipitation mechanism requires that the 
collector must contain an ion which forms a 
compound of low solubility with the counter 
ion adsorbed. In the light of the above discus- 
sion, it may be concluded that the nearly com- 
plete recovery of molybdate on aluminium(II1) 
hydroxide by flotation at pH 5.2-5.5 should be 
due to adsorption. 

E&ct of ionic strength 

The effect of nitrate, chloride and sulphate 
ions on the recovery of Mo(V1) by ACF with 
aluminium(II1) hydroxide as collector was 
investigated. The concentrations used for this 
study were 0.1 ppm Mo(VI), 50 ppm alu- 
minium(II1) and 5 ppm SLS. The inert ion 
concentrations were varied from 0.01 to 0.20M. 
The pH was adjusted to 5.3 + 0.1 in all these 
experiments (Fig. 2). It was found that the 
doubly charged sulphate ions decreased the 
percentage recovery of Mo(V1) to a greater 
extent than singly charged nitrate or chloride 
ions. When the ionic strength was increased, the 
recovery of Mo(V1) decreased and the flotation 
was incomplete at concentrations higher than 
O.lM for chloride and nitrate and 0.03M for 
sulphate. The flotation efficiency was very poor 
above 0.06M sulphate and 0.2M nitrate or 
chloride. In the presence of O.lM chloride or 
nitrate, 64% of molybdate was recovered by 
flotation as seen from Fig. 2. The precipitate 

loo- 
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Fig. 1. Effect of pH on the recovery of MO(W) with 
SLS as surfactant and aluminium(III) hydroxide (0) and 
iron(II1) hydroxide (A) as collectors. [MO(W)] = 0.20 ppm; 
[Al(III)] = 50 ppm; [Fe(III)] = 50 ppm; [SLS] = 5 ppm; 

solution volume = 200 ml. 
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Molarity 

Fig. 2. Effect of ionic strength on the recovery of Mo(V1) 
with SLS as surfactant and aluminium(I11) hydroxide 
as collector; (A) NaNOJ, (0) NaCl and (0) Na, SO,. 
[MO(W)] = 0.20 ppm; [Al(III)] = 50 ppm; [SLS] = 5 ppm; 

pH = 5.3 + 0.1. 

of aluminium(II1) hydroxide remaining in the 
residual solution after flotation was separated 
by filtration and Mo(V1) in this residue was 
estimated. It was found that about 30% 
molybdate could be recovered from this 
precipitate showing that Mo(V1) is adsorbed by 
aluminium(III) hydroxide in the presence of 
O.lM chloride or nitrate but the flotation of 
the collector by the surfactant is affected. The 
presence of sulphate seriously affected both 
the adsorption of Mo(V1) and the flotation of 
aluminium(II1) hydroxide. 

Eflect of the concentrations of surfactant and 
collector 

The effect of SLS on the ACF of Mo(V1) with 
Al(II1) and Fe(II1) hydroxides was studied by 
varying the SLS concentration from 0.2-10 mg. 
Concentrations of 0.1 ppm Mo(V1) and 50 ppm 
Al(II1) or Fe(II1) were used. The pH was main- 
tained at 5.3 + 0.1. It was found that 1 mg of 
SLS was sufficient to float precipitates con- 
taining up to 40 mg of Fe(II1) or Al(II1) in a 
solution volume of 400 ml (when the ionic 
strength was less than 0.02M). Recovery of 
Mo(V1) was maximum when the SLS concen- 
tration was in the range l-4 mg. Higher 
amounts of surfactant result in the formation 
of an excess of foam which is not beneficial. If 
the surfactant concentration exceeds the critical 
micelle concentration (cmc), the flotation tends 
to become incomplete. At very low concen- 
trations of surfactant, the foam layer was thin 
and unstable and could not support the precipi- 
tate. Hence a surfactant concentration of 2 mg 
for a solution volume of 400 ml was used in this 
work. 

The concentrations of Al(II1) and Fe(II1) 
were varied from 2-100 mg in a solution volume 
of 400 ml. SLS concentration was 5 ppm and the 
pH was adjusted to 5.3 f 0.1. When the Mo(V1) 
concentration was l-40 pg, an optimum con- 
centration of lo-20 mg Al(II1) or Fe(III) was 
enough to bring about complete recovery of 

Mo(VI). 

Effect of stirring time 

The relation between stirring time and 
recovery of Mo(V1) was investigated. The con- 
centrations of Mo(VI), Al(II1) and SLS used 
were 0.2, 50 and 5 ppm, respectively. The pH 
was maintained at 5.3 + 0.1. It was found that 
at very low concentrations of colligend (less 
than 50 pg of MO), the adsorption of Mo(V1) on 
the colloidal precipitate was rapid whereas at 
higher concentrations of Mo(VI), stirring time 
had an effect on the recovery of Mo(V1). The 
results obtained are shown in Fig. 3. It is seen 
that a stirring time of 15 min was needed to get 
100% recovery for floating 500 pg of Mo(V1) 
with 10 mg of aluminium(I11) hydroxide. 
Mo(V1) concentrations of 4, 10 and 40 pg could 
be collected almost instantaneously. This can 
be readily explained in terms of the adsorption 
since it is well known that the rate of adsorption 
increases when the ratio of adsorbent to 
adsorbate is large. 

The other parameters like gas flow-rate, 
duration of gas flow and volume of solution 
had little effect on the recovery of Mo(V1). 
Gas was bubbled at a moderate rate for 1 min. 
The solution volume was changed from 100 to 
1000 ml. A quantitative recovery of Mo(V1) was 
obtained. 

Time, mifl 
Fig. 3. Effect of stirring time on the recovery of MO(W) with 
SLS as surfactant and aluminium(II1) hydroxide as collec- 
tor; [MO(W)] = 500 pg; [Al(III)] = 10 mg; [SLS] = 1 mg; 

solution volume = 200 ml. 
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Catalytic wave of Mo( VZ) in the presence of 
surfactants 

Following Kannan and Rajagopalan,” a 
supporting electrolyte of 1M sodium nitrate 
and 0.25M sulphuric acid was chosen for the 
catalytic wave polarographic determination of 
MO(W). The catalytic current is sensitive to 
temperature and hence all the polarograms were 
recorded at 25”. Hidalgo et aL2 studied the effect 
of various surfactants on the catalytic wave of 
MO(W) and found that many of them suppress 
the peak current. Their report did not include 
the effect of SLS. In this work, the effect of 
5-50 ppm surfactant on the catalytic current 
(both dcp and DPP) of 1 ppm MO(W) was 
investigated (Fig. 4). It was found that in the 
presence of 30 ppm SLS, the catalytic current 
of MO(W) was suppressed to about half its 
original value. But at SLS concentrations less 
than 10 ppm, the reduction of catalytic current 
was ~20%. However, it was noticed that the 
catalytic current was virtually unaffected after 
treatment of the froth with nitric acid. This 
might be due to the oxidative degradation of 
SLS into products that are not surface active. 
The catalytic current of MO(W) is affected to a 
lesser extent by the addition of SO and CTAB 
as seen from Fig. 4. 

Comparison of DPP and CCCDCP for the 
&termination of Mo ( VI) 

In order to arrive at the best technique from 
the point of view of improved sensitivity for the 
estimation of MO(W) by the catalytic wave, 
CCCDCP and DPP were compared both exper- 
imentally and theoretically. Typical polaro- 
grams (both CCCDCP and DPP) are shown 
in Fig. 5. Our experiments show that the dc 
catalytic current is 2.75 times more sensitive 
than the DPP catalytic current for a droptime 
of 0.5 sec. When the droptime is increased to 
2.0 set, the ratio of i(CCCDCP) to i(DPP) is 
increased to 3.4. The pulse duration was 0.04 set 
in all the experiments. The ratio of dc catalytic 
current to DPP catalytic current was calculated 
with the expression derived by Rodriguez- 
Monge et al. I9 for EC processes and the values 
were 2.77 and 3.76 for droptimes of 0.5 and 
2.0 set respectively. Thus it can be seen that the 
experimental values are in good agreement with 
the theoretical values. Therefore it may be con- 
cluded that the catalytic reduction of MO(W) by 
nitrate is more sensitive by CCCDCP than 
by DPP. This conclusion contradicts that stated 

- 

Surfacmntccncen~,~ 
Fig. 4. Effect of variation of surfactant concentration on the 
catalytic current of MO(W); [MO] = 1 ppm, time = 0.5 sec. 
(a) dc catalytic current (b) DPP catalytic current; (A) SO, 

(0) CTAB and (0) SLS. 

by Lanza et al. z” They found DPP to be 4.7 
times more sensitive than DCP. This result is 
difficult to understand since it is contrary to 
theoretical expectations. 

E$ects of diverse cations and anions on the 
flotation and determination of MO (VI) 

The flotation of MO(W) was carried out in 
the presence of various cations and anions. This 
was done by adding known amounts of these 
ions to a synthetic solution before flotation. 

I I 1 I I 

0 0.1 -0.2 0.3 -0.4 

E. V 

Fig. 5. Typical polarograms of MO(W) in a supporting 
electrolyte of 1M NaNO, and 0.25M H,SO,. [MO] = 0.1 
ppm; nr = 2.30 m&x; time = 2 set (a) CCCDCP and 

(b) DPP, AE = 50 mV. 
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The results are summarized in Tables 1 and 2. 
The amounts of added ions in the froth after 
flotation at pH 5.3 + 0.1 were determined either 
by polarography or by spectrophotometry. 
Cu(II), Pb(II), Ni(II), Co(II), Bi(III), Sb(III), 
Zn(I1) and Cd(I1) in the froth were estimated 
by polarography. Fe(III), Ti(IV), Zr(IV) and 
Cr(II1) in the froth after flotation were deter- 
mined by conventional spectrophotometric 
methods. Fe(III), Bi(III), Ti(IV), Cr(II1) and 
Zr(IV) were floated completely along with 
MO(W). These elements with the exception of 
Fe(II1) do not interfere with the polarographic 
determination of MO. The recoveries of Cu(I1) 
and Pb(I1) were 7540%. Co(II), Ni(II), Zn(II), 
Cd(I1) and Sb(I1) were partially floated. 

Table 2 gives the results obtained on studying 
the effect of anions on the flotation of MO. 
The flotation efficiency of MO was affected by 
the presence of phosphate and silicate. Thus 
the recovery of MO is reduced to 56 and 61% 
by 50 ppm levels of silicate and phosphate 
respectively. The interference was found to be 
negligible at or below 5 ppm silicate and phos- 
phate. At higher concentrations, these multi- 
valent anions compete with molybdate in the 
process of adsorption on the collector and thus 
cause a lower recovery for Mo(V1). Anions like 
carbonate and bicarbonate could be tolerated to 
a level of 1000 ppm in the solution. 

The effect of various cations and anions on 
the catalytic wave of Mo(V1) was investigated. 

Table 1. Effect of the addition of other metallic ions on the 
flotation of MO with Al(OH), as collector and SLS as 
surfactant. [MO(W)] = 40 pg; [Al(III)] = 20 mg; [SLS] = 1 

mg; pH = 5.3 + 0.1; solution volume = 200 ml 

% Recovery 
Ratio of MO(W) to 

Ion the added ion Mo(V1) Added ion 

Pb(II) 1:l 100 80 
I:10 >95 15 
1:25 >95 75 

Cu(I1) I:1 100 15 
1:lO r95 75 
I:25 >95 75 

Fe(II1) 1:l 100 100 
1:lOO 95 >95 

Bi(III) 1:l 100 >95 
1:25 96 >95 

Ti(IV) 1:lO 100 100 
1:lOO >95 >95 

Zr(IV) I:100 >95 >95 
Cr(II1) 1:l 100 >95 

1:lO >95 >95 
Cr(IV) 1:l >95 - 
Co(H) 1:l >95 7 
Ni(I1) 1:l >95 12 
Cd(I1) 1:lO >95 5 
WE) 1:lO >95 50 

Table 2. Effect of the presence of anions on the flotation of 
MO. wo(VI)] = 40 pg; [Al(III)] = 20 mg; [SLS] = 1 mg; 

pH = 5.3 f 0.1; solution volume = 200 ml 

Amount of ion MO recovery, Recovery, 
IOn added, mg !QI % 

Siq- 1.0 38.0 95.0 
2.0 35.0 87.5 
4.0 32.8 82.0 

10.0 22.4 56.0 
PO:- 1.0 38.4 96.0 

2.0 36.0 90.0 
4.0 35.0 87.5 

10.0 24.4 61.0 
CC? 10.0 39.2 98.0 

50.0 39.1 97.8 
100.0 38.0 95.0 
200.0 38.4 96.0 

HCO, 100.0 39.0 97.5 
200.0 38.0 95.0 

The concentration of Mo(V1) in the supporting 
electrolyte was 0.2 ppm. The results are given 
in Table 3. The catalytic current of MO(W) is 
not affected by the presence of a lOO-fold excess 
of silicate and phosphate. A lOO-fold excess of 
metallic ions such as Pb(II), Cd(II), Zn(II), 
Ni(I1) and Co(H) do not interfere as their 
reduction potentials are more negative than that 
of MO(W). A lOOO-fold excess of Al(II1) and 
lOO-fold excess of Ti(IV) and Zr(IV) also do 
not interfere. Cu(I1) and Bi(II1) peaks occur at 
a more positive potential than that of MO(W). 
But since the peaks are separated by more 
than 150 mV and the sensitivities of copper and 
bismuth are much less than that of Mo(V1) 

Table 3. Interferences due to foreign species in the polaro- 
graphic determination of MO. [MO(W)] = 0.2 ppm; time = 

0.5 set; AE = 50 mV 

Concentration ratio, 
Ion ion: Mo(VI) Error % 

Pb(II), WII), WII), 1OO:l nil 
Co(H), Ni(II), Cr(III), 
Ti(IV), Zr(IV) 

Al(II1) 1000:1 nil 
Cu(II), Bi(II1) 25:l nil 

Sn(Iv) IO:1 nil 
5O:l -13 

Fe(W) 4O:l nil 
1OO:l -10 
2OO:l -25 
4OO:l -55 

Cr (VI) 1O:l -6 

Tl(I) 1O:l -6 
Sb(II1) 1:l +13 

2:1 +25 

Sb(v) 1O:l nil 
SiO$- 1OO:l nil 
PO]- 1OO:l nil 
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in nitrate medium, it is possible to determine 
Mo(VI) in the presence of a 25fold excess of 
Cu(I1) and Bi(II1). In such cases, DPP offers 
better resolution than CCCDCP. Hence in the 
presence of an excess of Cu(II) and Bi(III), it is 
preferable to use DPP for the determination of 
MO. A IO-fold excess of Cr(III), Cr(VI), Tl(1) 
and Sn(IV) does not interfere. Fe(III) does not 
interfere if present in small amounts but a 
IOO-fold excess of Fe(II1) causes a decrease in 
the MO catalytic current by 10%. When the 
Fe: MO ratio is 400, there is a significant re- 
duction in the catalytic current of Mo(V1) as 
seen from Table 3. Sb(II1) interferes as its 
reduction peak coincides with that of Mo(V1). It 
is seen that Sb(II1) gets partially floated with 
Mo(V1). The interference was overcome by oxi- 
dizing Sb(II1) to the electroinactive Sb(V) by 
adding a few drops of potassium permanganate 
solution to the solution of froth. 

Recovery of Mo(VI) from synthetic solutions 

Initial experiments were carried out with 
1 ppm Mo(VI), 10 mg Al(II1) and 1 mg SLS in 
a solution volume of 400 ml to standardize the 
experimental conditions. Then under the stan- 
dardized conditions, the flotation was done at 
lower Mo(V1) concentrations and the results are 
given in Table 4. Thus it was seen that 1 pg of 
MO in 400 ml of water could be preconcentrated 
by this method. 

The detection limit (at a signal-to-noise ratio 
of 3) is 5.0 pg/l. for CCCDCP and DPP at a 
droptime of 2 sec. When the initial volume of 
water for flotation was increased to 1000 ml, the 
concentration factor was 50. Thus it was poss- 
ible to achieve a detection limit of 0.1 pg/l. for 
Mo(V1) in water by this flotation-polarographic 
method. This value is comparable to the detec- 
tion limit obtained by adsorption voltammetry.2’ 
The relative standard deviation for 8 replicate 
analyses of a solution containing 2 pg/l. MO was 
found to be 3.0%. 

Recovery of Mofrom naturalfresh water samples 

It was noticed that the recovery of MO from 
natural fresh water by ACF under the exper- 
imental conditions standardized for synthetic 
solutions [50 ppm Al(III), 5 ppm SLS and pH 
5.3 f 0.11 was about 50%. Fresh water samples 
often contain anions like carbonate, bicarbon- 
ate, chloride, silicate and phosphate in addition 
to some metal ions. The approximate ranges 
and typical values for some metals and ligands 
in fresh waters have been reported elsewhere.22 

Table 4. Remits for the analysis of synthetic water samples* 

Mo(IV) added, tio(IV) found, Recovery 
No. &z ccg % 

1 1.0 1.0 100 
2 1.6 1.56 97.5 
3 

4K 
7.84 98.0 

4 
5OO:o 

39.0 97.5 
5 495.0 99.0 

*Solution volume = 400 ml. 

The results of the study of anionic interference 
on the flotation of Mo(V1) are already given in 
Table 2. The concentrations of Mom), Al(II1) 
and SLS used for this study were 0.2 ppm, 
100 ppm and 5 ppm. It can be seen from 
Table 2 that up to 1000 ppm of carbonate and 
bicarbonate do not interfere with the flotation 
of MO whereas the recovery of MO is affected by 
silicate and phosphate at concentrations higher 
than 10 ppm. But the typical concentrations of 
phosphate and silicate in fresh water are of 
the order of 1 and 5 ppm respectively. We 
found that the recovery of MO from natural 
water samples could be improved by increasing 
the collector concentration to 100 ppm. The 
alternative method is to repeat the flotation 
until all the MO was recovered. The recovery of 
MO was about 90% in a single flotation by 
employing 100 ppm Al(II1). Two consecutive 
flotations with 50 ppm Al(III) also enabled us 
to recover 90% MO but a single flotation with 
increased amount of collector and surfactant 
was less time consuming than double flotations. 

Iron and copper present in natural water 
were also floated along with molybdenum. 
Copper does not interfere in the determination 
of MO. The iron to molybdenum ratio was 
often higher than 100 in the froth and this 
decreased the sensitivity of molybdenum deter- 
mination by catalytic wave polarography. By 
examining water samples from different sources 
like wells, lakes and borewells, we found that 
the Fe(II1) to Mo(VI) ratio in the froth often 
exceeded 500. This suppresses the polarographic 
signal considerably and results in lower values 
for MO. Hence it is essential to remove iron 
which is done by incorporating an additional 
flotation step prior to the flotation for the 
preconcentration of MO. 

Since the recovery of Mo(V1) falls to zero at 
pH values above 8.0, it is possible to separate 
Fe(II1) from Mo(VI) by employing a flotation 
step. Therefore, for the determination of MO in 
natural water samples containing considerable 
amounts of Fe(III), the procedure is modified 
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Table 5. Results for the determination of 
Mo(VI) in fresh water samples 

Mo(VI) found? 
No. Sample* @g/l), 

: A 
: 

0.42 0.50 f f 0.04 0.04 
3 0.64 f 0.05 
4 D 0.31 f 0.03 

*A = laboratory tap water; B = well water; 
C = bore-well water; D = lake water. 

tMean f standard deviation (n = 4). 

as follows: add 20 mg of Al(II1) to 1000 ml of 
the sample solution, adjust the pH to 8.5 with 
dilute ammonia, add an ethanolic solution con- 
taining 5 mg of sodium oleate and float by 
bubbling nitrogen through the solution for 
2 min. Fe(II1) and other cations like Cu(I1) and 
Pb(I1) if present are separated in the froth. To 
the residual solution, add 100 mg of Al(III), 
adjust the pH to 5.3 f 0.1, add 5 mg of SLS and 
continue as described earlier in the experimental 
section. MO(W) in four natural water samples 
from different sources was estimated with this 
procedure and the results obtained are shown 
in Table 5. The reproducibility was good. Thus 
the method is found to have great potential 
in determining nanogram levels of MO(Q) in 
natural fresh water samples. 
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Summary-Three and two protonation macroconstants as well as twelve and four microconstants have 
been determined for arginine and citrulline, respectively. These data include microscopic basicity values of 
the arginine guanidino group, for which no reliable constants have been reported earlier. The determi- 
nations were carried out by a combination of potentiometric and deductive methods. The guanidino basicity 
proved to be extremely high, and can be characterized by microconstants between 14.7 and 15.0 log k 
units. The interactivity parameters could also be determined from the microscopic protonation constants. 
These values for the guanidino-amino and the guanidino-carboxylate interactions are 0.2 and 0.1 log k 
units, respectively. The pH-dependent distribution of all eight arginine microspecies is made visual by a 
microspeciation diagram. The microspeciation diagram is the most useful tool to predict bidentate binding 
isomerism in metal complex formation and site-specific bioligand-bioligand associations. 

Arginine is a semi-essential amino acid, which 
plays an important role as a binding moiety in 
proteins’ and also as a metal-complexing agent.* 

Of the twenty “classical” amino acids, how- 
ever, arginine is the only one for which no 
microscopic protonation constants (microcon- 
stants) have been published.3 Microconstants 
are submolecular thermodynamic parameters, 
quantitating the proton-binding capability of 
basic groups, when the protonation states of all 
other basic sites are definite in the molecule. 
Thus, microconstants are the proper terms 
for the thorough and exact characterization 
of the basicity of multidentate (bio)ligands” 
and also the tools for the analytical determi- 
nation of all protonation forms in the solution 
(microspeciation).7~8 

Concerning proton-binding sites, arginine is a 
tridentate ligand, which contains guanidino (G), 
amino (A) and carboxylate (C) groups. The 
protonation scheme can be seen in Fig. 1. The 
relationships between the arginine macro- and 
microconstants are as follows: 

K,=kG+kA+kC (1) 

K, K2 = kGk$ + kGk: + kAkC A 

=kAk:+kckg+kcke (2) 

K K K - kGkAkC 1 2 3- (j GA = kGk:k& 

= kAkzk& = . . . (3) 

where K,, K2 and K3 are the stepwise macro- 
constants, kG, k*, kc, k& kgAA, efc., are the 
microconstants. Superscripts of microconstants 
indicate the group protonating in the given 
microequilibrium protonation process, whereas 
subscript(s) (if any) stand for the group(s) 
already attached to the proton. Arg-, HArg, 
H, Arg+ and H, Arg*+ are macrospecies, of 
which HArg and H, Arg+ are composites of 
three protonation isomers each: 

WArgl = [HAa I+ [HArg.d + [HAus (4) 

[H2Arg+l = [H2A%&AI + [Hz b&l 

+ W2Ar&I (5) 

where entries on the right-hand sides are proto- 
nation isomer microspecies. The subscripts G, A 
and C indicate the site(s) of protonation. 

The protonation at one basic site modifies the 
basicity of the other site. The measure of this 
basicity-modifying (mostly decreasing) effect 
can be quantitated in terms of interactivity 
parameters. For example, the interactivity par- 
ameter for the guanidino and amino groups can 
be written as: 

A log kG_A = log kG - log kA” = log k* - log k$ 

(6) 

For arginine, it has long been recognized that 
the group-basicity gradually and significantly 
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NH2 
I 

HN=C 
I 
NH 
I 
b,), 
I 

H,N--H-COO 

- - - - 

K, K2 K3 
Arg-4 HArg + H2Arg’- H.&g2+ 

Fig. 1. Microscopic protonation scheme of arginine. 

decreases in the order guanidino, amino, car- 
boxylate. Accordingly, the predominating pro- 
tonations proceed along the kG, kk and kgA 
microconstants. Nevertheless, it is important to 
determine all the microconstants and the micro- 
species concentrations, because the predomi- 
nant species are not necessarily the reactive 
ones.’ 

Due to its biological significance, the 
acid-base properties of arginine have been stud- 
ied in several cases.‘“’ In the vast majority of 
papers, however, two stepwise macroconstants 
have been determined only, which essentially 
refer to the amino and carboxylate protonations 
(see Table 1). All three stepwise equilibria 

(including the one for the guanidino group) 
have been studied only rarely.‘0~“~‘6~27~29-3’ Un- 
fortunately, the critical survey of equilibrium 
constants32 has accepted none of these data and 
the recent values also contain several controver- 
sies.2S31 Owing to lack of basicity data and 
interactivity parameters for the guanidino 
group, the arginine microequilibria could not 
previously be characterized. 

We therefore aimed at determining all the 
macro- and microconstants of arginine. The two 
major difficulties of the determinations were (i) 
the extremely high guanidino basicity and (ii) 
the concomitant need for a model compound 
which mimics those minor protonation isomers 

Table 1. Literature protonation macroconstants of arginine 

Ionic 
Temperature, strength, 

Reference “C M log K, log & log K3 

10. 25 0 12.48 9.04 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22.’ 
23.* 
24. 
25. 

23 
25 
25 

0 13.2 9.09 
0.1 9.04 
0.1 9.01 
0.1 9.04 
0.1 9.07 
0.1 12.48 9.08 
0.01 9.11 
0.015 9.11 
1.0 9.21 
0.01 9.13 

9.05 
9.05 
8.994 

0.1 9.03 
0.1 11.5 9.36 
0.15 8.92 
1.0 12.28 9.27 
0.2 8.99 
0.15 11.43 8.79 
0.1 12.00 9.00 
0.1 11.58 8.98 

2.02 
2.18 
2.17 
1.807 

26. 25 
27. 25 
28. 25 
29. 37 
30. 35 
31. 25 

20 
19 
25.15 
20 
20 

25 
25 
25 
25 

2.10 
2.17 

2.19 

1.98 
1.97 
1.822 

2.02 
2.21 
1.82 
2.08 
2.00 
2.22 

*Data at several temperatures are reported, from which we took the 25” 
values. 
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of arginine where the guanidino group is not 
protonated. 

The extremely high basicity of the guanidino 
group allows only partial deprotonation even at 
the upper limit of the pH-scale. To provide 
sufficiently high hydroxide ion concentration, 
we performed potentiometric titrations at sev- 
eral ionic strengths, including 5.0 and 2.OM. The 
hydroxide ion concentrations were calculated 
from acid-base titration data rather than from 
emf values. The latter always bear a consider- 
able alkali and matrix error at high pH. The 
degree of guanidinium deprotonation was also 
calculated as A ml volume difference of titrant 
added to solutions with and without arginine. 
The emf values were only used to identify the 
corresponding potential values in the blank and 
the arginine-containing acid-base titrations. 

Due to the very high guanidino basicity, the 
concentration of those microspecies is very low 
where the guanidino group bears no positive 
charge. Consequently, the combination of pH- 
metry and NMR or W spectrometry (the most 
widely used methods for the determination of 
microconstants) can not be applied here. The 
only available means is a deductive method 
which needs a model compound of the minor 
protonation isomer. Our model compound was 
citrulline, a very close analogue of arginine. The 
carbamoyl locus of citrulline is isoelectronic and 
isosteric with the guanidyl group of arginine. 
The rest of the molecules are the same. An 
important difference between the carbamoyl 
and guanidyl moieties is that the carbamoyl 
group remains unprotonated throughout the 
entire pH-range. It has recently been shown 
that the isoelectronic, isosteric -COOH and 
-CONH, residues6 have the same effect on the 
NMR parameters, rotamer populations and the 
basicity. In general, such analogous moieties in 
the same state of protonation influence equally 
the rest of the molecule. We applied the above 
principle to the guanidyl and carbamoyl groups 
and treated the citrulline protonation constants 
as constants for the corresponding minor 
microspecies of arginine. 

In this paper we report the 3 and 2 macroscopic 
as well as the 12 and 4 microscopic protonation 
constants for arginine and citrulline, respectively, 
determined by potentiometry and using the prin- 
ciples described above. From microconstants of 
the same group the guanidin+amino and the 
guanidino-carboxylate interactivity parameters 
could be calculated. A microspeciation diagram 
is also presented here. 

EXPEXIMENTAL 

Arginine and citrulline were products of Re- 
anal and used as received. All chemicals were of 
analytical reagent grade. A microtitration tech- 
nique was developed for the determination of 
equilibrium constants,32 with a combined micro- 
electrode suitable in an initial volume of 0.61 .O 
ml. Potentiometric titrations were carried out 
with an ABU 12 Radiometer automatic buret, 
Ingold combined microelectrode and a Ra- 
diometer pHM 64 pH-mV meter. Arginine and 
citrulline were dissolved in 0.8 ml of hydro- 
chloric acid, and potassium hydroxide solution 
was used as titrant. Both the initial and the 
titrant potassium hydroxide solutions contained 
potassium chloride as auxiliary electrolyte to 
provide constant ionic strength. All measure- 
ments were made at 25.0 f 0.1”. A n-pentane 
layer separated the solutions from the atmos- 
pheric carbon dioxide. The potentiometric 
measurements were made under various con- 
ditions, varying the arginine concentration at 
constant ionic strength and varying the ionic 
strength at constant arginine concentration 
(Table 2). The wide variety of ionic strengths 
and arginine concentrations were used to make 
sure that no significant intermolecular associ- 
ation occurs and also to provide sulIiciently 
high OH- concentration for the guanidinium 
group deprotonation. Prior to the pH-metric 
measurements the emf cells were calibrated 
by the following standard solutions: O.OlM 
HCl, 0.09M KC1 (declared pH at 25” = 2.075); 
0.05M KHphthalate (pHzY = 4.008); O.OlM 

Table 2. Stepwise protonation macroconstants and circmn- 
stances of determination. Data are valid in H,O at 25.0” 

Concentration 
Ionic of t&rant 

strength KOH Arginine Citrulline 

M M Macroconstants 

0.3 0.3 log K2 = 9.28 log K, = 9.48 
log KS = 2.20 log K2 = 2.30 

0.5 0.3 log K2 = 9.25 log K, = 9.49 
log K, = 2.23 log K, = 2.33 

1.0 0.3 log K2 = 9.30 log K, = 9.50 
log K, = 2.18 log K, = 2.30 

1.5 0.3 log K2 = 9.36 log K, = 9.55 
log KS = 2.20 log K2 = 2.31 

1.0 0.1 log K2 = 9.35 log K, = 9.52 
log K, = 2.17 log K, = 2.33 

1.0 0.6 log KS = 9.32 log K, = 9.56 
log K, =2.20 log K,=2.32 

1.0 1.0 log K2 = 9.31 log K, = 9.53 
log K, = 2.15 log K2 = 2.32 

2.0 2.0 log K,=15 log K, = 9.51 
log K2 = 9.30 log K2 = 2.30 
log K, = 2.17 
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Na,B,O,. 10HzO (PH,,. = 9.180); 0.025M 
NaHCO,, 0.025M Na,CO, (pHz5’ = 10.012). 
The pH-meter readings were used in the 
1.0-12.0 pH range. Above pH 12 the hydroxide 
and hydrogen ion concentrations were calcu- 
lated from acid-base titration data. 

RESULTS AND DISCUSSION 

The protonation macroconstants of arginine 
and citrulline as well as the conditions of deter- 
mination are reported in Table 2. The estimated 
ambiguity of the data is 0.02406 log K units 
(based upon standard deviations) except for the 
log K, value of arginine which equals 15 at 
I = 2.Oh4, where the ambiguity is 0.142 log K 
units. The same value was obtained at 5.OM 
(potassium chloride) ionic strength. The log 
K, values of arginine at 2.0 and 5.OM ionic 
strengths are concentration constants. All 
others are activity constants, based upon 
pH calibration by standard buffer solutions. 
The arginine total concentration was always 
approximately one third of the titrant potassium 
hydroxide concentration. Data in Table 2 show 
no differences in the function of ionic strength 
or potassium hydroxide concentrations, thus 
no intermolecular associations had to be 
hypothesized. 

Table 3 contains the microconstants of 
a&nine and citrulline. From the view-point of 
protonation, citrulline is a bifunctional ligand 
(containing amino and carboxylate groups), 
since the carbamoyl moiety does not associate 
with protons. The microscopic protonation 
scheme of citrulline is essentially the same as the 
bottom-left cyclic section of Fig. 1, which in- 
volves four microspecies and the k*, kc, kc and 
kg microconstants. In this thermodynamic sys- 

Table 3. Microscopic protonation 
constants of arginine and citrulline 

Arginine Citrulline 

Microconstants 

log ko = 15.0 log kA = 9.51 
log k* = 9.51 log kc = 4.48 
log kc = 4.48 log k; = 7.33 
log k: = 14.8 log k$ = 2.30 
log kz = 14.9 
log k$ = 9.30 
log k$ = 7.33 
log kg = 4.35 
log k = 2.30 
log k$ = 14.7 

;;; ;&I ;:;: 

tern the following relationships are valid be- 
tween the macro- and microconstants: 

K, =kA+kC (7) 

K, K2 = k*kC, = kc k$ (8) 

To calculate all four microconstants, one more 
independent item of information in addition 
to the values of the two macroconstants is 
required. The most appropriate additional 
information is the interactivity parameter for 
the amino and carboxylate groups, which was 
basically determined for glycine,33 but it proved 
to be valid for other amino acids as well.3*s 
Introducing this Alog kA_c = 2.18 value into 
equations (7) and (8), all citrulline micro- 
constants could be calculated. 

All arginine microconstants could be calcu- 
lated once the citrulline microconstants, the 
amino-carboxylate interactivity parameter and 
the relationships between the macro- and micro- 
constants [equations (l)-(3)], were known. 

Owing to the significantly different inherent 
basicities of the arginine guanidino, amino and 
carboxylate protonation sites, the kG, kk and 
kgA microconstants indicate the major protona- 
tion pathway and are essentially equal to the K, , 
K2 and K3 macroconstants, respectively. For the 
k*, ki, kc and kc values, the corresponding 
citrulline constants were taken as described 
above. The k& microconstant then could 
be calculated as k& = K, K2 K3(kAkz)-’ = 
K, K, K3(kck$‘. The kz value was obtained 
from the cyclic system as kz = kGk$(kA)-‘. A 
comparison of kz and k& as well as kz and kgA 
values yielded the guanidino-carboxylate inter- 
activity parameter (Alog km = log kz -log 

k:c = log kz - log kg,) which could then be 
used to calculate kg and kg from kc and kG, 
respectively. Finally, k& was obtained as 
k&= K,K2K3(kGk:)-‘= K,K,K,(kCk:)-‘. 
Due to the inevitable proliferation of the errors, 
the estimated ambiguity of the microconstants 
varies between 0.04 and 0.3 log k units. The 
greatest ambiguities obviously belong to micro- 
constants of the guanidino group. The 
amino-guanidino interactivity parameter can be 
calculated as 0.21 log k units, thus the more 
realistic rounded value is 0.2. The analogous 
guanidino-carboxylate value is equal to 
0.1 N 0.13 log k units. 

Data in Table 3 show that the guanidino 
microconstants (including the smallest kzc) are 
extremely large values. This is in full agreement 
with the qualitative observation that even in 
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l.OM strong base solutions no more than 10% 
guanidinium deprotonation can be reached. 

The apparent reason why the guanidino 
basicity was underestimated in earlier works is 
methodical. On one hand, there are no standard 
buffer solutions to provide reliable calibration 
pH values at the upper extreme of the pH 
scale. Consequently, concentration constants 
are adequate to quantitate basicity here. On 
the other hand, the previous values were 
measured by glass electrode pH-metry, which 
produces distorted pH-meter readings at 
high concentration, high ionic strength alkali 
solutions, due to alkali, matrix and diffusion 
potential errors. 

The occurrence probability (p) of arginine 
microspecies can be expressed by means of 
microspecies concentrations or by micro- and 
macroconstants and hydrogen ion concen- 
trations. For example, the occurrence prob- 
ability (relative concentration) for the 
non-protonated (Arg-) and one of the three 
diprotonated (H2Arg&) microspecies can be 
expressed as follows in equations (9) and (lo), 
respectively: 

pArg- = [h-l @%-I + Fd 

+[HzArg+] + [H,Arg2+])-’ (9) 

PWWW+ = [H2&&1 Wrg-I + Wal 

+[HZArg+] + [H3Arg+])-’ (IO) 

All macro- and microspecies can be expressed in 
terms of macro- and microconstants, Arg- and 
H+ concentrations. After reduction by [Arg-1, 
(9) and (10) take the following forms: 

pArg- =(l +KJH+]+K,K,[H+]* 

+K,K,K,[H+13)-’ (11) 

PH2Ar&,c+ =kG6itH+12(l +& [H+l 

+KK*[H+l* 

+K,K*K3[H+13)-’ (12) 

Relative concentrations for any other micro- 
species can be expressed in an analogous way. 
The relative concentrations can be converted 
into real solution concentrations if we multiply 
them by the total (analytical concentration of 
arginine. 

A more visual representation of the micro- 
species distribution can be seen in Fig. 2, where 
the parallel running curves stand for the proto- 
nation isomers. This microspeciation diagram is 

2 4 6 8 10 12 

PH 
Fig. 2. The pH-dependent distribution of the 8 arginine 

microspecies. 

metal complex formation, where arginine can 
act as a mono-, bi- or tridentate Lewis-acid 
and in site-specific interactions with other 
biomolecules, where arginine can take part 
as mono-, di- or trivalent proton-donor or 
acceptor. 
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Snmmary-The HPLC separation of heavy metal cations was studied with a column packed with Separon 
SGX silica gel. The retention of the cations is controlled by an ion-exchange mechanism. The ion-exchange 
capacity is primarily dependent on the mobile phase pH. The analyte retention is further affected by the 
type and concentration of the complexing agent present and of the counterion. The effect of acetate, 
tartrate and a-hydroxyisobutyrate as complexing agents and that of methanol as the organic mod&r were 
studied in detail and the results were compared with the theoretical model of ion-exchange separation. 
Simple mixtures of metals can be rapidly separated on a short column (30 x 3.3 mm i.d.), e.g., with a 
mobile phase containing 10m2M tartrate at pH6.0. The metals separated can be detected by dc 
amperometry at a hanging mercury drop electrode. The limits of detection at an electrode potential of 
-0.95 V (Ag/AgCl) are in the units-tens of ng range with 20-4 samples with satisfactory precision (RSD 
values of 26%). The main advantages of the method are rapidly and simplicity because derivatization 
of the analytes is not required. 

Silica gel is one of the oldest and most common 
chromatographic sorbents.’ It has been exten- 
sively used for separations of substances of 
medium polarity in normal-phase chromatog- 
raphy and even more so as an ion exchanger2-5 
in gravity-feed separations of inorganic cat- 
ions.&12 The ion-exchange properties of silica gel 
are rather rarely utilized in HPLC, because of 
the complicated behaviour of silica gel and gaps 
in the theoretical model. 

Iwachido and co-workers13*‘4 used a silica gel 
column for separation of the alkali and alkaline 
earth metal cations and determination of Na+, 
K+, NH: , Ca2+ and M$+ ions in river and 
rain waters with a mobile phase containing 
lithium acetate or oxalate. Smith and Pietrzyk” 
studied the separation of the alkali metals, 
the alkaline earths and the rare earth metals. 
A mixed column containing silica gel as cation 
exchanger and alumina as the anion exchanger 
was usedI for separation of monovalent cations 
and anions with a lithium acetate mobile phase 
of pH 6.65. Conductometric detection was 
employed in all these cases. 

In addition to almost universal conductomet- 
ric detection, potentiometry with a copper elec- 

trade” and measurement of fluorescence’* have 
been employed in HPLC of metal cations. The 
transition and heavy metal cations have most 
often been detected photometrically, after post- 
column derivatization (e.g., with PARlS2’). 

In view of the favourable polarographic 
characteristics,22 Cu’+, Cd’+, Pb2+ and Tl+ can 
be detected by amperometry at mercury elec- 
trodes. There is the problem of interference by 
oxygen dissolved in the mobile phase and/or the 
sample injected.23 Many procedures and devices 
have been proposed for removal of dissolved 
oxygen, but they complicate the chromato- 
graphic procedure. Therefore, reversed-pulse 
voltammetry2”5~ is preferable, as it discriminates 
between the reversible reduction of the test 
metals and the irreversible reduction of oxygen. 
However, with a suitable arrangement of the 
polarographic detector it is also possible to 
attain a sufficient low limit of detection in d.c. 
amperometric measurements.26 

The present paper studies HPLC separation 
of heavy metals on silica gel. On the basis of 
previous works,b’2 possible main components 
of the mobile phases were selected, i.e., acetic 
acid which has also been successfully applied to 
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TLC separation of metal ions on silica geLz7 
tartrate that has been used in ion chromatog- 
raphyz8*2g and micelle exclusion chromatog- 
raphy30 and a-hydroxyisobutyric acid (HIB) 
that is often employed in HPLC of the rare 
earth metals.30‘33 The effects on analyte retention 
of the mobile phase ionic strength, the pH, the 
type of counterion and the organic modifier 
were studied and the results compared with 
theoretical assumptions. The measurements 
were carried out on a short column (30 x 3.3 
mm i.d.) which permits rapid analysis and a low 
pressure drop, thus improving the baseline 
stability and suppressing peak broadening of 
strongly retained analytes. The metal cations 
were detected amperometrically at a hanging 
mercury drop electrode. 

EXPERIMENTAL 

Apparatus 

The liquid chromatograph consisted of a HPP 
5001 high-pressure pump, an LCI 30-sample 
injection valve with 2091 loop, an EDLC elec- 
trochemical detector and a TZ 4261 chart 
recorder (all from Laboratomi Pfistroje, 
Prague, Czechoslovakia). The detection cell 
with a hanging mercury drop working electrode, 
a saturated silver/silver chloride reference elec- 
trode and a platinum counter electrode is de- 
scribed in detail elsewhere.” The glass analytical 
column, 30 x 3.3 mm i.d., was packed with silica 
gel Separon SGX (5 pm) and placed between 
the pump and the sample injection valve to 
presaturate the mobile phase with dissolved 
silica. The columns were products of Tessek, 
Prague. 

Reagents 

Stock solutions (O.lM) of sodium acetate 
(NaAc), sodium tartrate (Na,Tart) and sodium 
a-hydroxyisobutyrate (NaHIB) were prepared 
by neutralization of the acids with sodium hy- 
droxide to a pH of 7.0. The mobile phases were 
obtained by diluting these stock solutions, mix- 
ing them with O.lM stock solutions of sodium 
perchlorate and cerous nitrate, and with 
methanol and then adjusting the pH by addition 
of dilute perchloric acid. 

Stock solutions of the test metal cations, 
0.1 M, were prepared from the appropriate chlor- 
ides, nitrates or sulphates and were diluted to a 
concentration of 10e4M unless stated otherwise. 

All the chemicals were analytical grade 
(Lachema, Bmo, Czechoslovakia): a-hydroxy- 

isobutyric acid, pads., was obtained from 
Fluka, Switzerland. 

The mobile phases were degassed in an ultra- 
sonic bath. The flow-rate was 0.3 ml/mm. All 
the electrode potentials refer to the saturated 
aqueous Ag/AgCl electrode. The measurements 
were performed at laboratory temperature 
(20 + 2”). 

RESULTS AND DISCUSSION 

Separation 

In the separation of the metal cations, silica 
gel acts as a weak cation exchanger whose 
properties depend on the degree of dissociation 
of the exchange sites (the silanol groups 
-SiOH). These groups make the silica gel 
surface acidic, with a pK, value35 of 7.1. There- 
fore, dissociation of protons from the silanol 
groups occurs above a pH of ca. 4 and silica gel 
is then able to bind cations.36 The corresponding 
ion-exchange equilibrium is described by 

zMy+ + y( -SiO-)ZEL+ 

~tyE’+ +z(-SiO-),M’+ (1) 

where MY+ is the cation to be separated and Ez+ 
is the cation of the eluting agent. Analogous to 
the equation derived by Haddad and Foley,37 
equation (1) yields a relationship for the ca- 
pacity factor in the form, 

log k = 4 log (cap/z) + i log Kb 

+log(w/V,)-;log[E’+] (2) 

where cap is the exchange capacity, Ki is the 
selectivity coefficient and w/V,,, is the ratio of 
the stationary phase weight, w, to the mobile 
phase volume, V,. 

If cation MY+ participates in a complexation 
equilibrium, equation (2) assumes the form,37 

log k = log aM + f log (cap/z) 

+;logK:+log(w/Vm)-;log[E’+] (3) 

where 01~ is the ratio of the concentration of the 
free cation and the overall cation concentration 
in the solution. Therefore, for the complexation 
equilibrium, 

M + nL*ML,: /3 = [ML,]/[Ml[Ll”, (4) 
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the aM value is given by 

44 = l/(1 + BtLl”), (5) 

provided that the [L] value is sufficiently large, 
so that the concentrations of the lower com- 
plexes, ML, ML,, . . . , ML,, _ 1, are negligible. 

The exchange capacity of silica gel depends 
primarily on the PH.” If the capacity is assumed 
to be constant at a given pH, then combination 
of equations (3) and (5) yields 

logk = constant 

-4 log {[E’+](l + /.?[Ll”)“J’} (6) 

where all the constants are summarized in a 
single term. 

It should be pointed out that the above 
relationships assume a negligible concentration 
of the positively charged (cationic) complexes.37 
This assumption should be satisfied in the 
Na,Tart medium, but not necessarily in NaAc 
and NaHIB. 

When the pH is not constant, then the vari- 
ations in the dissociation of the - SiOH groups 
must be considered; the relationship for the 
capacity factor has been derived for univalent 
cations by Smith and Pietrzyk.” 

tM+l I [E+l 
KEM 

(7) 

where q is the ratio of the volumes of the 
stationary and mobile phases, & is the exchange 

capacity available, KW is the apparent ioniz- 
ation constant of the - SiOH group and KH M 
and K,M are the selectivity coefficients for 
exchange of the analyte with proton and the 
eluent cation, respectively. 

It clearly follows from this simple theoretical 
model that the retention of metal cations on 
silica gel is primarily influenced by the type and 
concentration of the eluent cation (counter-ion), 
the type and concentration of the complexing 
agent and the mobile phase pH. Equation (7) 
also predicts a dependence of the capacity factor 
on the analyte concentration; however, the de- 
pendence is insignificant at analyte concen- 
trations common in HPLC, as co&rrned 
experimentally,” and thus we did not study it 
here. 

If the mobile phase contains a complexing 
agent, then the analyte retention depends on 
the two effects: The eluent cation (counterion) 
competes for the exchange sites with the 
analyte cation (the pushing effect of the Ez+ 
ion). The ligand anion enhances the analyte 
affinity to the mobile phase (the pulling effect 
of ligand L-). Both the two effects cause a 
decrease in the analyte retention. It follows 
from equation (6) that, at a constant ligand 
concentration and a constant pH, there is a 
linear relationship between the logarithm of the 
analyte capacity factor and the eluent cation 
concentration. 

This experimental dependence is shown in 
Fig. 1. The concentration of the counterion 
(Na+ ) was varied by adding sodium perchlorate 

0.8 

-3.0 -2.5 -2.0 -3.0 -2.5 -2.0 -3.0 -2.5 -2.0 

log CNa+ 

Fig. 1. Log-log dependence of the capacity factors on the Na+ concentration in the mobile phase. (a) 
5 x 10m4M NaAc, pH 5.0; (b) 2.5 x 10e4M N+Tart, pH 5.0; (c) 5 x 10m4M NaHIB, pH 6.0, -0.95 V 

(Ag/AgCl), flow-rate, 0.3 ml/min. l--Cd*+; 2-Tl+; 3-Pb*+; 4--Cu*+. 
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Table 1. Slopes of the experimental log k vs. log cm+ 

deoendences 

Cation 

CUz+ 

Slope 

NaAc Na, Tart NaHIB 
[Fig. l(a)] [Fig. l(b)] [Fig. l(c)] 

-1.11 -0.06 -0.92 
w+ -0.92 -0.80 -0.62 
Pb2+ -0.05 -0.16 -0.42 
Tl+ -0.59 -0.26 -0.63 

to the mobile phases of a constant pH, contain- 
ing constant concentrations of NaAc [Fig. l(a)], 
Na, Tart [Fig. 1 (b)] or NaHIB [Fig. 1 (c)J, assum- 
ing that the complexation ability of perchlorate 
is negligible. It can be seen that the dependences 
are linear, but the experimental slopes are sub- 
stantially smaller than the predicted value of 
-2.0 for divalent analyte cations and a mono- 
valent eluent cation or - 1.0 for monovalent 
analyte cations (see Table 1). The most probable 
reasons for this deviation are a substantial 
decrease in the effective charge on the analyte 
cation in real systems due to non-negligible 
content of lower complexes, e.g., M(Ac)+, and 
the effect of the ionic strength, a contribution 
from interactions other than ion exchange, e.g., 
non-specific interactions with the siloxane 
groups, molecular adsorption and hydrogen 
bonding and variations in the silica gel ion- 
exchange capacity with changing experimental 
conditions. 

In some cases (Pb’+ with the NaAc mobile 
phase or Cu2+ with the Na,Tart mobile phase), 

the slope of the log k us. log c,,+ plot ap- 
proaches zero: apparently, ion exchange does 
not control the retention in these systems and 
the cations are retained in the form of neutral or 
negatively charged complexes through a combi- 
nation of various interactions. 

It can be seen from Fig. 2 that the sodium 
perchlorate concentration affects not only 
the analyte retention time but also the peak 
shape. With low perchlorate concentrations 
the retention times are large and the peaks 
exhibit strong tailing. According to Giddings,38 
peak tailing most often stems from the presence 
of active sites of several different types on 
the surface of the stationary phase. This 
really is the case with silica gel;’ the increase 
in the ionic strength with increasing concen- 
tration of perchlorate suppresses dissociation 
of minority exchange sites and enhances the 
complex formation in the mobile phase, thus 
suppressing the tailing and decreasing the 
retention time. 

As can be expected, the replacement of the 
univalent counterion by a cation of a higher 
valence leads to a pronounced decrease in the 
retention (see Table 2), as the affinity toward an 
ion exchanger increases with increasing charge 
of the ion. 

The capacity factor dependence on the con- 
centration of the complexing agent also follows 
from equation (6): if the pH is maintained 
constant and the complexing agent is a salt of 
a .weak acid, E,L,, where E is the counterion 

(a) 1uA 

0 2 4 6 8 10 
Time, min 

(b) 

J-L_ -L 

(cl 

k = 2.37 k= 1.33 

0 2 4 6 8 0 -+-+- 

Time, min Time, min 

Fig. 2. The effect of the NAClO, concentration in the mobile phase on the shape of the Cd2+ peak. Mobile 
phase: 2.5 x lo-‘M Na,Tart + xM NaClO,. (a) x: lo-‘; (b) 5 x lo-‘; (c) 10e2. Other conditions as for 

Fig. 1. 
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Table 2. The effect of NaClO, and Ce(NO,), on the test cation retention 

k 

Cation 

$1 
Pb2+ 
Tl+ 

2.5 x 10e4M N&Tart, 
pH 5.0 + 10v3M NaClO, 

7.50 1.00 
3.15 
4.69 

2.5 x 10m4M Na,Tart, 
pH 5.0 + lo-‘M Ce(NO,), 

1.00 1.00 
1.50 
1.25 

and L is the ligand in equation (4), then 
equation (6) can be rewritten as 

log k = constant 

-; log [s [L].(l + j3 [LW”j (8) 
‘ CA J 

where the charge of the ligand is omitted for 
simplicity. Equation (8) is simplified when the 
numeral 1 in the term (1 + B[L]“) can be neg- 
lected with respect to the product j?[L]“, i.e., 
when the ligand concentration is sufficiently 
high and/or the p value is large, obtaining 

log k = constant - f n 5 + 1 
( > 

log [L] (9) 

Hence there should be a linear relationship 
between the logarithm of the capacity factor and 
the ligand concentration. The stability constants 
for the complexes studied (except for those of 
thallium) are typically31a’ in the range of 
lo’-lo3 and thus the above simplified equation 
should be valid for ligand concentrations 
greater than ca. 10m3A4. 

The experimental dependences are given in 
Fig. 3. It can be seen that the condition of 
linearity is satisfied, while the experimental 
slopes (Table 3) are again much smaller than 
expected: the probable reasons are the same as 
with the log k us. log cE plots. 

The dependence of capacity ratio on the 
buffer concentration is most pronounced in the 
Na,Tart medium. The slopes of the log k vs. 
log cL dependences are greater in this system 
than those of the log k DS. log c,,+ plots 
(Table l), which is in agreement with equation 
(9). Hence the retention of the test cations 
is most effectively controlled by varying the 
tartrate concentration in the mobile phase. 
Equation (9) suggests that the retention of 
monovalent cations is more strongly affected by 
the presence of a ligand than that of divalent 
cations (relative increase in the slope is greater), 
as demonstrated by the log k us. log cL plot for 
Tl+ in Fig. 3(b). It can also be seen from this 
figure that a change in the buffer concentration 
may also lead to changes in the eluting order. 
The slopes of the log k vs. log cL dependences 

(a) 
0.8 

t 

, 

\ (c) 
0 3 

\ 

l . 
4 

\ 2 

Fig. 3. Log-log dependence of the capacity factors on the ligand concentration in the mobile phase. (a) 
NaAc, pH 5.0; (b) Na, Tart, pH 5.0; (c) NaHIB, pH 6.0. l-Cd*+; 2-Tl+; 3--Cu*+; dPb*+. Other 

conditions as for Fig. 1. 
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Table 3. The slopes of the experimental logk us. 
log cL dependences 

Slope 

Cation 

Cd+ 
Cd2+ 
Pb2+ 
Tl+ 

NaAc Na, Tart NaHIB 
[Pig. 3(a)] [Pig. 3091 [Fig. 3Ml 

-0.38 -1.04 -0.09 
-0.55 -0.84 -0.54 
-0.30 -0.11 -0.54 
-0.31 -1.18 -0.54 

cannot be calculated rigorously, in view of the 
above simplifications and the lack of data on 
the composition and stability of the complexes 
involved in real systems. Deviations from the 
theory are greater in the NaAc and NaHIB 
media, mainly because of the presence of lower 
cationic complexes; other possible factors are 
discussed with the log k vs. log cE dependence. 

The theory predicts a strong dependence of 
the capacity factors on the mobile phase pH, 
through the effects of the pH on the dissociation 
of the mobile phase components and of the 
silanol groups. Equation (7) predicts an expo- 
nential relationship between the capacity factor 
and the hydrogen ion concentration. Figure 4 
demonstrates that the experimental depen- 
dences correspond to equation (7) with NaAc 
[Fig. 4(a)] and Na,Tart [Fig. 4(b)]. The depen- 
dences with NaHIB [Fig. 4(c)] are more compli- 
cated, indicating that the separation mechanism 
is more complex. (Similar plots were obtained in 
separations of the rare earths on silica gel.r5) 

It is clear from Fig. 4 that analyte retention 
becomes negligible under a pH of ca. 4. At pH 
values greater than ca. 7, the retention rapidly 

k 

PH 

Table 4. Dependence of the capacity factors on the presence 
of methanol in the mobile phase 

k 

5 x IO-‘M NaAc 
5 x lo-‘M NaAc (PH 5.0) 

Cation (PH 5.0) ~5% (v/v) methanol 

Cd2+ 1.44 0.75 

;;z 
3.11 1.15 
3.61 1.00 

Tl+ 2.04 1.00 

increases and the peaks exhibit tailing, due to 
dissociation of minority exchange sites (see 
above). Above a pH of ca. 7.5, the silica gel 
matrix is damaged and the column efficiency 
decreases. 

Addition of methanol to the mobile phase 
causes a decrease in the column efficiency** and 
enhanced complexation in the mobile phase, 
resulting in a shortening of the retention times, 
peak broadening and a poorer resolution, even 
with low methanol contents (5% vol.). Older 
magnetochemical measurements3 also demon- 
strate suppression of ion exchange on silica gel 
when the relative permittivity of the solvent 
decreases. The capacity factors in the presence 
and absence of methanol are compared in 
Table 4. 

The dependences indicate that separation of 
metal cations on silica gel is affected by many 
factors and thus optimization of the separation 
conditions is difficult. Moreover, separations of 
complex mixtures are complicated by the fact 
that the elution curves exhibit tailing, especially 
with strongly retained components. 

Fig. 4. Capacity factor dependence on the mobile phase pH. (a) 10-2M NaAc; (b) 10e2M N+Tart; (c) 
10e2M NaHIB. l--Cd*+; 2-Tl+; 3-Pb2+; 4-Cu 2+. Other conditions as for Fig. 1. 
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i 

I I I I 
0 2 4 6 

Time, min 

Fig. 5. Separation of Cu*+ (I), Cdz+ (2) and Pb*+ (3). 
Mobile phase: IO-*M N%Tart, pH 6.0. Flow-rate, 0.3 

ml/mm; -0.95 V (Ag/AgCl). 

For example, divalent cations, Cu’+, Cd2+ 
and Pb2+, can be successfully separated with a 
mobile phase of 10-2it4 Na2Tart, pH 6 (Fig. 5). 
However, Tl+ is co-eluted with Cd’+ under 
these conditions. 

Detection 

The dc hydrodynamic polarograms of Cd’+, 
Cu2+, Pb2+ and Tl+ are given in Fig. 6 for the 
three mobile phases used. In these experiments 
the analytical column was replaced by a capil- 
lary 50 cm long and 0.2 mm in internal diam- 
eter. The limits of detection were determined at 
a potential of -0.95 V and are summarized 
in Table 5. These values are comparable with 
the results obtained by using reversed-pulse 
polarography.” 

In real chromatographic systems, the limits of 
detection are somewhat higher, owing to poorer 
baseline stability and peak broadening, e.g., 5.4, 
8.8, 53.1 and 36.6 ng for Cd’+, Cu’+, Pb2+ and 
Tl+, respectively, in a mobile phase of lo-‘A4 

0.1 

t 

I (b) h 
0.2 - 

3 

w 0.1 - $/ 
3 y--x-x-x 

+,p-,-+L, 

.x,Y A#” 
0 

“lo 

0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 

E.V 

Fig. 6. Hydrodynamic polarograms of Cu2+ (l), Pb*+ (2), 
Tl+ (3) and Cd*+ (4). Mobile phase: (a) lo-*M NaAc, pH 
5.0; (b) lo-*M Na,Tart, pH 5.0; (c) lo-*M NaHIB, pH 5.0. 
Sample concentration, 1.5 x lo-‘M; injected amounts, 

20 ~1; flow rate, 0.3 ml/min. 

Na,Tart, pH 6.0 and with 20-~1 samples. The 
reproducibility of measurement is satisfactory: 
at concentrations equal to about 10 times the 
limit of detection, the relative standard devi- 
ations are 2.2, 3.1, 6.4 and 2.9% for Cu(II), 
Tl(I), Pb(I1) and Cd(II), respectively, for six 
parallel measurements. Typical calibration plot 
parameters are given in Table 6. 

CONCLUSION 

Heavy metal cations are retained on silica 
gel by a mechanism in which ion exchange 

Table 5. Polarographic limits of detection for some cations 

Limit of detection, ng 

IO-*M NaAc IO-*M Na,Tart IO-*M NaHIB 
Cation CPH 5.0) (PH 5.0) (PH 5.0) 

Cd2+ 3.2 2.8 4.5 
;$: 2.5 3.3 16.5 4.3 31.1 2.9 

l-l+ 3.8 9.5 17.2 

Plow-rate, 0.3 ml/min; 20-J samples; -0.95 V (Ag/AgCl); without 
analytical column. The limit of detection is the absolute amount of the 
analyte that produces a signal equal to three times the baseline noise. 
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Table 6. Calibration plot parameters for detertni- 
nation of Cd*+, Cu*+, Pb*+ and Tl+ 

Slope, Intercept, Coefficient of 
Cation nA lng nA correlation 

cd*+ 0.950 0.234 0.9996 
cu*+ 0.220 0.116 0.9987 
Pb*+ 0.121 -0.008 0.9990 
Tl+ 0.212 0.096 0.9895 

Mobile phase: IO-*M N+Tart, pH 5.0; 0.3 ml/mitt; 
-0.95 V (Ag/AgCl) 

predominates, although other interactions, e.g., 
molecular adsorption,“‘* may also play a role. 
The retention can be described by relationships 
that are analogous to those derived for classical 
ion exchangers.28*37 The heterogeneity of the 
silica gel surface and the presence of several 
types of ion-exchange site cause peak tailing 
which can be suppressed by increasing the 
mobile phase ionic strength and decreasing its 
pH, which also leads to reduced retention times. 
Methanol substantially decreases the efficiency 
of separation and the resolution and thus purely 
aqueous mobile phases are preferable. The 
separation is improved by complexing agents: 
tartrate seems to be most suitable. 

The main advantages of the method, using 
polarographic detection that is sufficiently sensi- 
tive, are the rapidity and simplicity of determi- 
nation, as very short columns can be used and 
there is no need for derivatization. Another 
advantage is the very small amount of sample “’ 
required for analysis, compared with polaro- 32. 

graphic and stripping voltammetric methods of 
analysis. 33. 

34. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 
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EFFECT OF STRUCTURAL VARIATION WITHIN 
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Summary-Five new crown ether carboxylic acid resins have been prepared by condensation polymeriz- 
ation of sym-(R)dibenxo-16-crown-S-oxyacetic acids with formaldehyde. Competitive alkali-metal cation 
sorption by these novel resins, which contain both ion-exchange and crown ether binding sites for metal 
ions, has been investigated. As the R-group was varied (methyl, ethyl, propyl, butyl, hexyl and decyl) both 
the alkali-metal cation sorption selectivity and efficiency were at2cte.d. The highest efficiency (loading) and 
Na+ sorption selectivity were obtained when R = methyl, ethyl and propyl. The longer alkyl groups were 
found to be detrimental to both sorption efficiency and selectivity. 

The development of chelating resins for separ- 
ation of selected metal cations from aqueous 
solutions has received considerable attention. In 
general, these resins are prepared by immobiliz- 
ation of a chelating reagent which has an a&&y 
for the desired metal ion into a polymeric 
matrix.’ In the design of such resins, several 
factors must be taken into account. Interactions 
of the metal cation with the resin matrix as well 
as the chelating reagent may affect sorption 
behavior. The geometry and microenvironments 
of chelating resins are important factors for 
metal separation processes.2 

In a recent study, we synthesized carboxylic 
acid resins 1,2 and 5 (Scheme 1) which contain 
integral acyclic or cyclic polyether units and 
evaluated their alkali-metal cation sorption be- 
havior.3 These novel resins possess both ion- 
exchange and polyether binding sites for metal 
ions. It was found that the sorption selectivity 
for the cyclic polyether (crown ether) carboxylic 
acid resins was controlled by the relationship 
between the crown ether cavity and metal ion 
diameters. Thus the Li+ sorption selectivity 
observed for the acyclic polyether carboxylic 
acid resin 1 changed to Na+ selectivity for the 
sym -dibenzo- 16-crown-5-oxyacetic acid resins 2 
and 5. The Na+ selectivity for resin 5 in which 
there is a propyl group attached to the same 
crown ether ring carbon as the side arm was 
much higher than that of resin 2. It was postu- 

*Author for correspondence. 

lated that in resin 5 the lipophilic propyl group 
is directed away from the polar polyether ring.3 
This orients the side arm over the crown ether 
cavity and enhances selectivity by pre-organiz- 
ation of the binding sitem In an analytical 
application, crown ether carboxylic acid resin 5 
has been utilized for the column concentration 
of alkali metal-cations from dilute aqueous 
solutions.3p5 

Since the introduction of an alkyl group into 
crown ether carboxylic acid resin 2 could affect 
not only the positioning of the carboxylic acid 
group but also the microenvironment of the 
resin, a study of the influence of alkyl group 
variation was undertaken. A series of sym- 
(R)dibenzo- 16-crown-5-oxyacetic acid resins 3, 
4 and 6-g in which the alkyl group is systemat- 
ically varied (methyl, ethyl, butyl, hexyl, decyl, 
respectively) has been prepared and their alkali- 
metal cation sorption behavior evaluated and 
compared with that reported for resins 1, 2 
and 5. 

EXPERIMENTAL 

Apparatus 
The apparatus was the same as that in the 

previous study.) 

Reagents 

Unless specified otherwise, reagent grade re- 
actants and solvents were obtained from chemi- 
cal suppliers and used as received. Aqueous 
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-EL -B 
2H 5Cd-b 
3 CH3 7 Cd-43 
4 W5 6 CloHa 

5 C3H7 

-CH2-A-CH2-:-CHyA- 

CH2 
I 

-A-CHrA-CHTA-CH2- 

Resin 9 

Scheme 1. 

stock solutions of 0.50M alkali-metal chlorides 
(NaCl, KCl, RbCl and CsCl, 0.5OM in each), 
0.50M LiCl and 0.50M LiOH were stored in 
polyethylene bottles. Sample solutions were pre- 
pared by mixing and diluting these stock sol- 
utions. Purified water for sample solutions was 
prepared by passing distilled water through 
three Barnsted D8922 combination cartridges 
in series. sym -Ketodibenzo- 16-crown-5, sym - 
(butyl)dibenzo- 16-crown-5-oxyacetic acid, and 
sym -(decyl)dibenzo- 16-crown-5-oxyacetic acid 
were prepared by the reported methods6v7 

Preparation of sym-(hydroxy)(methyl)dibenzo- 
l&crown-5 

To 0.84 g (34.5 mmoles) of magnesium turn- 
ings in 150 ml of anhydrous Et,0 under nitro- 
gen was added dropwise 4.90 g (34.5 mmoles) of 
methyl iodide. The reaction mixture was re- 
fluxed until the magnesium disappeared. A sol- 
ution of sym -ketodibenzo- 16-crown-5 (4.00 g, 
11.6 mmoles) in 300 ml of THF was added 
dropwise and refluxing was continued for 24 hr. 
The reaction mixture was cooled in an ice-bath, 
90 ml of 5% aqueous ammonium chloride sol- 
ution was added, and the mixture was stirred 
for 2 hr. The solvent was evaporated in vacua 
and extracted with CH,Cl, (2 x 100 ml). The 
CH,Cl, solution was dried over magnesium 
sulfate and evaporated in uacuo. The crude 
product was recrystallized from pentane and 

then subjected to column chromatography on 
silica gel with CH,C& as eluent to give 1.73 g 
(41%) of the title compound as a white solid 
with mp. llO-ill”, lit. mp. 109-110”.8 

Preparation of sym-(hydroxy)(ethyl)- and sym- 
(hydroxy)(hexyl)-dibenzo-16-crown-5 

By the procedure reported for the preparation 
of sym -(hydroxy) (propyl)-dibenzo- 1 6-crown-53 
but replacing 1 -bromopropane with 1 -bromo- 
ethane and I-bromohexane, the title compounds 
were prepared. 

sym-(Hydroxy) (ethyl)dibenzo-16-crown-5, 
mp. 101~102”, 91% yield. IR (deposit) 3461 
(OH), 1257,1122 (CO) cm-‘. ‘H NMR (CDCl,) 
6 1.05 (t, 3), 1.90 (q, 2), 3.11 (s, l), 3.89-4.27 (m, 
12), 6.83-7.26 (m, 8). Analysis calculated for 
C,,H,,06: C 67.36; H, 7.00. Found: C, 67.55; H, 
7.01. 

sym-(Hydroxy) (hexyl)dibenzo-16-crown-5, 
mp. 126-127”, 85% yield. IR (deposit) 3395 
(OH), 1122,1039 (CO) cm-‘. ‘H NMR (CDCl,) 
6 0.88 (t, 3), 1.15-1.55 (m, 8), 1.80-1.92 (m, 2); 
3.45 (br s, l), 3.90-4.30 (m, 12), 6.84-7.02 (m, 
8). Analysis calculated for G,H,O,: C, 69.74; 
H, 7.96. Found: C, 69.63; H, 7.61. 

Preparation of sym-(methyl)-, sym-(ethyl)-, and 
sym -(hexyl)-dibenzo - I6-crown -5-oxyacetic acids 

By the procedure reported for the preparation 
of sym -( propyl)dibenzo-16-crown-5-oxyacetic 
acid from sym -(hydroxyl) ( propyl)dibenzo- 16- 
crown-5,3 the appropriate crown ether alcohols 
were converted into the title compounds. 

sym-(Methyl)dibenzo-16-crown-5-oxyacetic 
acid, mp. lOO-102”, 80% yield. IR (deposit) 
3400-3000 (COOH), 1766, 1736 (C=O), 1122, 
1053 (CO) cm-‘). ‘H NMR (CDCl,) 6 1.50 (s, 
3), 3.80-4.15 (m, lo), 4.60 (d, 2), 4.85 (s, 2), 
6.84-7.02 (m, 8), 8.88 (br s, 1). Analysis calcu- 
lated for CUH,,Os : C, 63.15; H, 6.26. Found: C, 
62.81; H, 6.34. 

sym - ( Ethyl) dibenzo - 16 -crown - 5 - oxyacetic 
acid, mp. 112-l 13”, 69% yield. IR (deposit) 
3363 (COOH), 1738 (C=O), 1255, 1128 (CO) 
cm-‘. ‘H NMR (CDCl,) 6 1.09 (t, 3), 2.00 (q, 
2), 3.79-4.22 (m, lo), 4.57 (d, 2), 4.85 (s, 2), 
6.70-7.01 (m, 8). Analysis calculated for 
CZ3HZ808: C 63.88; H, 6.53. Found: C, 64.28; H, 
6.62. 

sym-(Hexyl)dibenzo- 16-crown- 5-oxyacetic 
acid, mp 139-141”, 85% yield. IR (deposit) 
3400-3000 (COOH), 1735, 1699 (C=O), 1122, 
1053 (CO) cm-‘. ‘H NMR (CDCl,) 6 0.93 (t, 3), 
1.25-1.50 (m, S), 1.93-1.97 (m, 2), 3.80-4.15 (m, 
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lo), 4.60 (d, 2), 4.85 (s, 2), 6.84-7.02 (m, 
8), 9.90 (br s, 1). Analysis calculated 
for C,H,O,: C, 66.38; H, 7.43. Found: C, 
66.46; H, 7.87. 

Preparation of crown ether carboxylic acid resins 
3,4and6-8 

The crown ether carboxylic acid resins were 
synthesized by condensation polymerization of 
the sym -(R)dibenzo- 16-crown-5-oxyacetic acid 
monomers with formaldehyde in formic acid as 
described in detail previously.3*g The resins were 
ground and used in powder form (finer than 100 
mesh). 

Resin 3, 65% yield. IR (KBr) 3448 (COOH), 
1719 (C=O), 1282, 1105 (CO) cm-‘. Analysis 
calculated for Sl.5 H,O: C, 63.68; H, 6.11. 
Found: C, 63.44; H, 5.80. 

Resin 4, 65% yield. IR (KBr) 3448 (COOH), 
1735 (C=O), 1282, 1102 (CO) cm-‘. Analysis 
calculated for 9-0.5 H20: C, 64.83; H, 6.29. 
Found: C, 64.57; H, 5.85. 

Resin 6, 67% yield. IR (KBr) 3442 (COOH), 
1720 (C=O), 1278, 1108 (CO) cm-‘. Analysis 
calculated for 9-3 H,O: C, 64.80; H, 6.89. 
Found: C, 64.72; H, 6.64. 

Resin 7, 65% yield. IR (KBr) 3448 (COOH), 
1735 (C=O), 1274, 1132 (CO) cm-‘. Analysis 
calculated for 9: C, 67.31; H, 7.22. Found: C, 
67.21; H, 7.02. 

Resin 8, 83% yield. IR (KBr) 3448 (COOH), 
1735 (c--=0), 1277, 1120 (CO) cm-‘. Analysis 
calculated for 9: C, 69.15; H, 7.94. Found: C, 
69.69; H, 7.84. 

Procedure 

The procedure was the same as that utilized 
in the earlier study.3 A resin (0.050 g) and 5.0 ml 
of an aqueous solution containing the alkali- 
metal chlorides with hydroxides for pH adjust- 
ment (O.lOM in each) were shaken for 3 hr in a 
30-ml separating funnel at room temperature 
(23-24”) with a Burrell wrist-action shaker. The 
aqueous phase was filtered with a sintered glass 
filter funnel (15 ml, medium porosity) and the 
equilibrium pH of the aqueous phase was 
measured. The resin was washed with 100 ml of 
distilled, demineralized water and dried. Of the 
dried resin, a 0.020-g sample was shaken with 
5.0 ml of a 0. IOM hydrochloric acid solution to 
strip the alkali-metal cations from the resin into 
an aqueous solution for analysis by ion chroma- 
tography. 

RESULTS AND DISCUSSION 

Preparation of crown ether carboxylic acid resins 

Crown ether carboxylic acid resins 3, 
4 and 6-g were prepared by condensation 
of the appropriate sym-(R)dibenzo-ldcrown- 
5-oxyacetic acid monomer with formaldehyde 
in formic acid. Previously it was shown for 
the synthesis of resin 5 by this method 
that the IR spectra of the crown ether carboxy- 
lit acid monomer and resin were nearly 
the same.’ Also it was demonstrated that 
the alkali-metal cation sorption behavior of 
two different independent preparations of 
resin 5 was very similar. As expected, the 
IR spectra for resins 3, 4 and 6-g (see Exper- 
imental) showed very little change from 
those of the crown ether carboxylic acid 
monomers. 

The structural representations for crown 
ether carboxylic acid resins 3,4 and 6-8 imply 
polymers with no cross-linking. This is most 
certainly an oversimplification since some level 
of cross-linking is anticipated.‘O A possible 
structure for the partially cross-linked resins is 
given by 9 in which A is the polyether carboxylic 
acid unit in the resin. Elemental analysis results 
for resins 7 and 8 agree with the formulation. 
For resins 3, 4 and 6, the elemental analysis 
results are consistent with that of 9 as 1.5, 0.5 
and 3.0 hydrates, respectively. [Resin 5 which 
was prepared in the previous study analyzed as 
a dihydrate.3] 

Alkali metal cation 
carboxylic acids 

To provide more 
separation systems, 

sorption by crown ether 

relevance to actual metal 
competitive, rather than 

single species, alkali-metal cation sorption 
behavior of crown ether carboxylic acid resins 
3, 4 and 6-g was investigated. 

An aqueous solution of the five alkali-metal 
cations (O.lOM in each) as the chlorides and 
hydroxides was shaken with the crown ether 
carboxylic acid resin for 3 hr [even though 
sorption may be complete in a matter of min- 
utes3]. The resin was filtered, washed with water, 
and dried. Of the dried resin a weighed portion 
was shaken with O.lOM hydrochloric acid to 
strip the alkali-metal cations from the resin into 
aqueous solution for analysis by ion chromatog- 
raphy. For a resin, sorption of a given alkali- 
metal cation at a given pH was found to be 
reproducible within 5 percent of the stated 
value. 
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a2 

’ 4 6 8 IO 12 4 6 8 IO 12 4 6 8 IO I2 4 6 8 IO 12 

PH 
Fig. 1. Sorption of alkali-metal cations by the polyether carboxylic acid us. the equilibrium pH of the 
aqueous phase for (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6, Is) 7, (h) 8: (A) Li+, (0) Na+, (0) K+, (A) 

Rb+, (0) Cs+. 

The influence of the equilibrium pH of the 
aqueous phase upon the competitive sorption of 
alkali-metal cations for crown ether carboxylic 
acid resins 3, 4 and 6-g is shown in Figs. l(c), 
(d), (f)-(h), respectively. For comparison, data 
reported3 for acyclic polyether carboxylic acid 
resin 1 and crown ether carboxylic acid resins 2 
and 5 are included as Figs. l(a), (b), (e), respect- 
ively. The curve shapes for alkali-metal cation 
sorption by the resins us. the equlibrium pH are 
typical for metal sorption by a weak acid resin.” 
Thus the negligible alkali-metal cation sorption 
observed when the aqueous solution is quite 
acidic (pH G 3) increases markedly as the pH is 
enhanced. 

As noted earlier,3 the Li+ sorption selectivity 
exhibited by acyclic polyether carboxylic acid 
resin 1 changes to modest Na+ selectivity for the 
sym -dibenzo- 16-crown-S-oxyacetic acid resin 2. 

Table 1. Alkali-metal cation sorption efficiency of polyether 
carboxvlic acid resins l-8. 

Ion-exchange 

Resin Alkyl chain 

1 none? 
2 none 
3 methyl 
4 ethyl 
5 propyl 
6 butyl 
7 hexyl 
8 decyl 

capacity,< 
mmole /g 

2.66 
2.39 
2.31 
2.23 
2.17 
2.11 
1.93 
1.79 

Sorption, 
mmole /g 

loading, 
% 

2.22 a3 
1.85 77 
1.49 65 
1.43 64 
1.40 65 
1.27 60 
0.49 25 
0.21 12 

*Calculated from elemental analysis data. 
TAcyclic polyether carboxylic acid resin. 

Complexation selectivity for Na+ is anticipated 
for the dibenzo-16-crown-5 ring system.12 At- 
tachment of a methyl group to the crown ether 
ring carbon which bears the side arm causes a 
marked change in Na+ selectivity for resin 3 
[Fig. l(c)] compared with resin 2 [Fig. l(b)]. 
Thus the introduction of the smallest alkyl 
group is sufficient to produce a major change in 
sorption selectivity. This enhanced Na+ selectiv- 
ity remains virtually unchanged as the alkyl 
group is varied from methyl to ethyl [Fig. l(d)] 
to propyl [Fig. I(e)]. Further elongation of the 
alkyl group to butyl [Fig. l(f)] produces a 
noticeable decrease in Na+ sorption selectivity. 
When the alkyl group is changed to hexyl a 
further decrease in selectivity is noted [Fig. l(g)] 

Alkyl Group Size 

Fig. 2. Effect of alkyl group chain length upon alkali-metal 
cation sorption by sym-(R)dibenxo-16-crown-5-oxyacetic 

acid resins at equilibrium pH = 12.5. 
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and for a decyl group only slight Na+ selectivity 
is observed [Fig. l(h)]. 

The total alkali-metal cation sorptions and 
loadings for polyether resins l-8 at equilibrium 
pH = 12.5 are presented in Table 1. The loading 
is defined as the total alkali-metal cation sorp- 
tion by the resin divided by the ion-exchange 
capacity calculated from the elemental analysis 
data. The loading decreases from 77% for 
crown ether carboxylic acid resin 2 to 65% when 
a methyl group is attached to the crown ether 
ring which bears the side arm. The efficiency 
then remains constant as the alkyl group is 
varied from methyl to ethyl to propyl. The 
loading shows a slight decrease for the butyl 
group then plummets to 25% for the hexyl 
group and only 12% for the decyl group. 

The low alkali-metal cation loadings observed 
for resins 7 and 8 may be attributed to enhanced 
hydrophobicity which hinders penetration of 
the aqueous solution into the resin and dimin- 
ishes effective interactions between the metal 
cations and the ion exchange sites. In agree- 
ment, when the solvent for the alkali-metal 
cations was changed from water to methanol- 
water (4: l), the percent loading for resin 8 
changed from 12 to 44% with no variation in 
the sorption selectivity.13 This enhanced loading 
is consistent with better penetration of the 
alkali-metal cation solution into the resin with 
the mixed aqueous-organic solvent. 

Figure 2 compares the influence of alkyl 
group variation upon the sorption of each 
alkali-metal cation by resins 2-8 at equilibrium 
pH = 12.5. The curve for Na+ sorption is 
markedly different than those for sorptions for 
the other alkali-metal cations. Thus the sorption 
of Li+, K+, Rb+ and Cs+ shows a sharp 
decrease when the methyl group is introduced 
into the crown ether carboxylic acid unit and 
then remains nearly constant as the alkyl group 
is varied from methyl to ethyl to propyl to butyl. 
Elongation of the alkyl group from butyl to 
hexyl causes an abrupt diminution of sorption 
with a further decrease when the alkyl group is 
changed to decyl. In contrast, the Na+ sorption 
is strongly enhanced when the methyl group is 
introduced. The Na+ sorption then remains 
virtually the same as the alkyl group is varied 
from methyl to ethyl to propyl. However the 
change to a butyl group produces a substantial 

decrease in Na+ sorption and the decline contin- 
ues for the hexyl and decyl groups. It should be 
noted that even though the sorption efficiency 
for crown ether carboxylic acid resin 8 which 
has a decyl alkyl group is very low its Na+ 
selectivity is higher than that of resin 2 which 
has no alkyl group. Thus the predominant 
intluence of the longer alkyl groups is to de- 
crease sorption efficiency by making the resins 
more hydrophobic. 

CONCLUSIONS 

This study of structural variation within sym- 
(R)dibenzo-16-crown-5-oxyacetic acid resins re- 
veals that the highest alkali-metal cation 
sorption efficiency and Na+ selectivity is ob- 
tained when the alkyl group is methyl, ethyl or 
propyl. The incorporation of longer alkyl 
groups diminishes sorption efficiency by increas- 
ing the hydrophobicity of the resins. 
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INFRARED EMISSION SPECTROSCOPY OF LIQUID 
SAMPLES WITH MULTIVARIATE CALIBRATION AS A 
MODEL FOR -PROCESS- ANALYTICAL APPLICATIONS 
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Summary-Infrared emission spectroscopy and multivariate calibration are used to provide a method for 
the quantitative analysis of liquid samples. Differing forms of the data including second derivative and 
interferogram representation are used for prediction of sample composition, thickness and temperature. 
Comparisons are made with transmission measurements of the same samples. In some situations emission 
measurements may be the preferred method of analysis. 

Many products made by the chemical industry 
are above ambient temperatures at some or all 
points in the manufacturing process. Some of 
these products are considerably higher in tem- 
perature as they are produced, e.g., glass, metal, 
synthetic fibers, polymers and coatings. A non- 
invasive, remote method of monitoring the com- 
position or quality of the product would be 
desirable,* but conditions and hazards in the 
plant environment may make spectroscopic ab- 
sorption or reflectance measurements difficult to 
obtain. Any sample which absorbs IR radiation 
emits at the same wavelengths when heated, 
implying that the information in an absorption 
or transmission spectrum used for chemical 
analysis should also be present in the emission 
spectrum. Infrared emission spectroscopy (IES), 
therefore, may have several advantages over 
transmission spectroscopy in some situations, 
especially where remote monitoring is desirable 
such as process analysis applications.’ However, 
its use has been limited due to lack of suitable 
instrumentation of the required sensitivity and 
ruggedness, and the difficulty in interpreting the 
complex spectra obtained. Emission spectra are 
much more complex than transmission spectra 
since they are affected not only by sample 
composition, but by several other effects as well 
such as background blackbody radiation, in- 

*Present address: 3M Chemolite Center, P.O. Box 33131, 
Saint Paul, Minnesota 55133-3131. 

tPresent address: Analytical Sciences Laboratory, The Dow 
Chemical Company, 1897 Building, Midland, MI 48667. 

SAuthor for correspondence. 

temal reflection and self-reabsorption, refrac- 
tive index, sample thickness and geometry, and 
most importantly temperature and temperature 
gradients.2 The recent innovations in process 
qualified Fourier transform infrared spectro- 
photometers have provided great progress on 
the limitations of instrumentation, but spectral 
interpretation-especially for quantitation- 
has remained a problem. GritIith$ and 
Hirschfeld4 have both pointed out that IES 
could be a powerful quantitative tool if a gen- 
eral method or algorithm could be developed to 
aid in data interpretation. 

Some potential advantages of IES over the 
more traditional spectroscopies include the fact 
that there is no need to use an external source 
of radiation since the hot sample acts as its own 
source; requirements for optical alignment are 
minimized; there is less sensitivity to effects such 
as reflections or diffractions which may occur at 
the surface of the sample; measurement can be 
made remotely, measurement is non-invasive and 
non-destructive; and information about sample 
temperature is contained in the spectrum. 

Limitations of IES include the lower radi- 
ation levels available for detection, especially at 
shorter wavelengths, resulting in the need for 
cooled detectors; the requirement that the 
sample must be at a temperature different than 
the detector and its surroundings; and a de- 
crease in spectral information as the sample 
becomes more opaque. 

Infrared emission spectroscopy has been used 
in a number of different applications in the past. 
Most of these applications relate to temperature 

1459 



1460 BRICE C. ERICKSON et al. 

measurements by optical pyrometry, or to 
qualitative analysis of optically thin samples, 
although there have been attempts to use IES 
quantitatively. Quantitative applications of IES 
in the chemistry literature generally involve 
optically thin samples under carefully controlled 
laboratory conditions, usually with known tem- 
perature. Some examples of samples types on 
which IES has been used are thin fihns of oils’ 
and lubricants,6 molten salts7,* and oxide coat- 
ings on metals. p~‘” A number of reviews or 
general papers are available of applications of 
IES in the chemistry literature.1’*12 

Multivariate calibration methods, and specifi- 
cally the Partial Least Squares (PLS) method, 
have been found useful for quantitative analysis 
in a number of spectroscopic techniques.*3 For 
example, these methods have been applied to 
absorption or reflectance spectroscopy in the 
mid- and near-IR regions.‘4s’5 In an earlier 
paper,16 the applicability of multivariate cali- 
bration methods, specifically partial least 
squares (PLS) calibration, was demonstrated for 
quantitation from infrared emission spectra of 
polymer film samples in spite of these non- 
linearities. The results of that work demonstrate 
the ability of multivariate calibration to extract 
not only information concerning the compo- 
sition of the sample, but thickness and tempera- 
ture as well, from emission data. This work is a 
further study on use of PLS for the analysis of 
IES data from liquid samples. The study was 
conducted to better understand the limitation 
for determining thickness, temperature and 
composition since these parameters can be 
better controlled with liquid samples. 

EXPERIMENTAL 

A Perkin-Elmer model 1720 FTIR 
spectrometer was modified to allow use of the 
instrument for either emission or transmission 
studies. For emission studies, the focal plane of 
the optical system is changed from the normal 
instrument source to an external sample mount 
by changing one reflector. With the instrument 
source turned off, the sample then becomes the 
source of radiation which eventually reaches the. 
detector. No sample is placed in the normal 
sample compartment. A medium band MCT 
(Hg-Cd-Te) detector was used to provide the 
required sensitivity. 

A model system was desired for IES studies 
which would allow more precise control of the 
parameters of sample composition, thickness 

and temperature to further evaluate the effec- 
tiveness of the method. The samples studied are 
binary mixtures squalene and di(2-ethyl- 
hexyl)eebacate. These compounds were chosen 
for their low vapor pressures and thermal stab- 
ility over a wide range of temperatures. Since 
they are complex organic molecules, they have 
a large number of strongly absorbing bands in 
the infrared. They may also serve as a model of 
organic systems that might be encountered in 
process situations. 

For emission studies, mixtures containing 60, 
70, 80 and 90% squalene were prepared by 
weight. Samples were placed in a variable path- 
length liquid cell. Cell windows were potassium 
bromide, and no reflecting backplate was used. 
The cell pathlength was adjustable from 50 
micrometers to 5 mm, and pathlengths of 0.1, 
02, 0.4, 0.6, 1, 3 and 5 mm were used. The 
circumference of the cell was wrapped with a 
heating tape with temperature controlled by a 
variable voltage power supply. Sample tempera- 
ture was accurately measured by an RTD tem- 
perature sensor placed against the back window 
of the cell. For longer pathlength samples, a 
thermocouple was also placed inside the cell to 
verify the measurements, and temperatures were 
in agreement within 1”. The single beam infra- 
red emission spectrum, second derivative of the 
single beam emission spectrum and raw interfer- 
ogram from the instrument were recorded for 
each concentration and thickness at 4 random 
temperatures in the range 45-80”. A 500-point 
spectrum was used for the PLS analysis from 
3000-500 cm-’ at 5 cm-’ intervals for emission 
and derivative spectra; the 200 point interfero- 
gram was used for interferogram predictions. 

For transmission and absorption spectra, 
squalene/di(2-ethylhexyl) sebacate mixture 
samples were prepared as above with concen- 
trations of 60, 65, 70, 75, 80, 85 and 90% 
squalene; the three additional concentrations 
were added to assure a sufficiently large cali- 
bration data set. Temperature was not varied or 
predicted for transmission or absorption spec- 
tra, since it has minimal effect on the spectra 
obtained. Transmission spectra were obtained 
for the samples in the variable pathlength cell 
for the thicknesses used earlier from 0.1 to 5.0 
mm on the same instrument, using the instru- 
ment source and the DTGS detector with the 
sample placed in the usual sample compart- 
ment. Spectra were saved in both transmission 
and absorbance units. The Perkin-Elmer data 
system does not record absorbance values 
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greater than 5 so these data points were given 
the value 5. The PLS method was applied for 
data analysis, using 500-point spectra from 
3000-500 cm-’ at 5 cm-’ intervals. 

The intention of this work was to investigate 
the use of multivariate calibration for quanti- 
tation using infrared emission data. Although 
the application of certain a priori information in 
the form of wavelength selection/deletion may 
have helped to optimize the data analysis, this 
approach was not taken. Minimal preprocessing 
of the data was performed to provide an ap- 
proach that could easily be automated with little 
expert interaction. This approach provides a 
worst case scenario and any intelligent appli- 
cation of wavelength selection may only serve to 
further refine the method and improve the re- 
sults. 

RESULTS AND DISCUSSION 

The PLS regression method and algorithm 
are described in the literature.13 A calibration set 
is used to develop the multivariate model, which 
can then be used to predict properties such as 
concentration for similar samples not included 
in the calibration. A method must be chosen to 
determine the number of latent variables or 
factors to be retained for the model. Since our 
main concern was the ability of the model to 
predict unknown samples, predictive ability was 
determined with a cross-validation procedure.” 

In order to evaluate the effectiveness of the 
model in predicting the unknown, the SEP 
(standard error prediction, or average predic- 
tion error) is calculated to give a meaningful 
expression of how well the method is able to 
predict relative to the true values. 

SEP = i (yi - ~,)Z/N 
l/2 

i= I 

where yi’s are the reference values obtained by 
an independent method of analysis and the iii’s 
are the values predicted by PLS. The number of 
factors retained is the lowest number of factors 
with a SEP within the uncertainties of the lowest 
SEP obtained, that is, the lowest number of 
factors with a prediction which is not signifi- 
cantly worse than the best SEP obtained. The 
SEP then gives an indication of how well the 
model will predict a sample not contained in the 
calibration set. A number of diagnostics were 
used with the algorithm to detect samples which 
are outliers relative to the calibration (not to be 
discussed here). 

Figure 1 shows typical spectra obtained on 
our instrument. The low intensities above 2000 
cm-’ are due to the relatively low temperature 
of the samples related to Planck’s equation. The 
sharp drop in intensity from 550 to 450 cm-’ 
and some of the additional apparent “structure” 
in the spectrum are actually due to variable 
instrument responses over the wavelength 
range. Some of the observable fine structure, 
especially between 1350 and 1800 and between 
2300 and 2400 cm-‘, is due to absorption by 
atmosphere Hz0 and CO* in the radiation path 
between the sample and instrument. No attempt 
is made to correct for these various response 
factors; they are assumed to be constant so that 
they will not affect the calibration from PLS. 
Figures l(u), (b) and (c) show typical spectral 
changes due to changing sample composition, 
temperature and thickness respectively. Of the 
three sample properties studied, temperature 
has the greatest effect on the intensities in the 
spectra. 

Table 1 summarizes the predictive ability of 
the method for certain subsets of the data, along 
with the number of latent variables (factors) 
found to be significant in the calibration. When 
samples with thicknesses in the 0.6-5 mm range 
are used, the SEP for concentration predictions 
is 3.4% absolute over the 60-90% range. Pre- 
diction of the thickness of these samples gives a 
SEP of 0.43 mm over the 0.6-5 mm range. 
Temperature in this case is predicted quite well, 
with a SEP of 0.7” over the 45-80” range. This 
verifies that temperature prediction is possible 
from emission spectra, using PLS, when tem- 
perature values are known to sufficient precision 
in the calibration set; this point was unclear in 
the earlier study.16 

For thinner samples in the 0.1-0.6 mm range, 
of the 64 possible spectra (4 concentrations at 4 
thicknesses and 4 temperatures), 3 were re- 
moved due to known experimental problems. 
An additional 3 were found statistically to be 
spectral outliers. These six samples were re- 
moved from the calibration set. Concentration 
predictions showed a SEP of 1.6% absolute over 
the 60-90% range. Sample thickness had 
a SEP of 0.03 over the 0.1-0.6 mm range. 
Temperature was predicted with a SEP of 0.9”. 
While a large number of factors were used for 
this prediction, it should be noted that a single 
factor predicted temperature with a SEP of 1.6, 
so it appears that the main temperature effect is 
easily modeled while additional factors make 
slight corrections for the non-linearities. 
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Fig. 1. Emission spectra. (a) Concentration variation: samples 0.4 mm thick at about 77” with 
concentrations of 60%, 70%, 80% and 90% squalene. (b) Temperature variation: samples 80% squalene 
and 0.2 mm thick at 50,60,68 and 78”. (c) Thickness variation: samples 80% squalene at about 67“ and 

0.1, 0.2, 0.4, 016, 1.0, 3.0 and 5.0 mm thickness. 
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Table 1. Summary of prediction rtsults for emission spectra of liquids 

Standard error of pmdiction 

cont., Thickness, Tap., 
Data type (%) Factors mm Factors “C Factors 

Thick (0.6-S mm) samples 3.4 10 0.43 11 0.7 14 
emission spectra 

Thin (0.1-0.6 mm) samples 1.6 16 0.03 15 0.9 13 
emission spectra 

Thin (0.1-0.6 mm) samples 3.0 11 0.05 10 1.0 9 
2nd deriv. spectra 

Thin (0.1-0.6 mm) samples 2.8 10 0.05 14 0.7 12 
interhrograms 

Table 1 also shows that the use of second for composition, although 4 or 5 fewer latent 
derivative spectra for the prediction resulted in variables were used for optimal prediction. It is 
roughly the same prediction results for thickness interesting to note that the prediction can also 
and temperature but somewhat poorer results be made directly from the interferogram, 

(4 -I 
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Wavsrwmkr 

@) @@ 

Fig. 2. Ccmcntration variations. Transmission (a) and absorbance (b) spectra of O&mm samples 
containing 60%, 70%. 80% and 90% squalene. 
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Fig. 3. Thickness variations. Transmission (a) and absorbance (b) spectra of 80% squalene sample with 
thicknesses of 0.1, 0.2, 0.4, 0.6, 1.0, 3.0 and 5.0 mm. 

without transforming to the spectral domain. 
The concentration and thickness predictions are 
slightly worse than the prediction from the 
emission spectra, but still as good or better than 
the second derivative prediction. 

The success of the PLS method in predicting 
composition, sample thickness and sample tem- 
perature with these liquid samples verifies the 
validity of the results of the earlier polymer 
studies that IR emission shows great promise as 
an analytical tool for certain process situation. 

In the more typical transmission experiments, 
response is linearized for concentration and 
thickness effects by converting data to ab- 
sorbance units. Spectra of the liquid samples 
were taken in the transmission mode and a 

comparison is made in the number of factors 
retained and predictive ability for transmission, 
absorption and emission spectra of these 
samples. 

Typical transmission and absorption spectra 
of samples with changing concentration are 
shown in Figs. 2(a) and (b). Figures 3(a) and 
(6) show spectra with changing thickness at 
constant composition. Results from the PLS 
analysis are summarized in Table 2, along with 
the earlier results from the emission exper- 
iments. For samples in the 0.6-5 mm thickness 
range, the emission spectra showed the best 
prediction of sample concentration with a SEP 
of 3.4 VS. 6.6 for absorption and 4.0 for trans- 
mission. Thickness, however, was predicted 
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Table 2. Summary of prediction results for emission, transmission and 
absorbance spectra of liquid samples 

Standard error of prediction 

Cont., Thickness 
Data tyne % Factors mm Factors __ 
Thick (0.6-S mm) samples 3.4 10 0.43 11 

emission spectra 
Thick (0.65 mm) samples 

transmission spectra 
Thick (0.65 mm) samples 

absorbance spectra 
Thin (0.1-0.6 mm) samples 

emission spectra 
Thin (0.1-0.6 mm) samples 

transmission spectra 
Thin (0.1-0.6 mm) samples 

absorbance spectra 
Thin (O.M.6 mm) samples 

absorbance trunc. at 3 
Thin (0.1-0.6 mm) samples 

absorbance trunc. at 2 

4.0 10 0.1 11 

6.6 3 0.21 2 

1.6 16 0.03 I5 

0.1 13 0.002 12 

2.5 5 0.02 4 

0.77 9 0.003 11 

0.51 10 0.002 13 

better by absorption (SEP of 0.21) than 
emission (SEP of 0.43), and better yet by 
transmission (SEP of 0.1). The abso~tion 
spectra, which are expected to be more linear 
with respect to concentration and thickness, 
require fewer latent variables to make the 
predictions, requiring only 3 for concentration 
and 2 for thickness. Emission and transmission 
both require 10 for concentration and 11 for 
thickness for their optimal predictions. This 
implies that the number of factors retained for 
prediction for emission spectra are reasonable, 
using about the same number as the less 
complex transmission spectra. 

Figure 4(a) shows the SEP VS. number of 
factors used in prediction for the three types of 
spectra. The optimal prediction is reached 
quickly by absorbance calibration, and predic- 
tive ability is not significantly improved as 
additions factors are added. Fmission and 
transmission predictions continue to improve 
until they reach their optimal predictions be- 
tween 10 and 15 factors. A similar trend is seen 
in Fig. 4(b) for thickness predictions. 

For the thinner set of samples in the 0.1-0.6 
mm range, the emission spectra (SEP = 1.6) still 
have an advantage over absorption spectra 
(SEP = 2.5) in predicting concentration, but 
surprisingly the transmission calibration 
(SEP = 0.1) is an order of magnitude better than 
both. For thickness prediction, absorption 
(SEP = 0.02) is slightly better than emission 
(SEP = 0.03), but again transmission 
(SEP = 0.002) is an order of magnitude better 
than both. Again, absorption calibrations use 
far fewer factors for prediction. 

Apparently the transformation of the data 
from transmittance to absorbance values ex- 
pands the noise in the high absorption regions, 
due to the logarithmic relationship. To check 
this assumption, values in the absorption data 
set were truncated at 3 absorbance units; that is, 
all values greater than 3 were reassigned the 
value 3. The prediction for concentration was 
improved from a SEP of 2.5 to about 0.8, and 
thickness from 0.02 to 0.003. Thus removing 
those values suspected of being in a “noisy” 
portion of the spectrum greatly improves the 
predictive ability of the calibration. Truncating 
the data at 2 absorbance units results in slightly 
better prediction. In addition, over 98% of the 
spectral variance is now explained by the model 
for data with absorbances truncated at 3, and 
over 99% for data truncated at 2. Figure 4(c) 
shows the trends in the SEP for emission, 
transmission, absorption and truncated (at 3) 
absorption data over number of factors retained 
in the model for thin samples. 

This result is significant for multivariate cali- 
bration in that it implies great care must be 
taken in preprocessing of data to be sure that 
the transfo~ation used does not scale the noise 
level of the data up to intolerable levels. 

While transmission and absorption spectra do 
predict better than emission for thin samples, 
this does not imply that emission will not be 
useful. The reasons cited earlier for using IES 
methods in process sit~tions have more to do 
with other considerations which make emission 
methods more attractive than transmission 
methods. As long as predictive ability is 
sufhcient for the application, IES should remain 
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Fig. 4. Standard error of prediction (SEP) vs. number of factors retained in the model used for prediction. 
(a) Prediction of squalene concentration (%) in samples 0.65 mm thick for absorbance, transmission and 
emission spectra. @> Prediction of thickness of samples 0.6-5 mm thick for absorbance, transmission and 
emission spectra. (c) Prediction of squalene ~n~t~tion (%) in samples 0.1-M mm thick for emission, 

transmission, and absorbance spectra, including absorbance spectra truncated at 3. 

a viable tool. And the better prediction observed 
for emission spectra on the thicker samples 
indicates that it may in fact be the best method 
for prediction in some applications. 
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POLAROGRAPHIC BEHAVIOUR OF URAMUM 
/3-DIKETONATES IN CHLOROFORM 

APPLICATION OF AC POLAROGRAPHY TO THE ANALYSIS OF 
URANIUM MINERALS 
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Summary-The polarographic behaviour of U(W) /?-diketonates has been studied in chloroform. The 
conditions for reversible electrochemical reduction of U(W) acetylacetonate and benxoylacetonate at a 
dropping mercury electrode was optimized by using a suitable ratio of piperidinium perchlorate and 
piperidine mixture as supporting electrolyte in chloroform. The one-electron nature of the reduction wave 
of U(W) complexes was confirmed by controlled potential coulometry. The ac method preceded by a 
solvent extraction of U(V) benzoylacctonatc in chloroform was used for the determination of uranium. 
The calibration curve was linear over the range OS-20 ag/ml. The correlation coefhient was 0.9998 and 
the detection limit was about 0.2 &ml. The interference of some concomitant ions were examined and 
EDTA was used as an effective masking agent to separate uranium from other metals. The proposed 
method has been applied to the determination of uranium in uranium minerals. 

In general a preliminary separation by solvent 
extraction provide8 good selectivity for instru- 
mental methods of analysis that tend to be 
subject to matrix effects or interferences from 
concomitant elements. Analytical determination 
of metal ions following solvent extraction based 
on electrochemical methods, involving either 
direct measurement of the amount of the analyte 
in the organic phase diluted with a convenable 
supporting electrolyte solution,*” back-extrac- 
tion into aqueous phase,6 or evaporation of the 
extracted phase and redissolution of the residue 
in some other polar solvent. 

Such methods are however time-consuming 
and it is often very difficult to destroy the 
chelating agents. In addition, the large number 
of steps involved in the analytical process and 
the dilution of the extracted phase affect the 
precision and sensitivity of analytical methods. 

Direct application of electroanalytical meth- 
ods to the determination of analytes in pure 
extracts seem to be simple and sensitive.‘-” To 
carry out this, it is necessary to provide con- 
ditions for the electrochemical studies in extract- 
ing solvents with a low dielectric constant. 

The study of electrochemical behaviour of 
organic and inorganic compounds in non- 
aqueous media was limited to solvents with high 

*Author for correspondence. 

dielectric constant; solvents with low dielectric 
constant which are used in liquid-liquid extrac- 
tion (e.g., chloroform, dichloromethane, ben- 
zene etc.) have been rarely used. 

Application of common methods such as 
cyclic voltammetry, polarography and con- 
trolled potential coulometry for the study of 
electrochemical behaviour of some organic com- 
pounds with several supporting electrolytes at 
the bright platinum and dropping mercury elec- 
trodes in chloroform have been reported re- 
cently.“-I4 

In this paper we describe the study of polaro- 
graphic behaviour of metal ion complexes such 
as uranium /?diketonates in chloroform. The 
alternating current (ac) polarography was ap- 
plied as a convenable technique for the determi- 
nation of uranium in mineral ores at the ppm 
level after optimization of polarographic con- 
ditions. 

EXPERIMENTAL 

Chemicals and reagents 

Chloroform, pipe&line, perchloric acid, acetyl- 
acetone, benzoylacetone and thenoyltriiluoro- 
acetone were Merck p.a grade. The supporting 
electrolyte, piperidinium perchlorate, was pre- 
pared by gradual neutralization of a given vol- 
ume of piperidine with the required amount of 
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perchloric acid while cooling the solution in iced 
water. The neutral solution obtained was crys- 
tallized by successive concentration on the water 
bath and cooling at room temperature. The 
white crystals formed were dried at 50”. 

Standard uranium solution. A 10v2M aqueous 
solution of uranyl nitrate, U02(NOs)2,6H20, 
from BDH was prepared as a stock solution. 
The standard solutions were prepared by succes- 
sive dilutions of this stock solution. 

extraction solution. A 50% solution of acetyl- 
acetone, 1M benzoylacetone and 0.1 SM 
thenoyltrifluoroacetone solutions in chloroform 
were used. 

Apparatus 

A polarograph E 506 was used with an E 505 
mercury dropping-electrode (METROHM) to 
plot the polarograms in connection with a V.A 
scanner E 612 and an X-Y recorder to record 
the cyclic voltamperograms. An E 524 coulostat 
connected to an E 478 recorder was used for 
coulometry at controlled.~tential. 

Procedure 

Transfer 10 ml of aqueous standard or 
uranium sample solution into a lOO-ml separ- 
ating funnel. Adjust the pH of aqueous solution 
with O.OlN sodium hydroxide or ammonia and 
O.OlN nitric acid to a pH at which the extraction 
of complexes are complete (optimum pH for 
quantitative extraction of acetylacetonate, ben- 
zoylacetonate and thenoylt~~uoroa~tonate of 
uranium) are 3, 4 and 7 respectivelyi5). 
Shake with an equal volume of chloroformic 
solution of /3-diketone for 10 min on a shaker. 
Separate the chloroform extract and transfer it 
into a polarographic cell, add 1.40 g of piperi- 
dinium perchlorate and 0.25 ml of piperidine 
(0.75M PP + 0.25M P) as sup~~ing electro- 
lyte. Bubble nitrogen through the solution for 
20 min, record the ac polarogram by sweeping 
the potential from 0 to -500 mV 11s. Ag/AgI 
reference electrode at 2 mV/sec. When other 
metals were also present, 1 ml of 0.05M EDTA 
was added before the ~hlorofo~ic solution of 
P-diketone. 

RESULTS AND DISCUSSION 

In chloroform in the presence of extracting 
agents and with 0.5M TBAP as supporting 
electrolyte, the uranium(VI) J?-diketonates were 
not reducible at the dropping mercury electrode, 
but with piperidinium perchlorate (0.75M) and 
piperidine (0.25M) merged as supporting elec- 

and J. 0~~~ 
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Fig. 1. Direct current (dc) polarograms of (1) 0.75M 
PP/0.25M P + 50% Acetylacetone, (2) (1) + ImM U(W) 

acetylacetonate, (3) (1) C 1mM U(X) benzoylacetonate. 

trolyte, the reduction of acetylacetonate and 
benzoylacetonate of U(W) gives each one re- 
duction wave with a half-wave potential of 
-0.240, -0.200 V, respectively (Fig. 1). The 
reduction wave of ~enoyl~fluoroa~toM~ 
was not a well-defined one. Controlled potential 
coulometry shows that the single cathodic wave 
of U(W) /I-diketonae corresponds to a one 
electron reduction process. A plot of log 
[(ia - i)/i] vs. E gives a straight line with a slope 
of about 64 mV. Cyclic voltamperograms of 
U(V1) #?-diketonates are shown in Fig. 2. For all 
scan-rates between 0 and -0.5 V one cathodic 
peak and one anodic peak are observed. Peak 
heights, as expected, increased with increasing 
scan-rate. The current function (i~~~t’2) re- 
mains constant. The peak separation G - & 
for scan-rates less than 20 mV/sec are 75 and 73 
mV for U(V1) acetylacetonate and benzoylacet- 
onate respectively. The ratio of anodic to ca- 
thodic peak currents as a function of voltage 
scan-rate is unity and remains constant. These 
co&m that there is no kinetic complication for 
the reduction of U(W) fl-diketonates under 
optimized polarographic conditions. 

Alternating current (ac) polarography pre- 
sents well-defined peaks with Er, equal to EIlz 
of dc waves. The ha~-~d~ of peaks are 90 mV. 
The calibration graphs were linear over the 
range 10e5-2 x 10e4M for acetylacetonate 
and 4 x 10T6-2 x 10e4M for benzoylacetonate 
(Fig. 3). Correlation coefficient is 0.9998 and 
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E, ml/ E,mV 

Fig. 2. Cyclic voltamperograms of (a) 1mM U(W) acetylacetonate (b) 1mM U(V1) benzoylacetonate in 
the presence of 0.75M Pp/0.25M P as supporting electrolyte, scan-rate 5-100 mV/sec. 

the detection limit for U(V1) ~~oyla~tonate 
is lo-’ or 0.2 hg/ml of uranium in the origi- 
nal aqueous solution. The relative standard 
deviation for five replicate determinations of 
1 pg/ml uranium was 2.5%. 

I -I@-0 

E, mV 

I 

L 

(bf 
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Fig. 3. Alternating current (ac) polarograms of (a) U(VI) 
acetylawtonate 1.5 x 1O-s-1.5 x IO-‘&4 (b) U(W) benzoy- 
lacetonate (2 x 10-6-10-SM) in the presence of 0.7% 

PP/0.25M P V = 10 mV t = 1 set, f = 75 Hz. 

With the 0.75M PPj0.25M P as supposing 
electrolyte the differential pulse polarogram of 
U(V1) j?-diketonates coalesce with the reduction 
wall of the solvent and therefore an accurate 
and quantitative measurement of these peaks 
cannot be made. 

Interferences 

The interferences from some concomitant el- 
ements such as V(V), Pd(II), Mo(VI), Cu(II), 
Fe(III), etc., have been examined. The exper- 
imental results show that among the concomi- 
tant elements extractable with @-diketones in 
chloroform, only Fe(II1) and Cu(I1) are elec- 
troactive under the polarographic conditions of 
uranium. The potential of the copper re- 
duction peak is sufficiently positive in compari- 
son with uranium and hence does not cause any 
severe interference. However, the presence of 
iron(II1) is undesirable (Fig. 4). In this event, 
extraction at pH 7 with 1M benzoylacetone 
solution in the presence of 0.05M EDTA masks 
Fe(II1) and prevents the interference of IOOO- 
fold molar excesses of this ion. Thus the extrac- 
tion of uranium(V1) remains totally unaffected. 
The presence of F- ion in aqueous solution 
prevents the extraction of U(VI), therefore de- 
composition of uranium minerals in the pres- 
ence of hydrofluoric acid is undesirable (Fig. 5). 

Application to the analysis of uraniwn mineruls 

Several sensitive electrochemical methods 
have been developed for the determination of 
U(VI), including polarography preceded by 
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Fig. 4. Alternating current (ac) polarograms of metal ben- 
zoylacetonate (a), U(W), (b), Fe(III), (c), Cu(I1) in the 
presence of 0.75M PP/0.25M P as supporting electrolyte 

t=lsec,f=75Hz,V=lOmV. 

liquid-liquid extraction>‘0*‘6 voltammetry after 
preconcentration on the surface of solid elec- 
trodes”*i8 and cathodic stripping voltammetry 
preceded by adsorptive collection of surface 
active metal complexes on the hanging mercury 
drop electrode. 19-22 But this method may not be 
suited to the determination of uranium in min- 
eral ores. 

8nA 

T 

) -240 REFERENCES 
E, mV 

Fig. 5. Polarograms of uranium mineral extracts, in chloro- 
form in the presence of 0.75M PP/0.25M P as supporting 
electrolyte (1) decomposed with HNO, (2) decomposed with 

HNO,+HFV=lOmVf=75Hzr=lsec. 

The proposed ac polarographic method in 
this work was checked by analysing the uranium 
sample (from Ssagand-Iran), containing a cer- 
tified amount of uranium. The samples were 
decomposed by the following procedure. 

Transfer a powdered sample into a 100~ml 
beaker, add about 15 ml of 12N hydrochloric 
acid and boil on a hot plate, then add 5 ml of 
16N nitric acid, boil the solution almost to 
dryness. Take the residue with a solution (1.1) 
of nitric acid and boil for 15 min. Filter and 
wash with a 5% hot solution of nitric acid. 
Transfer the filtrate into a lOO-ml standard flask 
and dilute to volume. Subject an aliquot of the 
sample solution (10 ml) to the polarographic 
determination of uranium as described above. 

The results of replicate determinations 
(3890 &- 25.5 ppm) confirm that the uranium 
content of such samples is consistent. The pro- 
posed extraction polarographic method is appli- 
cable to the rapid determination of uranium in 
rocks, minerals and uranium concentrates with 
sufficient accuracy and precision. 

CONCLUSION 

On the basis of results obtained from dc and 
ac polarography and controlled potential cou- 
lometry, the reduction of acetylacetonate and 
benzoylacetonate of uranium(V1) in the pres- 
ence of 0.7544 PP/0.25M P can be shown to be: 

UO,(X), + e-*UO,X + X 

where X is the /?-diketonate ion. 
The plot of log[(i, - i)/i] us. E for the dc 

polarograms, the half-peak width in the ac 
polarograms and AEp values in cyclic voltamme- 
try are three criteria which indicate that the 
reduction of uranium /I -diketonate is a one-elec- 
tron reversible process. The reversible reduction 
of U(V1) in chloroform, the linear relationship 
between ip and the concentration of uranium in 
the original aqueous phase, provide the possi- 
bility of determination of uranium by extraction 
polarography of its /3-diketonates in chloroform 
at the ,ug level. The proposed method for U(W) 
determination is highly selective, without any 
interference from concomitant elements. 
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Summary-A new kinetic method for the determination of Hg(I1) is proposed. It is based on the kinetic 
evolution of the anodic stripping potentiometric curves yielded by a gold electrode previously coated with 
mercury upon passage of constant electrical currents. The method features a linear determination range 
between 40 and 800 ppb of Hg(I1) and a relative standard deviation of 5% (n = 9) for a mercury 
concentration of 200 ppb. The experiments were conducted on a customized automatic set-up, and 
instrumentation, data acquisition and processing were all governed by means of a QBASIC program 
(PSAKINEL) written by the authors. 

Anodic stripping potentiometry (ASP) was 
originally developed by Jagner,le3 who proposed 
its use for the determination of heavy metals 
such as Cd, Pb, Bi, Cu, Tl and Zn. This 
technique relies on recording anodic stripping 
potentiometric curves generated upon the depo- 
sition of metals on mercury-coated graphite 
electrodes caused by the presence of oxidants 
such as Hg(I1) and oxygen’-’ or the passage 
of a constant electric current.8-” Jagner” ad- 
dressed the determination of mercury by using 
a variation of the original technique involving 
the deposition of the metal in the presence 
of copper and the joint stripping of the two 
metals with an oxidant such as potassium 
permanganate or dichromate. In both variants, 
the analytical signal typically obtained is a 
potentiometric E-f curve where the potential 
changes rapidly in the absence of an oxidation 
process and remains constant and parallel to 
the time axis in its presence. The length of 
the plateau is proportional to the analyte 
concentration and is also related to the pre- 
electrolysis potential and time, the concen- 
tration and nature of the oxidant, the stirring 
rate, pH and background of the working elec- 
trode. 

Anodic stripping potentiometry equals its 
voltammetric counterpart in sensitivity and even 
surpasses it in instrumental simplicity and scope 
as it can be applied to multideterminations. 
However, its low reproducibility and the time- 
consuming operations involved in its appli- 

cation are two major weaknesses. The 
sluggishness of ASP determinations has so far 
been overcome by automating the process in- 
volved13 or by using powerful collection systems 
allowing data to be acquired at rates as high as 
30 kHz,“1’*‘4 which in turn allow the analytical 
and blank signals to be discerned by using short 
pre-electrolysis times. 

With the aim of improving the reproducibility 
of this technique-particularly in the automatic 
determination of several samples-without re- 
sorting to the electrode repolishing and regener- 
ation we studied the’optimal acidity, nature and 
concentration of various oxidants and types of 
electrodes. In the course of the study we found 
that the potentiometric oxidation curves yielded 
upon oxidation of mercury with the periodate/ 
iodide system at a gold electrode deviated from 
the typical behaviour of ASP curves and re- 
semble those normally obtained with kinetic 
methods (spectrophotometric, fluorimetric and 
thermometric). As we found no literature refer- 
ence accounting for this phenomenon, we tack- 
led its study in order to interpret this anomalous 
behaviour and develop a kinetic method for the 
determination of mercury by ASP.15*‘6 Since 
preliminary experiments showed that the use of 
chemical oxidants complicated the application 
of the method, we assayed the kinetic determi- 
nation by ASP with an electric current for 
oxidation. The instrumentation required for this 
purpose and the results thus obtained are dis- 
cussed below. 
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EXPERIMENTAL 

Apparatus 

All experiments were carried 

A. CLADERA et al. 

out on a fully 
automatic set-up designed and constructed by 
the authors. It consisted of the following 
elements: a PC-compatible system, a Metrabyte 
DASH-8 A/D converter board, a custom-made 
optocoupling system for triggering relays, a 
CRISON autoburette furnished with an RS- 
232C interface, a CRISON autosampler also 
furnished with an RS-232C interface, two cus- 
tom-made potentiostats/galvanostats, and an 
electrode system composed of gold (working, 
S = 0.2 cm’), calomel (reference) and platinum 
wire (counter-electrode). The complete assem- 
bly is depicted in Fig. 1. 

The instrumentation was governed by a com- 
puter system which controlled the operation of 
the automatic burette and the sampler via their 
respective RS-232C interfaces by using the 
manufacturer’s communication protocol. The 
pre-electrolysis and electric oxidation steps 
were carried out by using a potentiostat and a 
galvanostat, respectively, which were switched 
via two relays actuated by the computer 
through the digital outlets of the DASH-8 board 
and the optocoupling system. Finally, exper- 
imental data were acquired through one of the 
analogical lines of the DASH-8 board (samp- 
ling rate = lO/sec) connected to the working 
and reference electrodes via an RC filter 
(R = 500 kohm, C = 1 ,uF). 

Reagents 

The reagents used, all of which were pro- 
analysis grade, included a standard 1000 ppm 
Hg(II) solution prepared from Hg(NO& . Hz0 
and 4M and 2.5M sodium chloride and hydro- 
chloric acids respectively. 

Procedure 

In a SO-ml standard flask were placed 5 ml of 
4M sodium chloride and 2 ml of 2.5M hydro- 
chloric acid; the solution was made to the mark 
with distilled water. The solution was then 
transferred to the autosampler and a blank 
signal was obtained by using a pre-electrolysis 
potential of -0.5 V and an oxidation current of 
15 PA. The Hg(I1) was added and the pre-elec- 
trolysis repeated to obtain the analytical signal. 
The whole process was performed automatically 
via an automatic burette for adding the sample. 

Software 

The instrumentation, data acquisition and 
processing were controlled by means of a 
QBASIC program written specifically for this 
purpose by the authors; the original BASIC 
code was compiled and linked to the subrou- 
tines for handling of the DASH-8 board sup- 
plied by the manufacturer. 

The program performed two distinct func- 
tions, namely: 

Experimental control. The software allows a 
specific procedure to be applied to the same 

Monitor 

Fig. 1. Block diagram of the automatic set-up. 
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sample by having the automatic burette add 
preset volumes between measurements. The ac- 
quisition of experimental data is started by 
setting the autosampler to the required position 
and-if required-adding some reagent from 
the burette and switching the potentiostat on for 
a preset time (pre-electrolysis step). Next, the 
computer switches the potentiostat off and the 
galvanostat on and starts experimental data 
acquisition (potential of the working electrode 
as a function of time). 

Additions from the autoburette can be 
effected from an external reservoir or even from 
one of the autosampler cups. In the latter case, 
the sample is aspirated and discarded through 
the same burette channel, the loop volwne of 
which is somewhat larger than the injected 
volume. the aspirated sample volume is always 
slightly larger than that to be added to include 
a few milliliters for flushing to avoid sample 
carry-over. 

Thus, by loading one half of the sampler with 
blanks and the other with samples, up to six 
samples can be analyzed completely automati- 
cally by using their respective blanks. Each 
experiment involves applying the above- 
described procedure to the blank, which is 
subsequently added to the sample to be assayed. 
The difference between the sample and blank 
response yields the analytical measurement 
sought. The acquired data can be processed at 
once or stored on disk for later treatment. 

Data processing. The PSAKTNEL program 
allows experimental data to be processed by the 
three typical procedures for kinetic data, namely 
the initial-rate (slope of the E-t curve), fixed- 
time (potential reached at a prefixed time) and 
fixed-potential (time passed between the start of 
the stripping and a prefixed potential is 
reached). 

Prior to the treatment proper, the experi- 
mental curves can be smoothed by the 
Sawitzki-Golay method,17 and their first and 
second derivative readily obtained. 

The treatment can be effected manually or 
fully automatically. The manual processing op- 
tion is included on the corresponding menu in 
order to establish the most suitable criteria for 
obtaining results or as an alternative to the 
automatic procedure when this yields spurious 
results for some reason. 

Trials on the different treatments possible 
revealed that the fixed-potential option yielded 
the most satisfactory results as the initial-rate 
method involved the difficulty arising from the 

drawing of the tangent to the E-t curve at the 
most appropriate point, and the fixed-time 
method required finding a time suitable for 
quite a wide concentration range. 

RESULTS 

The intluence of the different experimental 
variables on the system was investigated. 

PH. Figure 2 shows the time results obtained 
at a fixed-potential by changing the hydro- 
chloric acid concentration in the blank and a 
sample containing 800 ppb Hg(I1). As can be 
seen, the H+ hardly influences the signal over 
the pH range tested. We thus chose 0.M 
hydrochloric acid for subsequent experiments. 

Oxidation current. Figure 3 shows the vari- 
ation of the signal with the oxidation current. 
As expected, the sensitivity decreased with in- 
creasing current. However, small currents re- 
sulted in the ill-defined, difficult-to-process 
curves shown in Fig. 4, which displays the 
potentiograms obtained at different oxidation 
currents for a sample containing 800 ppb 
Hg(I1). A current of 15 PA was chosen for 
subsequent experiments. 

Pre-electrolysis time. Figure 5 reflects the 
variation of the blank signal and that provided 
by a sample containing 800 ppb Hg(I1) with the 
pre-electrolysis time. As can be seen, the sensi- 
tivity increased with the pre-electrolysis time up 
to 5 min, where the E-t curve became a plateau 
and the blank and sample signals ran virtually 
parallel. Thus, we chose a pre-electrolysis time 
of 5 min as optimum to ensure maximum 
sensitivity while avoiding reaching the aforesaid 
plateau. 

Efict of foreign ions. The effect of various 
ions on the shape of the kinetic curves was 
studied. When the Cu*+ ion is present in the 
sample, the kinetic effects disappear and poten- 
tiometric curves with two typical plateaus were 

16- 
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Fig. 2. Influence of HCI concentration on the signal (T,). 
[NaCl] = 0.4M; I = I5 PA, 1 min pre-electrolysis at -0.5 V. 
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Fig. 3. Influence of the oxidation current on the signal 
(T,). [HCI] = O.lM; [NaCl] = 0.4M; I = 15 PA; 30 set 

pre-electrolysis at -0.5 V. 

obtained. This effect can be avoided by perform- 
ing the pre-electrolysis step at a greater potential 
where the Cu*+ is not reduced. This solution, 
however, causes an important diminution in the 
sensibility of the kinetic method. Another inter- 
fering ion is the As3+ which causes an important 
diminution in the slope of the kinetic curves. 
Other ions like the Sn*+ don’t affect the kinetic 
curves obtained. 

Analytical parameters. We studied the linear- 
ity and applicability range of the proposed 
method. For a given, fixed potential, the time 
and the slope of the linear portion of the 
potentiometric curve were found to vary linearly 
with the concentration and its logarithm, re- 
spectively. In the fixed-potential method, the 
measurement potential is chosen from the linear 
range of the kinetics curves of all of the stan- 
dards (see Fig. 6) which is 300-400 mV. A 
potential of 400 mV was chosen. The most 
representative parameters of the curves ob- 
tained are summarized in Table 1. 

The reproducibility of the method was 
checked on 9 individual samples containing 200 
ppb by applying the above-described procedure. 
The relative standard deviation thus obtained 

...... BO ppb HG 
*_-. 160ppb HG 
-.- 240 ppb HG 
---320ppbHG 
-- 400 mb HG 

Fig. 4. Potentiograms obtained at different oxidation cur- Fig. 6. Potentiograms obtained at different Hg(I1) conccn- 
rents. [Hg(II)] = 800 ppb, [HCl] = O.lM; PaCl] = 0.4M; 30 trations. [HCI] = O.lM; [NaCl] = 0.4M; I = 15 PA; 5 min 

set pre-electrolysis at -0.5 V. pre-electrolysis at -0.5 V. 
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Fig. 5. Influence of the pre-electrolysis time on the signal 
(TEhx). [HCl] =O.lM; [NaCl] =0.4M; I = 15 pcA; pre- 

electrolysis voltage, -0.5 V. 

was 4.9 and 4.2% for the fixed-time and slope 
methods, respectively. 

DISCUSSION 

A careful study of the working conditions and 
influence of the different variables affecting the 
experimental system allowed us to interpret the 
overall process involved in the ASP of mercury 
as follows: in the electrolysis step, mercury is 
reduced on the gold surface, with which it 
amalgamates according to 

Hg*+ + 2e- + Hg(Au) 

Once the amount of deposited mercury is large 
enough, we may assume the formation of an 
additional layer of unamalgamated mercury. 

When the amount of mercury present is quite 
large, the metal cannot fully penetrate the elec- 
trode surface, so, in the first few moments, the 
situation is equivalent to working with a pure 
mercury electrode which gives rise to the typical 
plateau of ASP curves during the stripping. 
Once the entire mercury surface has been de- 
pleted or if the deposited amount is small 
enough to penetrate the gold electrode, the 
redox process may be limited by the kinetics of 

li- 
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Table 1. Parameters of interest of the potentiometric curves 

Method 

Slope 
Fixed-uotential 

Linear 
Equation r range, ppb 

Tga = -0.0156 + 6.98 x 1031n(conc) 0.993 80-400 
T,.. = 0.116 + 0.0196 cone 0.998 80-400 

transfer from the bulk of the electrode to the 
interface. This phenomenon, together with 
slower transfer kinetics than that of the chemi- 
cal oxidation reaction, accounts for the attain- 
ment of kinetic curves after the typical plateau 
or even from the beginning of the stripping if the 
amount of deposited mercury is rather small. 
This interpretation is supported by the fact that 
the copper&d graphite electrode only gives rise 
to the expected plateau, i.e., that of copper, 
followed by that of mercury.16 As the copper has 
already been stripped before the mercury, the 
latter does not have to diffuse throughout the 
electrode and is only reoxidized in a step con- 
trolled by the chemical process and oxidant 
diffusion. On the other hand, experiments car- 
ried out with a gold thin film electrodeI gives 
curves with a smaller kinetic effect than that 
obtained with the gold electrode. 

The shape of the kinetic curves, which show 
two distinct slopes, can be interpreted by first 
assuming the electrode potential to be deter- 
mined by the Hg concentration at the electrode 
surface, which in turn depends on its rate of 
diffusion through the gold. Once all the mercury 
has been oxidized, the slope changes again and 
becomes steeper as it reaches the plateau yielded 
by the blank. 

The kinetic curves obtained with the gold 
electrode disappear when important quantities of 
Cu2+ are present in the sample. This means that 
the deposition of Cu on the electrode surface 
reduces the diffusion of the Hg into the Au bulk. 

From the results given it must, however, be 
concluded that the kinetic approach does not 
give very satisfactory results from an analytical 
point of view as compared to other stripping 
techniques. 
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Summary-A method for the determination of trace amounts of copper with a chemically modified carbon 
press-formed electrode is described. Copper could be accumulated at the electrode by complexing with 
benxoin oxime in ammonia buffer, then reduced at a constant potential of -0.4 V (0s. SCE) in nitric acid 
solution. Finally, a well-defined stripping peak could be obtained by scanning the potential in a positive 
direction. The response depends on the concentration of copper and accumulation time. For an 
accumulation time of 5 min the detection limit is about 1 ng/ml and the linear range is from 2 ng/ml to 
4000 ng/ml, with a relative standard deviation of 5%. Many common metal ions have little or no effect 
on the determination of copper. The recommended procedure was applied to the determination of trace 
amounts of copper in natural water, and the results are in agreement with those of atomic-absorption 
spectrometry. 

In electroanalysis the most sensitive and com- 
monly used approach for trace metal analysis is 
undoubtedly stripping voltammetry. However, 
because of problems ranging from inordinately 
negative reduction potentials and slow electron 
transfer kinetics to the formation of intermetal- 
lit compounds upon electrodeposition, wide- 
spread utilization of this approach for practical 
solution analysis problems has been limited. 
Recently, a number of investigators have 
described a new variation of this approach in 
which analyte preconcentration is carried out at 
chemically modified electrodes (CMEs) possess- 
ing surfaces specifically designed for the ability 
to react with and bind the target solute.‘-” In 
this approach, the CMEs preconcentrate via a 
non-electrochemical mechanism and overcome 
disadvantages arising from electrochemical pre- 
concentration. Further, preconcentration can be 
extended to analytes that cannot be reductively 
deposited directly or that require excessively 
negative deposition potentials. Also, the selec- 
tivity of the chemical step involved in the pre- 
concentration can be used to increase overall 
selectivity of the analysis. 

In our work, we describe the construction 
and behaviour of a chemically modified carbon 
press-formed electrode (CMCPFE) system 
appropriate for the chemical preconcentration 
and voltammetric quantitation of copper. Here, 
the electrode was prepared by pressing a mix- 
ture of benzoin oxime (BO), graphite powder 

and liquid paraffin into a glass tube (4 mm i.d.). 
Such CMCPFEs are simple to prepare and 
permit convenient variation of the modifier 
surface coverage, and they have small resistance 
and long lifetime. Also, a fresh modifier surface 
can be easily regenerated in a rapid and repro- 
ducible fashion. The principal characteristic 
required for the success of the modification 
approach is that the solubility of the modifier 
must be sufficiently slight in the solvents em- 
ployed so that it remains stably incorporated in 
the carbon paste mixture. The reason for choos- 
ing BO as a modifier was because BO and its 
complexes all possess very limited solubility in 
the aqueous solvents commonly used in connec- 
tion with carbon paste electrodes.13~‘4 

EXPERIMENTAL 

Apparatus 

An MP-1 stripping analyzer was used for 
voltammetric measurements (Shandong Elec- 
tronic 7th Factory, Jining). A magnetic stirrer 
(Taixian Electronic Factory) was used in the 
accumulation step. The three-electrode system 
used was a CMCPFE working electrode, a 
platinum wire auxiliary electrode and a SCE 
(with a O.lM nitric acid bridge). All potentials 
were referred to the SCE. A model PHS-3c pH 
meter (Shanghai Second Analyzer Factory) was 
used for measurement of pH. A Hitachi model 
180-80 polarized Zeeman atomic-absorption 
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spectrometer equipped with pyrolytically coated 
graphite tubes was used for atomic absorption 
measurements. 

Reagents and chemicals 

A copper stock solution (1 g/l.) was prepared 
by dissolving pure copper (99.999%, Germany) 
in nitric acid, and working solutions were pre- 
pared by diluting the stock solution. Graphite 
powder (Shanghai Graphite Factory) was spec- 
troscopic grade. Benzoin oxime (Beijing Chemi- 
cal Reagent Institute) and all other reagents 
were analytical-reagent grade. Triply distilled 
water was used in all experiments. 

Preparation of the CMCPFE 

Take 0.8 g of pure graphite powder and 0.2 g 
of BO in a mortar with a pestle, grind and mix 
well, add 0.16 ml of liquid paraffin and mix well 
again. The mixture is filled into the end of a 
glass tube (50 mm length, 6 mm o.d., 4 mm i.d.) 
and pressed with a steel bar (4 mm o-d.) under 
a pressure of 6.2 Mpa. Make the electrical 
connection with a nickel-chromium wire which 
is passed through a rubber plug. The electrode 
surface (0.13 cm*) was polished on transparent 
paper until the surface had a shiny appearance. 
The renewal of the electrode surface was 
achieved by pushing the rubber plug OS- 
1.0 mm, scraping off the mixture with a blade 
and then polishing the surface of the electrode. 

Procedure 

Chemical accumulation. The electrode was 
immersed in 20 ml of copper sample solution 
containing 0.16M ammonium chloride and 
0.02M ammonia which was stirred with a mag- 
netic stirrer (500 rpm) for a fixed period of time. 

Electrochemical reduction. After accumu- 
lation, the electrode was removed from the 
solution and rinsed thoroughly with water, then 
dipped into 0.015M nitric acid and electrolysed 
at -0.4 V for a fixed time without stirring. 

Anodic stripping. The electrode was scanned 
anodically from -0.4 to +0.5 V and the wave 
height was measured at about +0.2 V. 

Following measurements, the electrode was 
cleaned at +0.5 V for 20 sec. 

RESULTS AND DISCUSSION 

Composition of the electrode 

The effect of the amount of BO on accumu- 
lations of copper was investigated by altering 
the weight ratio of BO to graphite powder. The 

height of the peak increased with increasing 
amounts of BO up to 15% and then remained 
constant. The resistance of the electrode in- 
creased when the amount of BO was increased. 
A ratio of BO to graphite powder of 1:4 was 
used for most of this work. The resistance of the 
electrode is in the range 2-10 ohms. 

Behaviour of the CMCPFE 

Figure 1 shows the cyclic voltamperograms in 
0.015M nitric acid, showing stable and relatively 
low residual current over a wide potential range 
recorded at the CMCPFE. The anodic wave at 
about + 0.2 V is the oxidation current of copper 
elecrochemically reduced at the CMCPFE, 
following the chemical accumulation. The cyclic 
voltamperograms had no obvious cathodic 
wave, showing that the oxidation of copper is 
irreversible and means that the electrochemically 
deposition rate is much less than the stripping 
rate. The first scan (designated as 1) exhibits a 
large anodic peak, due to the oxidation of the 

11 1 I I I I I I I 
0.5 0 -0.4 

E, V 

Fig. 1. Cyclic voltamperograms in 0.0134 nitric acid: 
A-blank; B-500 ng/ml copper, Th120 set, T,-80 sec., 
without stirring; C-500 ng/ml copper, T,do set, T,-80 

set, under stirring; scan rate - 100 mv/sec. 
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(a) 

I I I I I I 1 I I I f I I I I 1 I 
0.39 -005 0.39 -0.05 0.39 -0.05 

E, V E, Y E, Y 

Fig. 2. Various linear sweep voltamperograms for ASV of copper. (a) Normal linear sweep volt- 
amperogram; (&) First-order derivative voltamperogram; (c) Second-order derivative voltamperogram. 

Other conditions as in Fig. 1. 

accumulated copper. The anodic peak decreases 
gradually on ~ntinued scanning without stir- 
ring, reflecting the gradual diffusion of the 
product from the surface of the CMCPFE (Fig. 
1, B). If the scan is carried out with stirring, the 
anodic peak disappears on continued scanning 
(Fig. 1, C}. 

Various vol~mme~c measu~ments methods 
for the ASV of copper are illustrated in Fig. 2. 
The sensitivity is greatly improved by using 
second-order derivative voltammetry; a better 
discrimination against background is obtained 
and the sharper anodic stripping peak is easier 
to measure, so the sensitivity for the determi- 
nation of copper was greatly increased. Hence, 
it is more suitable for practical analysis. Figure 

I I I 1 

0.4 -0.4 

E, v 

4ryy-+y 
20 40 60 80 

Time, see 

Fig. 3. The second-order derivative voltamperograms of Fig. 4. The effect of Tr on the peak height. (a) 100; (b) 500 
copper in 0.015M nitric acid: (a) 0; (b) 4, (c) 6, (d) 8 ng/ml and (c) 1000 ng/ml copper. T,--2 min. T,-100 set, other 
copper. T,--5 min, Tr--30 set, scan rate -332 mv/sec. conditions as in Fig. 1. 

3 gives the second-order derivative voltampero- 
grams of 4-8 ng/ml copper. 

Reduction the 

The effect of the reduction time, Tr, on the 
peak height is illustrated in Fig. 4. It confirmed 
that the reduction of copper was easily accom- 
plished, so that when the inundation of 
copper is less than 100 ng/ml, the Tr chosen is 
30 set; for 100-500 ng/ml it is 50 set; 500- 
1000 ng/ml, 80 set, 10004000 ng/ml, 100 sec. 

EJect of pH 

The effect of the pH on the peak height 
is illustrated in Fig. 5. The optimum pH range 

800 
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2 4 6 6 10 

PH 

Fig. 5. The effect of pH on the peak height. 250 ng/ml 
copper T,--4 min., other conditions as in Fig. 1. 

is 7.0-10.0, so that 0.16&f ammonium chloride- 
0,02M ammonia medium (pH 8.5) was selected 
for chemical accumulation.‘5 

Working range 

Under the selected conditions, the linear 
range of peak height us. copper concentration is 
from 2 ng/ml to 4000 ng/ml for an accumulation 
time of 5 min, and the detection limit is 1 ng/ml 
with a relative standard deviation of 5% 
(n = 10). For a IO-min a~um~ation time, the 
detection limit can be lowered to 0.5 ng/ml. 

Interference effects 

Many common cations and anions were 
examined as possible interferents in the determi- 
nation of 50 ngfml copper by second-order 
derivative voltammetry. The results showed that 
500-fold A13+, Fe3+, Fe’+, Pb’+, Cd2+, Zn2+, 
Cr3+ Sn2+ In 
Ni2+: Hg 

3+, Ti4+, Tl+, V’+, 400-fold Co2+, 
2’ Bi3+, Ag+, lOO-fold Mn’+, Mo(VI), 

W(VI), 40-fold Sb(III), Se(IV), and 500-fold 
PO:-, SO:-, NO;, Cl07 , AC-, F-, Br-, Cl-, 
80-fold S2-, I-, CNS-, do not interfere under 
the experimental conditions (less than 10% 
different). In the determination of copper by 
conventional ASV with an unmodified CPE, 
Bi(III), Ag+ and Sb(II1) interfere seriously, be- 
cause their ASV peaks overlap with that of 
copper. However, with the CMCPFE, Bi(II1) 
Ag+ and Sb(II1) show no interference. 

Reproducibility 

The analytical responses obtained after 30 set 
chemical accumulation from 50 ng/ml copper in 
ammonia buffer were measured and compared 
for a series of different CMCPFE surfaces. 
Fresh electrode surfaces were generated simply 
by scraping off the old surface and polishing the 
newly exposed layer in the same manner as 
above. The reproducibility measured in this 
manner as the relative standard deviation of the 
peak height was typically in the 10% range 
(for 10 measurements). Alternatively, the same- 
initially conditioned-electrode surface, subjected 
after each preconcentration/reduction/oxidation 
to the cleaning procedure, was used for a series 
of consecutive dete~nations of copper em- 
ploying the same deposition conditions. In this 
manner, the surface-to-surface variability occur- 
ring when the electrode surface was manually 
refreshed could be avoided, the resulting repro- 
ducibility, again computed as the relative 
standard deviation, of 10 consecutive measure- 
ments, was only 5%. 

Life -time 

The CMCPFE must be kept from sunlight 
when not in use. The first CMCPFE prepared 
has not exhibited significant changes in per- 
formance over half a year. 

Practical application 

The proposed method has been used for the 
dete~ination of trace amounts of copper in 
natural waters. Any sample treatment is not 
necessary. The results agreed well with those 
obtained by atomic-absorption spectrometry, as 
shown in Table 1. 
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Summaq-The synthesis of p-MPAQ and the electroanalytic4 chemical properties of the nickel@)- 
p-MPAQ complex are reported in this paper. A sensitive adsorptive cathodic stripping procedure for 
trace nickel determination was developed. For a 3-min preconcentration time the detection limit is 
3.0 x lo-“M. 

Adsorptive stripping voltammetry is widely 
recognised as one of the most sensitive methods 
in electroanalytical chemistry.‘-’ It has been 
shown that adsorption of metal chelates can be 
used as a preconcentration step to improve the 
detection limit of the electroanalytical determi- 
nation. The surface concentration of a metal 
complex at a mercury electrode is related to the 
structure of the ligand. The synthesis of new 
organic chelating agents is one of the available 
approaches for increasing the sensitivity of 
adsorptive stripping voltammetry.* Dimethyl- 
glyoxime (DMG) has been used as a complexing 
agent for the voltammetric determination of 
cobalt and nickel with a detection limit of 
5.0 x 10-“M.2~9~‘0 Dimethylglyoxime has the 
functional group 

-C=N- 

AN- 

The ligands suitable for adsorptive stripping 
voltammetry are characterized by the pres- 
ence of aromatic rings.’ 8-Aminoquinoline 
and its derivatives possess not only the above- 
mentioned functional group but aromatic rings 
as well. Recently we have synthesized a series of 
azo compounds derived from 8-aminoquinoline, 
including 5-[(p-methylphenyl)azo]-8-amino- 
quinoline (p-MPAQ), 5-[(p -acetylphenyl)azo]- 
8-aminoquinoline (p -APAQ), 5-[ (p -nitro-phen- 
yl)azo]-8-aminoquinoline (p -NPAQ), 5-[(m -ni- 
trophenyl)azo)]-8-aminoquinoline (m-NPAQ) 
and 5-[(o -nitrophenyl)azo]-8aminoquinoline (o - 
NPAQ). The reagent p -MPAQ has been used as 

a spectrophotometric reagent for palladium and 
a fluorogenic reagent for iron.” It also possesses 
excellent electroanalytical characteristics. The 
adsorptivity ofp-MPAQ is stronger than that of 
DMG because its n-orbital interaction is greater 
than DMG’s. The experimental results show 
that the reduction potential of p-MPAQ (- 0.55 
V under optimum conditions) is more positive 
than that of the Ni(II)-p-MPAQ complex 
(-0.95 V) but the reduction potential of DMG 
(- 1.63 V) is more negative than that of 
Ni(DMG)* . Therefore, at the adsorption poten- 
tial the excessive p-MPAQ doesn’t compete 
with the Ni-p-MPAQ complex for the adsorp- 
tion site on the electrode surface, but DMG 
does. Our previous works show that the greater 
the ratio of the coverage of the complex to the 
ligand, the lower the detection limit of the 
adsorptive-complex wave.” Obviously, using p - 
MPAQ as a ligand is advantageous as it lowers 
the detection limit of nickel. The present paper 
describes a very sensitive cathodic stripping 
procedure for the determination of nickel by 
adsorptive accumulation and reduction of its 
p-MPAQ complex at the hanging mercury drop 
electrode, the detection limit being 3.0 x lo-” 
for an adsorption time of 3.0 min. 

EXPERIMENTAL 

Apparatus 

The single-sweep polarograms were recorded 
on a JP-1A polarograph. The polarographic 
cell has the three electrode system: a dropping 

1487 
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mercury electrode (DME), a working electrode, 
a silver/silver chloride (saturated potassium 
chloride) reference electrode and a platinum 
wire auxiliary electrode. An XJP-821 neopolar- 
ograph in connection with an LZ3-100 X-Y 
recorder and a JM-01 (manual micrometric 
screw delivery) hanging mercury drop electrode 
(HMDE) were used for linear scan voltammetry 
and cyclic voltammetry measurements. The 
solution was stirred with a Model GSP-84-01 
stirrer. 

Reagents 

Standard nickel solution. A stock solution of 
nickel (II) was prepared by dissolving 0.291 g 
of nickel nitrate Ni (NO,), *6Hz0] in 50 ml of 
O.lM hydrochloric acid and diluting to 1 litre. 
The solution was standardized volumetrically 
with EDTA. Prepare solutions of lower concen- 
tration by serial dilution. 

p-MPAQ ethanolic solution, 10p3M. Dissolve 
0.262 g of p-MPAQ in 1 litre of absolute 
ethanol. 

Synthesis of p-MPAQ. Dissolve 1.2 g of p- 
methyl-aniline (0.01 mole) in 20 ml of 5M 
hydrochloric acid solution and cool to below 
5°C in ice. While stirring, add dropwise 20 ml 
of ice-cold water containing 4.0 g of sodium 
nitrite. The mixture is stirred for a further 
30 min and the diazonium salt is poured in a 
thin stream, with constant stirring, into 10 ml of 
cold N,N-dimethylformamide containing 1.4 g 
of 8-aminoquinoline. After standing aside for 
1 hr the resulting mixture is neutralized by 
adding dilute alkaline solution and allowing to 
stand for 24 hr. The separated crystals are 
recrystallized from 1: 1 ethanol solution and 
dried at room temperature under vacuum. 
The product is a red solid yield of about 
70%. The purity of the product was examined 
by thin-layer chromatography with ethanol- 
benzene (1: 3). It was considered pure if the 
chromatogram showed only a yellow spot at 
R,= 0.74. Analysis: CL6H14N4 requires 73.26% 
C, 5.38% H, 21. 36% N; found, 72.93% C, 
5.58% H, 20.73% N. The principal infrared 
bands were at 3420, 3302, 3030, 1332, 1280, 
1430 and 1385 cm-‘. 

Other reagents were of suprapure or 
analytical-reagent grade. Water, redistilled in 
a fused-silica apparatus, was used throughout. 

Procedure 

Adsorptive cathodic stripping voltammetry of 
pure nickel solution. Mix 0.10 ml of 1 .O x 10e3M 

p-MPAQ solution, 2.0 ml of buffer solution (pH 
6.8) and a varied amount of nickel standard 
solution. Dilute to 10 ml with redistilled water. 
After standing for 15 min for complete complex 
formation the solution was transferred to the 
voltammetric cell, and purged with oxygen-free 
nitrogen for 10 min. A flow of nitrogen was 
maintained over the cell throughout the analy- 
sis to prevent interference from oxygen. The 
adsorption potential (usually -0.70 V) was 
applied to a fresh mercury drop while the 
solution was stirred. Following the adsorption 
step, the stirring was stopped, and after 30 set 
the voltamperogram was recorded by applying 
a linear scan terminating at - 1.2 V. The strip- 
ping voltammetric peak of the complex of nickel 
with p-MPAQ appears at about -0.95 V vs. 
Ag-AgCl-KCl(satd). 

Analysis of samples. Blood serum was pre- 
pared by centrifuging blood samples three 
times followed by digestion in perchloric acid 
at 200” with a digestor until the sample was 
colourless. Market milk was digested with 
HNO,-HClO,-H, S04. Transfer a moderate 
amount of natural water, the digested blood 
serum or the treated milk sample into a lo-ml 
standard flask, and continue as above. 

Recovery experiment. Add the amounts of 
nickel shown in Table 1 into a 50-ml beaker 
containing the samples and treat as described 
above. 

RESULTS AND DISCUSSION 

Adsorptive stripping voltammetry 

The five synthesized azo compounds all give 
one or two polarographic reduction waves, the 
peak potentials shifting to negative direction 
with increasing pH value of test solution. In 
a neutral or weakly basic solution these reagents 
form with nickel(I1) purple-red complexes 
which give a new polarographic reduction wave. 
Among them, the Ni(II)-p-MPAQ complex 
[Ni (p-MPAQ),] from continuous variation 
and molar ratio measurements], shows higher 
sensitivity. Figure 1 shows linear scan voltam- 
perograms for 1.0 x 10e8M nickel(II), in the 
presence of 5.0 x 10e6M p-MPAQ after differ- 
ent preconcentration periods. The Ni(II)- 
p-MPAQ complex yields a well-defined 
cathodic stripping peak at -0.95 V. Its peak 
height increases rapidly with increasing pre- 
concentration time. A concentration of 
3.0 x lo-“M can be detected if a preconcen- 
tration time of 180 set is used; the detection 
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Table 1. Determination of nickel in some samples 

Ni added, Ni found, Recovery,* Ni content,? 
Samples WW nglml % nglml 

Xiang River water 0 5.40 5.63 
5.00 10.1 94 
1.00 6.50 110 
0.80 6.10 88 

Blood serum 0 21.3 - 
20.0 41.0 99 
15.0 36.8 103 
5.00 25.8 90 

Market miIk 0 1 I.? 11.0 
10.0 21.4 93 
5.00 16.6 98 
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*Mean of three parallel determinations. 
taetermined by ICP-AES. 

limit was taken as the concentration that 
gave a signal equal to three times the standard 
deviation of the blank signal, calculated from 
the calibration slopes. The reproducibility was 
evaluated by ten repetitive experiments on a 
1.0 x IO-*M nickel(I1) solution with a pre- 
concentration time of 120 sec. The relative 
standard deviation was 2.3%. 

Eflect of pH and bufler concentration. The 
buffer concentration and pH are the important 
factors influencing the peak height and the 
stability of the complex. The pH doesn’t affect 
the peak potential of the Ni(I~~~-MPAQ com- 
plex, but strongly affects its peak current. If the 
pH is less than 3, no wave appears. If the pH is 
5.5-8.0, the peak current is the largest; after 
that, the wave height decreases gradually with 
an increase in pH and finally disappears. In our 
ex~~ments pH is kept at 6.8, using ammonium 
acetate as buffer. The peak current increases 

d 

linearly with increasing buffer concentration 
from 0.01 to 0.05M and decreases slightly when 
the buffer concentration exceeds O.lOM. In this 
paper the ammonium acetate concentration is 
0.08M. 

E#ect of p-MPAQ concentration. The concen- 
tration of p-MPAQ affects both peak height 
and linear range. The peak currents increase 
rapidly with p-MPAQ concentration and maxi- 
mum values are attained from 3.0 x lop6 to 
1.0 x 10-SM p-MPAQ. As p-MPAQ concen- 
tration is larger than 1.0 x 10’?%4, the peak 
currents decrease and the linear range becomes 
narrower. A 5.0 x 1O-6M p-MPAQ concen- 
tration is suitable for the experiment. 

Eflect of the preconcentration potential. The 
dependence of the stripping peak current on the 
preconcentration potential was examined over 
the range from -0.1 to -0.8 V (Fig. 2, curve 
A). Potentials ranging from -0.1 to -0.6 V 
yielded similar peak heights. At potentials more 
negative than - 0.6 V the peak height increased 
rapidly. The maximum peak current was 

odsorptton tlme,s 

OV 

potentia I, V 

Fig. 1 

odsorptlon potential, V 

Fig. 2 
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obtained at -0.7 V, which was used in all 
subsequent work. 

Effect of the preconcentration time. The accu- 
mulated amount on the surface depends on the 
length of time over which the adsorption is 
allowed to proceed. Figure 2 curve B shows the 
dependence of the adsorptive stripping peak 
current on the adsorption time for nickel pre- 
sent at the 0.60 ng ml level. The peak current 
increases non-linearly with preconcentration 
time and then remains constant after 4 min. 
Obviously, a compromise between increase in 
sensitivity and speed is required in selecting the 
optimum preconcentration time. The precon- 
centration time was chosen to be 180 set in all 
subsequent work. 

Interferences 

Interference by diverse ions was investigated 
by adding appropriate amounts of various ion 
solutions to 10 ml of solution containing 5.0 ng 
of nickel. Interference was taken as causing an 
error in excess of 10%. The amounts of some 
foreign ions which did not interfere are as 
follows: 4.0 mg of K+ and Na+; 10 pg of AP+; 
5 pg each of Ca*+, Ba*+ and Mg*+; 0.5 pg each 
of Be*+, Mn*+, Pb*+ and Bi3+; 0.3 pg of Cr3+ 
and Fe3+; 0.1 pg of Pd*+; 0.08 pg each of Cd*+, 
Cu*+ and Zn*+; 0.05 pg of Co*+; 8.0 x lo-’ 
mmoles of tartrate and citrate; 2.0 x 10m5 mm01 
of PO:-, C,O:- and EDTA. The reduction 
potential of the Co(II)-p-MPAQ complex is 
- 1.34 V, well removed from the nickel peak. 
But the cobalt competes with the nickel for the 
ligand, causing a negative interference above 
0.05 pg: - 1445% and -73% at 0.10,0.50 and 
5.0 pg Co(II), respectively. 

Adsorptive characters qf Ni(ZZ)-p-MPAQ 
complex 

The adsorption of the complex of nickel(I1) 
with p-MPAQ at the mercury drop electrode 
was demonstrated by constructing electrocapil- 
lary curves and by carrying out medium- 
exchange experiments. 

The electrocapillary curve of a buffer solution 
containing p-MPAQ is lower than that of the 
pure buffer, and the electrocapillary curve of 
the solution containing the Ni(II)-p-MPAQ 
complex was lower still than the p-MPAQ 
solution, indicating that p-MPAQ and its 
nickel(I1) complex are both adsorbed at the 
mercury drop electrode. 

For medium-exchange studies, the static 
mercury drop electrode (SMDE) used as a 

working electrode, was kept in contact with 
a solution containing the Ni(II)-p-MPAQ 
complex for 240 set with stirring. Following 
this, the electrode was cleaned carefully and 
transferred into another cell containing the 
background solution only. The reduction pro- 
cess shown in the voltamperogram obtained in 
the new cell closely resembled those in the 
original cell. 

Cyclic voltammetry 

The redox and interfacial behaviour of 
chelate of nickel(II1) with p-MPAQ can be 
evaluated by using cyclic voltammetry. Figure 3 
shows cyclic voltamperograms for 1.0 x lo-* 
nickel(I1) in 5.0 x 10W6M p-MPAQ solution in 
0.08M ammonium acetate (pH 6.8). Stirring 
the solution for 3 min at -0.35 V before 
starting the first scan (Fig. 3 curve l), resulted 
in two distinct cathodic peaks due to the 
reduction of the adsorbed dye (at -0.55 V) and 
of the adsorbed chelate (at -0.95 V). The 
oxidation peak of the chelate was observed 
in the anodic branch. Subsequent repetitive 
scans yielded significantly smaller (but stable) 
cathodic peaks corresponding to the reduction 
of dissolved species. This behaviour indicates 
that the adsorption of dye and chelate at the 
mercury electrode is reactant adsorption.i3 The 
difference in peak potentials between Epz and Ep2 
is 30 mV, which shows that the number reacted 
electrons of the complex equals two. 

Application 

The proposed method has been applied to the 
determination of nickel in natural water, human 
blood and milk samples. 

Calibration graphs. Treat the standard 
nickel(I1) solutions used for preparation of the 

PI 

A 

04 0.6 0.6 IO 

potential,V 

Fig. 3 
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calibration line in the procedure as described 
in the section of analysis of samples. The 
regression equation of the calibration line has 
the form: 

Y =5.13X-0.008 (1) 

where Y is the stripping peak current in nA and 
X is the concentration of nickel(I1) in ng ml. The 
correlation coefficient was 0.996. The results 
of the determination of nickel and recovery of 
added nickel by using the recommended method 
are summarized in Table 1. 
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Summary-Potentiometric stripping analysis was applied to determination of germanium(W) in 0.2M 
NH,-NH,Cl (pH 8.4) buffer solution at - 1.8 V (vs. Ag/AgCl), with dissolved oxygen or Hg(I1) as 
oxidant. The sensitivity was 8.5 x 10m9M in the presence of 2.0 x 10-‘M Hg(I1) with plating for 15 min 
after deaeration for 20 min. Cyclic voltammetry revealed that Ge(IV)+Ge at the surface of the 
mercury-film electrode in a one-step irreversible reduction reaction, and the Ge at the electrode was 
oxidized by dissolved oxygen in the solution. The presence of complexing agents such as Alixarin Red 
(ARS), which forms a Ge(IV) complex adsorbed at the electrode, improved the sensitivity by one order 
of magnitude. The presence of adsorption was revealed by the temperature coefficient, the electrocapillary 
curve and cyclic voltammetry. Ge-containing samples were analysed by the proposed methods and 
agreement with the results obtained by other methods was excellent. 

In the last decade potentiometric stripping 
analysis (PSA)‘*’ has become of increasing inter- 
est because of certain advantages it possesses 
(e.g., no interference by oxygen, less suscepti- 
bility to adsorption phenomena, and cheapness 
and simplicity of instrumentation).3 It has been 
recognized as an electroanalytical technique for 
the determination of trace amounts of heavy 
metals such as Cu, Pb, Zn, Cd, Bi, Tl, Ga 
and Hg. The high sensitivity and specificity and 
the possibility of simultaneous determinations 
inherent in stripping analysis are distinctive 
features that make it attractive in environ- 
mental, clinical, industrial and other fields of 
analytical chemistry. However, potentiometric 
stripping analysis of germanium has not yet 
been reported. 

In an early study of the polarographic 
behaviour of germanium,4 it was observed that 
germanium(IV) could be reduced to elemental 
germanium in two steps in 6M hydrochloric 
acid. Sauvenier and Duyckaerts’ and Dhar6 
found that germanium(W) could be reduced to 
elemental germanium at the dropping mercury 
electrode in ammonia or boric acid buffer sol- 
ution with a half-wave potential of - 1.5 V. 
Recently, several electroanalytical techniques 
have been applied to the determination of ger- 
manium. Kalvoda7 observed that adsorptive 
accumulation of the germaniumPyrocatecho1 

complex on a hanging mercury drop electrode 
produced increased sensitivity in differential 
pulse polarography. An analogous procedure 
using the germanium complex with pyrogallol 
has been described.8 Li et a/.‘*” studied the 
polarographic adsorptive complex wave of 
the germanium-Alizarin Red (ARS) and ger- 
manium-Alizarin systems, which were applied 
to the determination of germanium(W) down 
to 0.1 mg/l. Deng et al.” used a gold-film 
electrode for an anodic stripping voltammetric 
study of the reduction of Ge(IV). Two stripping 
peaks were reported, the first corresponding to 
the oxidation of Ge to Ge(I1) and the second to 
the oxidation of Ge(I1) to Ge(IV), detection 
limits of 5 pg/l. being observed when the first 
peak was used for quantification. No report of 
potentiometric stripping analysis for Ge(IV) at 
a mercury-film electrode has been found. 

The aims of the present work are to offer 
another simple and sensitive method of analysis 
for germanium and to extend the application 
of potentiometric stripping analysis. The paper 
deals with the study of the potentiometric 
stripping behaviour of germanium and adsorp- 
tion potentiometric stripping analysis (APSA) 
for germanium, in which an ARS complex is 
formed and adsorbed at the electrode to in- 
crease the sensitivity. Some generally applicable 
conditions for this method are discussed. The 
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Table 1. r values in different media 

Medium r, set 

0.2M Na,CO, 
0.4M Na,CO, + O.OlM EDTA 
0.2M KH,F’O, + Na,HF’O, (pH 8) 
0.2M Citric acid + Na$IPO, (PH 8) 
0.2M Borax + NaOH (pH 8) 
0.2M NH, + NH&l @H 8) 
O.lM KC1 

N.S. 
N.S. 
N.S. 
24.0 
12.5 
31.0 
N.S. 

N.S. = no signal. 

method is applied to the analysis of samples 
from plants and mineral water. 

EXPEIUMENTAL 

Apparatus 

A Metrohm E-524 potentiostat was used for 
constant-potential electrolysis. The potentio- 
metric stripping curve was recorded with an LZ 
3-04 x-y recorder (Shanghai), which was con- 
nected to a meter with high input-impedance 
(pH s-3, Shanghai). A model FA-1 cyclic 
voltammetry instrument (Changchun) was used. 
A rotating glassy-carbon disc electrode (ATA- 
1 A, Jiangsu) with a mercury film was used as the 
working electrode (diameter 4 mm). A spiral 
Ag/AgCl electrode was used as the reference 
electrode, with a saturated potassium nitrate 
agar salt bridge. A platinum wire was used as 
the counter-electrode. 

Reagents 

All reagents were of general or analytical 
reagent grade and were prepared with doubly 
distilled water. A stock standard solution of 
1.0 x lo-‘M germanium(W) was prepared by 
dissolving 0.0726 g of Ge powder (99.999% 
pure) in a beaker containing 1 g of sodium 
hydroxide and 10 ml of 30% hydrogen peroxide 
solution, then adding 15 ml of 1: 1 v/v sulphuric 
acid to the beaker, heating gently to expel excess 
of hydrogen peroxide, cooling, and diluting 
accurately to 100 ml. Ammonia buffers of differ- 
ent pH were prepared from mixtures of 0.2M 
ammonia and 0.2M ammonium chloride. 

Preparation of the working electrode 

The working electrode must be coated with 
mercury before the start of the analysis. This 
was achieved by keeping the working electrode 

rotating for 4 min at -0.90 V vs. Ag/AgCl 
in 50 ml of O.lM hydrochloric acid containing 
25 mg/l. mercury(I1). The rotation was stopped 
and at the same time the working and refer- 
ence electrodes were connected to a recorder. 
A stripping curve was registered and a steady 
baseline established. After that, the working 
electrode was washed immediately with distilled 
water and stored in distilled water for later use. 

Procedure 

Measure 50 ml of germanium solution in 
0.2M ammonia buffer (pH 8.4) into an electrol- 
ysis cell. In routine analysis, dissolved oxygen is 
preferred as the oxidant in order to save time. 
If it is necessary to enhance the sensitivity, add 
Hg(I1) as oxidant to the solution and deaerate 
with purified nitrogen for 20 min. After that, 
let the stream of nitrogen pass over the surface 
of the solution to prevent oxygen from redis- 
solving in the solution. Immerse a glassy-carbon 
electrode coated with a mercury film in the 
solution and connect the cell to an Ag/AgCl 
reference electrode. Electrolyse at - 1.8 V with 
the electrode rotating at 2000 rpm, then stop 
the rotation and at the same time connect the 
electrodes to a recorder to trace the potential- 
time curve. 

RESULTS AND DISCUSSION 

PSA for germanium (IV) 

Selection of supporting electrolyte. Values for 
the stripping time, T, in different media are 
shown in Table 1 and indicate that ammonia 
buffer is the optimum supporting electrolyte. 

Efict of pH. The sample pH was adjusted 
to the optimum value (8.4), which gives the 
maximum signal, as shown in Fig. 1. 

Plating potential Ep. Table 2 demonstrates 
that there was no signal at potentials more 
positive than - 1.55 V, because Ge(IV) cannot 
then be reduced to Ge. The signal increased with 
more cathodic potentials in the range from 
- 1.55 to - 1.80 V and stayed constant for 
Ep < - 1.80 V. Therefore Ep was chosen to be 
- 1.80 V. 

Dependence of ‘I on concentration. The strip- 
ping signals increased linearly with the concen- 
tration of Ge(IV). Figure 2 illustrates the effect 

Table 2. Dependence of r on E,, for 2.0 x IO-‘M Ge(IV), t,, 4 min, pH 8.4 

-Ep, V 1.50 1.55 1.60 1.65 1.70 1.75 1.80 1.85 1.90 1.95 

r, set N.S. 8.2 24.0 35.0 63.8 82.0 105.0 101.0 104.0 100.0 
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0 8 9 10 11 

PH Time (set) 

Fig. 1. Dependence of z on pH: 10m4M Ge(IV); 0.2M Fig. 3. Typical stripping curve for (a) 8.5 x 10W9M Ge(IV) 
NH,-NH,Cl; Ep - 1.6 V; pre-electrolysis time 2 min; and (b) the corresponding blank: rp 15 min, 2 x 10-SM 

dissolved oxygen as oxidant. Hg(II), deaeration for 20 min. 

of standard additions to a 1.0 x IO-*&f Ge(IV) 
solution in 0.2M NH3-NH,Cl (pH 8.4). 

The detection limit in PSA depends on the 
plating time, the oxidant concentration and, to 
some extent, the recording speed. Figure 3 gives 
a typical set of stripping curves for 8.5 x lo-‘M 
Ge(IV) and 2.0 x 10-‘&f Hg(II), with plat- 
ing for 15 min after deaeration with purified 
nitrogen for 20 min. 

Interferences. The interfering action of lo- 
fold or loo-fold excesses of co-existing ions on 
the determination of 1.0 x 10e6M Ge(IV) was 
investigated. Decreases in the Ge(IV) signal 
were caused by Sn(IV), Fe(II1) and Mn(I1) and 
increases by Co(I1) and Cu(I1) when these ions 
were present in lo-fold molar ratio to Ge(IV). 
No interference was observed from TI(III), 
Bi(III), Zn(II), Pb(II), Cd(II), Se(IV), even in 
loo-fold molar ratio to Ge(IV). 

The interferences may be classified into three 
categories. 

(i) An increase in the analytical signal is 
caused by overlapping of the stripping signals 
owing to similarity of the stripping potentials of 
the interferent ion and Ge(IV). An example is 

40 
%,’ _ 

p30 
l- 

20 L l /. do’ 
/,.'d - 

10 l *./ 

16 

10 

1 
c 

5 

2 4 0 8 10 

Ge concentration (Cl 
Fig. 2. The relationship between z and concentration (C): 
1, C = (2-10) x 10-‘&f, tp 4 min; 2, C = (l-10) x 10-8M, 

t, 8 min; 2 x 10m5M Hg(II), deaeration for 20 min. 

the interference by copper, which can be elimi- 
nated by employing plating potentials of - 0.90 
and - 1.80 V and obtaining the difference in 
stripping time (Ar). 

(ii) A decrease in the analytical signal is 
caused by simultaneous oxidation of the de- 
posited Ge(Hg) by the interferent ion, e.g., by 
Sn(IV) and Fe(II1). 

(iii) An increase or decrease in the analytical 
signal may be caused by formation of an inter- 
metallic compound or by chemical interaction 
between the interferent and germanium. Co(I1) 
and Mn(I1) do not fit into class (i) or (ii) and 
are probably to be included in this class. 

Studies on the electrode processes 

Cyclic voltamperograms of the supporting 
electrolyte and the Ge(IV)-containing solution 
at the mercury-film electrode are shown in 
Fig. 4. There is a cathodic peak at - 1.45 V 
during the negative potential scan and no peak 
during the positive scan. The cathodic peak 
height decreases with continued scanning. If the 
circuit is broken and the electrode allowed to 
rotate for a few seconds, and the circuit is then 

Fig. 4. Cyclic voltamperograms: (1) without and (2) with 
10T4M Ge(IV) in 0.2M NH,-NH,Cl buffer at pH 8.4; 

sweep rate 200 mV/sec. 
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t I 1 1 I I 1 
0 2 4 8 8 lo I2 

ARS ~~en~at~n (Ci 

Fig. 5. The effect of ARS concentration (C) on r: C = 
(2-12) x lo-‘M; 2 x 10e6M Ge(IV); 0.2M NH,-NH,Cl 

(pH 8.8); EP -1.6 V; 1, 2 min; 3 x 10m5M Hg(II). 

closed and the scan repeated, the peak height 
increases to its previous value. The same 
phenomenon occurs after deaeration of the sol- 
ution, but finally the peak disappears. It can be 
deduced that Ge(IV)--rGe is an irreversible 
one-step reaction and dissolved oxygen in the 
solution can oxidize Ge at the surface of the 
electrode. This is why oxygen dissolved in 
the solution can be used as the oxidant in PSA 
for Ge(IV). 

APSA for ger~a~iu~ (IV) 

A complex may be formed and adsorbed 
at the electrode when the germanium solution 
contains a complexing agent such as ARS. The 
stripping signal increases significantly and the 
sensitivity for Ge(IV) can be enhanced. Gptim- 
ization of the experimental conditions and the 
characteristics of the adsorption are discussed 
below. 

pH and concentration of ARS. The stripping 
time in ammonia buffer media of different pH 
was measured and was shown to be constant in 

Fig. 6. The effect of plating potential on it: 5 x lO-‘M Fig. 8. Stripping curves for (a) 8 x 10-lOM Ge(IV) and (b) 

Ge(IV); 10A4M ARS; 3 x 10-sM Hg(I1); I, 3 min. blank: t, 12 min; 3 x lo-$M Hg(I1); deaeration for 20 min. 

I I I I 
0 2 4 6 8 10 

Fig. 7. Relationship between T and concentration (C): 
(1) C = (2-10) x 10W7M, t, 3 min; (2) C = (2-10) x lo-‘M, 

f, 8 min; 3 x 10m5M H&II); deaeration for 20 min. 

the pH range 8.4-9.1. Therefore the pH value 
was chosen to be 8.8. 

Figure 5 gives the dependence of r on the 
concentration of ARS; r reaches a constant 
value when C,,s > 8.0 x 10m5M, which is, there- 
fore, the concentration of ARS necessary to 
saturate the electrode surface. 

Efict of plating potential. The z-Ep curve 
takes on a peak shape in the potential range 
from - 1.35 to - 1.60 V. As shown in Fig. 6, r 
is maximal when .I$, is - 1.5 V under the exper- 
imental conditions and this indicates an adsorp- 
tion effect which will be verified later. From 
comparison of Fig. 6 with Table 2, we can see 
that the Ge-ARS complex adsorbed at the 
electrode is reduced at a more positive potential 
(- 1.5 V) than germanium itself ( - 1.8 V). It is 
probable that ARS adsorbed at the electrode 
catalyses the reduction of germanium. 

Ej@ct of electrode speed. Rotation at 570 rpm 
during preconcentration and stripping gives a 
satisfactory signal without sacrifice of sensitivity. 

Relationship between T and concentration. 
A linear relationship between r and concen- 
tration, C, was obtained (Fig. 7) and extended 
down to 10e9M. A typical stripping curve for 
8.0 x lo-‘OM Ge(IV) is shown in Fig. 8. 

Time kc) 



Determination of germanium 1497 

20 r 

Temperature YC) 

Fig. 9. Effect of temperature on stripping time: 2 x 10m6M 
Ge(IV); 0.2M NH,-NH&l (pH 8.8), 3 x 10-SM Hg(II); 

rP 1 min. 

VeriJication of adsorption characteristics 

E#ect of temperature. The r-temperature 
curve (Fig. 9) is characteristic of a general 
adsorption wave. At temperatures < 18” the 
adsorptive capacity is controlled by adsorption 
kinetics. The adsorption rate increases with 
temperature and the temperature coefficient is 
positive. At 18-25” the adsorptive capacity is 
controlled by the equilibrium between adsorp- 
tion and desorption. At temperatures > 25”, the 
equilibrium shifts toward desorption and the 
adsorptive capacity decreases. The temperature 
coefficient then becomes negative. 

Electrocapillary curves. The change in the 
electrocapillary curves (Fig. 10) shows that ARS 
and the Ge-ARS complex are adsorbed in the 
potential range from -0.2 to - 1.5 V. 

Cyclic voltammetry. Cyclic voltamperograms 
of ARS, Ge(IV) and ARS + Ge(IV) at a 
mercury-film electrode are shown in Fig. 11. 
Figure 11(a) shows a pair of redox peaks, in 
which the potential is - 0.62 V for the reduction 

71 1 1 1 1 1 1 1 -I 
0.2 0.4 0.8 0.8 1.0 1.2 1.4 1.6 1.8 

-E M 
Fig. 10. Electrocapillary curves in 0.2M NH,-NH,Cl 
(pH 8.8); (1) blank; (2) with 3 x 10m4M ARS; (3) with 
10m4M Ge(IV) and 3 x 10e4M ARS; 7 mean time for 20 

drops of mercury. 

1 20rA 
(cl 

II II 
1.1 0.9 0.7 0.6 0.3 20 1.6 1.0 0.5 0 

-EM 

Fig. 11. Cyclic voltamperograms in 0.2M NH,-NH,Cl 
(pH 8.8) at 100 mV/sec: (a) 10W4M ARS, (b) 5 x 10m5M 
Ge(IV), and (c) - 5 x 10-5M Ge(IV) + 2 x 10v4M ARS; 

--- 5 x 10-5M Ge(IV). 

peak and -0.56 V for oxidation. The plot of 
the peak height, h, VS. the square root of scan 
rate, &, as in Fig. 12, shows some deviation 
from the linear relationship predicted by the 
Randles-SevEik equation. This behaviour is 
characteristic of adsorption at the electrode, 
the product being adsorbed more weakly than 
the reactant. An irreversible reduction peak 
for Ge(IV) appears at - 1.43 V [Fig. 1 l(b)], 
which is shifted to - 1.18 V in the presence of 
ARS (Fig. 11(c)], with an increase in reduction 
current. This is consistent with the discussion 
of the dependence of r on EP shown in Fig. 6. 
It is deduced that a Ge-ARS complex is formed 
and adsorbed at the mercury-film electrode. 
Figure 11 (c) presents a pair of redox peaks with 
similar peak potentials to those in Fig. 1 l(a), 
but with broader shapes. This is probably 
caused by overlap with the adsorption wave 
of the complex. Furthermore, the deviation 
from linearity of the h-d curve is more 
serious for the Ge-ARS complex (Fig. 13) 
than for ARS itself (Fig. 12) indicating that 
the complex is more strongly adsorbed than 
ARS. These results agree with those for the 
electrocapillarity. 

Ok 
/- I I 

10 120 
vi (mV/sec)* 

Fig. 12. Effect of scan rate on peak height for 10e4M ARS: 
(0) reduction peak, ( x) oxidation peak. 
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Table 3. Determination of germanium in samules 

Sample 

Germanium content*, rig/g or nggl1.t 

PSA APSA FIPSA ASV 

Garlic 2.17 f 0.02 1.98 f 0.03 2.13 f 0.04 2.00 f 0.02 
Lycium chinense 0.11 f 0.02 0.19 f 0.02 0.10 f 0.02 0.14 f 0.02 
Mineral water 1 4.64 + 0.03 4.57 f 0.02 4.80 f 0.05 4.77 f 0.03 
Mineral water 2 1.14 f 0.01 1.18 f 0.01 1.09 f 0.02 1.01 f 0.02 

*Mean f mean deviation of three measurements. 
t&g for garlic and lycium chinense and pg/l. for mineral waters. 

4r 

1 
vi (mV/sed2 

Fig. 13. Effect of scan rate on Peak height for 10e4M 
ARS + 5 x 10->&f Ge(JV): (0) reduction Peak, ( x) oxidation 

peak. 

Analysis of samples REFERENCES 

Samples of garlic and lycium chinense were 
digested in a minimum volume of a 3: 1 v/v 
mixture of concentrated nitric and perchloric 
acids until the first appearance of perchloric 
acid fumes, after which the samples were 
cooled and diluted accurately to 100 ml. 
The final H+ concentration of the sample 
solutions was approximately 0.7M. The samples 
of mineral water were concentrated prior to 
analysis. 

1. 
2. 
3. 
4. 

5. 

6. 
7. 
8. 

9. 

The samples were analysed by the proposed 
methods, and by anodic-stripping voltammetry 
(ASV)” and flow-injection potentiometric 
stripping analysis (FIPSA).” The results are 
compared in Table 3. 

10. 

11. 

12. 

D. Jagner, Analyst, 1982, 107, 593. 
S. Jaya and T. P. Rao, Rev. Anal. Chem., 1982,6, 343. 
T. M. Florence, J. Electroanal. Chem., 1984, 168, 207. 
T. t)sterud and M. Prytz, Arch. Math. Naturvidensk, 
1943, 47, 73. 
Gh. Sauvenier and G. Duyckaerts, Anal. Chim. Acta, 
1955, 13, 396. 
S. K. Dhar, ibid., 1956, 15, 91. 
R. Kalvoda, ibid., 1982, lJs, 11. 
X. Wang and X. Du, Proc. Electroanal. Chem. Symp. 
(China), 1981, 334. 
N. Li and Y. Cui, Acta Chim. Sinica, 1985, 43, 1155; 
Chem. Abstr., 1986, 104, 141353~. 
N. Li and X. Shang, Kexue Tongbao, 1986, 9, 667; 
Chem. Abstr., 1987, 107, 69851y. 
J. Deng, Q. Zhang and Z. Wang, Acta Chim. Sinica, 
1982, 40, 151; Chem. Abstr., 1982, 97, 65582~. 
D. Feng, P. Yang and Z. Yang, J. Jinon Uniu., 1990,11,41. 

CONCLUSIONS 

In a Ge(IV) solution containing ARS, both 
ARS and its Ge-complex are adsorbed at the 
mercury-film electrode, enhancing the sensi- 
tivity of determining Ge by PSA. The enhance- 
ment has two main causes: (a) in the deposition 
step adsorption raises the preconcentration 
efficiency and (b) in the stripping step the 
metallic Ge in the mercury film is oxidized with 
more difficulty than expected (shown by the 
more positive stripping potential in the cyclic 
voltammetry, which means that adsorption 
persists during stripping). 
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BOOK REVIEWS 

SolvEq: FOBIER ROEGIERS, BIOSOFT, Cambridge, 1990. 049, USS299. 

SolvEq is described as “a general purpose equation solver and numerical modelling tool for science and technology”. It 
runs on IBM PC and compatible computers with 640K of memory and DOS 3.1 or later. A math coprocessor is used if 
present. Output can be to an IBM, Epson or HP Laserjet printer, or to an HPGL plotter. The program runs best from 
hard disc, but can also be used on a double floppy system provided that at least one drive has a capacity of 720K or more. 

I found the manual excellent. It offers an extended tutorial section, followed by a reference section covering all the possible 
options and variations. I therefore found it quick and easy to learn to use SolvEq. 

The program operates from submenus that drop down from the main menu bar. The equations to be solved are first 
of all entered in the EDIT screen. Later, they can be reLOADed from files that have previously been SAVEed. Equations 
are entered in algebraic form just as they would be written down on paper. A single equation can be entered, or several 
equations can be solved simultaneously. The equations may involve real, vector, and/or complex numbers; they may include 
integrals, summations, differentials; and many algebraic, trigonometric, hyperbolic and exponential functions. Arrays of 
variables are possible, but matrix operations are not supported. 

In the VALUES screen, variables are designated as known or unknown, and values are assigned to those that are known. 
A known variable can be made to take a whole series of values (a “parametric study”); and an unknown variable can be 
designated as an optimization variable, which the program can either maximize or minimize. 

I tested solvEq by using it to solve many of the equations for acid-base equilibria commonly found in analytical 
text-books. The usual book approach is to give the exact equation, then show how it can be simplified to allow solution. 
For every case I tried, SolvEq was able easily to solve the exact equation; solutions could be found in just a few seconds 
for entire titration curves. It was also easily possible to calculate values of Kingbom alpha-coefficients and conditional 
stability constants. 

When solutions had been obtained for a series of values of a variable (a “parametric study”), the output could be 
presented as a graph, and the axes could be transformed if desired into log-lin, lin-log or log-log form. 

The following equations for the titration of a dibasic acid were solved in about thirty seconds for 65 values of Vb, and 
a graph of the titration curve was obtained by plotting pH against Vb. 

H”4+(Cb.Vb+Vtot+K1).HA3+K1. -KwtKl+ ( Cb.Vb - Ca.Va 

vtot > 
.H^2+... 

Cb.Vb - Z.Ca.Va 

vtot > 
.H-Kl.K2.Kw=O 

H=lO”-pH 

Vtot=Va+Vb 

I very much enjoyed using SolvEq, and I feel that I can still discover many more applications for it in analytical 
chemistry, particularly for optimization. I think, too, that SolvEq could find a useful place in the teaching of analytical 
chemistry. 

MARY MASON 

P. FIT: FIG.P Software Corporation, BIOSOFT, Cambridge, 1990. f 125, US$199. 

P. Fit is a non-linear curve-fitting program for IBM PC and compatible computers with at least 512K of RAM, DOS 2.0 
or later, and a hard disk. The program is controlled from a main menu screen which gives the various options in the order 
in which they should be performed. Data are entered in a spreadsheet-type format, and can be saved before further 
processing. Data can instead be imported from ASCII files produced by other applications. 

A varied selection of possible equations for curve-fitting is built into the program, and others can easily be added, either 
temporarily or permanently. 

I tested a range of types of data-linear, curved, and sigmoid-and was always satisfied with the fit obtained. I was pleased 
with the statistical reports produced by P. Fit, particularly with the plots of residuals, but also with the confidence limits, 
goodness-of-fit index, correlation, &i-squared, sign-test and run-test. The print-out I obtained from a laser printer was of 
excellent quality, though the range of styles was limited. 

The only thing that worries me about P. Fit is the manual, in that it assumes that the reader already has a good knowledge 
of statistics. My feeling is that an easy-to-use program like P. Fit is likely to attract many users with virtually no statistical 
knowledge, and I think that the manual should have catered for such users by providing more basic background 
information. I hope that the publishers will give some thought to improving the manual, perhaps initially by adding 
references to suitable statistical text-books, but later by providing a much more extensive guide to the practice of 
curve-fitting. 

MARY MASSON 
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Electrochemistry, Past and Presenti J. T. STOCK and M. V. ORNA (editors), ACS, Washington, DC, 1989. Pages ix + 606. 
S89.95 (US and Canada), $107.95 (elsewhere). 

This book consists of 38 chapters “developed” from a symposium held in 1988 and unequally spread between Foundations 
of Elecirochemistry. Organic and Biochemical Electrochemistry (the smallest and weakest section), Electroanalytical 
Chemistry and Industrial Electrochemistry. With such an arrangement and so many authors, variability of material and 
writing must be expected. The most obviously historical pieces, centred on chemists from Faraday to Heyrovskjr, are good 
and also reveal curiosities such as Wilsmore’s role in the hydrogen electrode debate. I commend Leddy’s piece on industrial 
electrochemistry, as it is very instructive and does not depend on the cachet of Great Names. The chapters on analytical 
instrumentation were generally interesting, but some of those on recent developments were curiously flat and inhibited, 
amounting to no more than sketchy literature reviews, as if the authors were not really interested in this type of writing. 
I counted 13 very good chapters, 12 that were worthwhile, 5 that were rather poor and 8 that were either suspiciously 
idiosyncratic or a courtesy to the author rather than the reader. That is not a bad score and the book as a whole meets 
the editors’ claim to “educate and engage” the reader. For camera-ready copy, the book is not cheap and I wish it had 
been published in paperback (with some chapters omitted) to widen the readership, for this is as near a bedside book as 
the chemist is likely to get. Recommended. 

D. MIIXLEY 

Spectroscopic and Structural Studies of Biomaterials-I Proteins: J. Twrurwws~t (editor). Sigma Press, Wilmslow, Cheshire, 
1988. Pages viii + 289. 

This book contains a collection of lectures and selected communications presented at the Third International Scientific 
School, entitled “Spectroscopic and structural studies of materials and systems of fundamental importance to biology and 
medicine” in Ustron, Poland, 1987. The authors’ original manuscripts are reproduced for this book, which gives a mixture 
of print types, sixes and quality. The book also suffers from numerous spelling and linguistic mistakes which have not been 
corrected. 

It has a very heterogenous content and covers a wide range of topics and research fields. Some papers describe new work 
carried out by the authors but many are review articles within a particular field. The topics include sections on methodology, 
medical aspects, hemeproteins, membrane proteins and protein complexes. As such, it is considered by the reviewer to be 
a book for the library, where it will be of interest to and can be mad by multi-discipline users, rather than a book for 
individuals. 

M. L. DUFFIELD 



Talanta 
The International Journal of Pure and Applied -Analytical Chemistry * 

EdBors-k&hkf 

~OpBSgOR G.D.CHRISTIAN, 
Department of Chemistry, BG-10, 
University of Washington, 
Seattle, WA 98195, U.S.A. 

colulltult Editor 

PROFESSOR E.H.HANsBN, 

Chemistry Department A, Building 207, 
Technical University of Denmark, 
DK-2800 Lyngby, Denmark 

DR. R.A.CHALMERS, Department of Chemistry, University of Aberdeen, Old Aberdeen, Scotland, U.K. 

DR. W.A.J.BRYCE, University of Aberdeen, Scotland, U.K. 
DR. D.Mmcnxv, National Power, Leatherhead, U.K. 
DR. P.J.Cox, Robert Gordon’s Institute of Technology, Aberdeen, Scotland, U.K. 

ComImtlng Editor 
DR. MARY R.MA~~oN, University of Aberdeen, Scotland, U.K. 

Book Rev&w EdItor 
DR. P.J.Cox, Robert Gordon’s Institute of Technology, Aberdeen, Scotland, U.K. 

Tech&al Editor 
Miss C.R.HIGCXN~~N, B.Sc. 

U.S. Review Editor 
FROFESWR LINDA McGow~, Duke University, N.C., U.S.A. 

EdItorlal Board 
Chairman: hoFEi%oR J.D.WINEPORDNW 
DR. R.A.CHAL~ DR. M.R.MA~~N 
PROIX?~OR G.D.CHRIS~N DR. D.MIDOLEY 
PROFFSsoR E.H.HAN~L?N ~ROFESWR R.SEITZ 

Advisory Board 
Chuirman: Pttosxsso~ J.D.WINEFORD~, Gainesville, 

Florida, U.S.A. 

Talanta 

PROFPSSOR A.G.Asumo, Seville, Spain 
P~omsso~ P.R.BONTCHEV, Sofia, Bulgaria 
PROFESSOR DR. P.W.J.M.Bo-, Eindhoven, 

The Netherlands (Liaison member for Specfrochimica Acfa B) 
P~omsso~ D.T.BuRNs, Belfast, N. Ireland, U.K. 
PRO~R R.G.Coom, West Lafayette, Indiana, U.S.A. 
bXRSiOR A.CORSINI, &&uio, &nda 
PROFESSOR SRCROLICH, East Lansing, Michigan, U.S.A. 
DR. P.DAXXJPTA, Texas, U.S.A. 
PROFESSOR H.FALK, Kleve, F.R.G. 
PRO-R J.F.FRITz, Iowa, U.S.A. 
PROFESSOR R.GIJBEL& Wihijk, Belgium 
PROFESSOR M.GR-, Strasbourg, France 
PROFESSOR T.Hom, Kyoto, Japan 
PROFESSOR A.HULANICKI, Warsaw, Poland 
PRO~SSOR J.INc&Y, Vesxprem, Hungary 
PR~pesso~ J.D.INGLE, Corvallis, Ot-egon, U.S.A. 
PRop~sso~ A.IVAXA, Abe, Finland 
DR. K.Izwrsu, Matsumoto, Japan 
~OFTSSOR D.JAGNER, Gothenburg, Sweden 

Talmta: Chemical Sensors 

DR. A.Fooo, Fukuoka, Japan 
PROFESSOR J.JANATA, Salt Lake City, Utah, U.S.A. 
DR. SMARTIN, Albuquerque, New Mexico, U.S.A. 
P~ormso~ M.M.ucm, Florence, Italy 

DR. H.Kru~m, Amsterdam, The Netherlands 
DR. L.J.KRIcKA, Philadelphia, Pennsylvania, U.S.A. 
DR. LKRYGEX, Aarhus, Demnark 
PRopesso~ D.M~ovt& Zagreb, Yugoslavia 
DR. J.MAT~~J~EK, Kensington, Australia 
DR. T.NIEMCZYK, Albuquerque, New Mexico, U.S.A. 
P~opesso~ M.NOVOTNY, Bloomington, Indiana, U.S.A. 
DR. N.m, Ispra, Italy 
DR. S.pwoNE, San Jose, California, U.S.A. 
PROFESWR EPUNGOR, Budapest, Hungary 
PROFESSOR 1.R OELANDTS, Liege, Belgium 
PROFEWR M.SMYTH, Dublin, Ireland 
PROP~SOR L.SOMMER, Bmo, Czechoslovakia 
DR. B.YA.SPI~AKOV, Moscow, U.S.S.R. 
PROFESSOR. K.~JL~K, Prague, Czechoslovakia 
DR. J.D.R.m, Cardi!& Wales, U.K. 

(Liaison member for Selective Efecrrode Reuiews) 
PROpessOR G.T(lu;, Dortmund, F.R.G. 
PROFESSOR M. VALCARCEL, Cordoba, Spain 
DR. T.VODINH, Oak Ridge, Tennessee, U.S.A. 
DR. J-WANG, Las Cruces, New Mexico, U.S.A. 
DR. I.WARNER, Atlanta, Georgia, U.S.A. 
PROFFSWR E.L.WEHRY,JR., Knoxville, Tennessee, U.S.A. 
DR. B.WELZ, Uberlingen, F.R.G. 

DR. T.SHONO, Osaka, Japan 
PROFESWR M.THOMPS~N, Toronto, Canada 
hOFE3SOR N.Y AMAZOE, Fukuoka, Japan 



Tahra, Vol. 38, No. 10, p. i, 195’1 
Perpmon Press pk. Printed in Great Britain 

ERRATA 

In the article entitled “Kinetic determination of EDTA and citrate by the displacement of fluoride 
from AP+-F- complexes and use of a fluoride ion-selective electrode” by Pentari et al. (Tulanru, 
1991, 38, 295) equation (12) should have been 

and in the article entitled “Analytical applications of 1, IO-anthraquinones: A review” by Diaz 
( TuZurzfu, 199 1, 38, 57 1) “ 1 , 1 0-anthraquinones” should have been “9,lO-anthraquinones”. 
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NOTICES 

European Analytical Column 14 (Sept. 1990) 

Letter of Information of the Working Party on Analytical Chemistry of the Federation of 
European Chemical Societies (WPAC/FECS) 

Chairman: L. NIINISTO, Helsinki Secretary: R. KELLNER, Vienna 

WPAC held its 21st meeting on 26 August 1990 in connection with Euroanalysis VII in 
Vienna. The attendance was 38 delegates from chemical societies in 24 countries, the highest 
number so far and an almost complete representation. FECS and WPAC cover practically the 
whole of Europe, as the Romanian Society of Analytical Chemistry joined FECS as a full member 
this year. 

The maJor event of WPAC this year was Euroanalysis VII, held at the University of 
Technology, Vienna (26-31 August 1990). A very high attendance of 1100 active participants 
was recorded for this latest event of the triennial series of European conferences of Analytical 
Chemistry. 

The conference was organized on behalf of the WPAC by the Austrian Society for Analytical 
Chemistry with Prof. J. F. K. Huber as chairman and Prof. M. Grasserbauer as secretary general. 
The opening session was held in the beautiful golden hall of the Vienna Musikverein with a 
programme consisting of short addresses by Prof. Huber, Dr. Fritsche, Chairman of FECS, 
and Prof. Niinistii and much Viennese music. The traditional historic lecture was given by 
Prof. H. Malissa. Numerous awards and prizes were also given at this occasion including the 
H. E. Merck Prize for Analytical Chemistry to Dr. B. A. Bidlingmeyer and Prof. R.NieDner and 
the Robert Boyle Gold Medal to Prof. H. Malissa. 

Euroanalysis conferences are broad-scope Analytical Chemistry meetings and consequently the 
Vienna meeting covered all main fields in Analytical Chemistry, with 95 invited lecturers and 
618 contributed papers in oral and poster sessions. For compiling the programme, the “convener- 
system” was used and this and the high number of invited lectures were the key features which 
guaranteed an interesting high-level programme. 

Euroanalysis VII was not only characterized by a record attendance right up to the closing 
session, but by the active participation of numerous delegates in the “Special Sessions” (Quality 
Assurance, Education, Computer Based Analytical Chemistry and Sampling) that are among the 
key areas in the field today. Special reports about these fields will follow. 

Besides the discussion of regular technical questions (a detailed report will appear in 
TRAC, Analytical Chemistry and most other Analytical Chemistry Journals, proceedings will 
appear in Mikrochimica Acta, contributed papers in Fresenius Journal of Analytical Chemistry) 
Euroanalysis VII was a forum for 2 important resolutions: 

1. Recommendations for the future in Education in Analytical Chemistry 
2. Declarations of Vienna by the members of WPAC 

Both resolutions were unanimously supported by WPAC at its meeting on 26 August 1990 
(38 participants) and accepted by Euroanalysis VII. 

Further-facing the fact that Analytical Chemistry has developed worldwide into “a key for a 
safer future for mankind” by controlling technological progress, food and the environment-closer 
formal contacts were established between WPAC and the Analytical Divisions of IUPAC, ACS, 
the Japanese Chemical Society and the Chinese Academy of Sciences. 

I 
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NOTICES 

THE RONALD BELCHER MEMORIAL AWARD FOR 1992 

Applications are invited for the Ronald Belcher memorial Award, in commemoration of the late Professor 
Belcher’s outstanding contributions to analytical chemistry, international relations and understanding, his 
interest in student welfare, and continued association with Talanta from his conception of the journal in 1957 
right up to his death. The award takes the form of a travel grant of US$lOOO to enable a young analytical 
scientist to undertake travel abroad and is made in even-numbered years. Candidates may be of either sex 
and any nationality, but must be under 30 years of age at the time of application, and not have had more 
than one year of post-doctoral experience. Applications may be sent by the candidates themselves, or on their 
behalf by a responsible senior (e.g., Head of Department, research supervisor), and must be submitted by the 
end of the year preceding the award. They must include a brief curriculum vitae, a short statement of the 
purpose of travel and the places to be visited, a testimonial of ability, and a recommendation from a senior 
research worker. 

Applications for the 1992 award should be sent to 

Professor J. D. Winefordner 
Department of Chemistry 
University of Florida 
Gainesville, Florida 32611, U.S.A. 

to arrive before 3 1 December 199 1. 

4th INTERNATIONAL SYMPOSIUM ON DRUG ANALYSIS 

5-8May 1992 
Palais des Congres 

LIEGE, BELGIUM 

FIRST CIRCULAR 

The purpose of DRUG ANALYSIS ‘92 is to bring together people from Industry, Universities, Control 
Laboratories and Hospitals to discuss the current status of analytical techniques including instrumental 
applications and theoretical developments. 

Topics 

1. Fundamental Aspects of Drug Analysis. 
2. Quality Control of Natural and Synthetic Raw Materials. 
3. Analysis of Pharmaceutical Preparations. 
4. Determination of Drugs in Biological Media. 
5. Automation in Drug Analysis. 

Programme 

Plenary and keynote lectures will be given by invited speakers. A limited number of contributed papers will be 
presented as oral communications. The preference will be given to poster presentations. Discussion sessions 
will also be organized. 

Language 

The official language of the Symposium is English. No simultaneous translation will be provided. 
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CORRIGENDUM 

In the announcement of the Ronald Belcher Memorial Award winners (Talanta, 1990, 37, 
No. 11, V) there was an error in the name of one of them, “Dr. R. Kobinski” should have been 
“Dr. R. tob%ski”, and we apologise to him for the error. 

i 
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ii NOTICES 

Publications 

All registered participants will receive a copy of the book of abstracts. All invited and submitted papers will 
be considered for publication in a 1992 special Symposium issue of the Journal of Pharmaceutical and 
Biomedical Analysis. 

An exhibition of scientific equipment books and periodicals will be held during the congress. 

The deadline for receipt of abstracts is 15 November 1991. 
For further information, please contact: 

Dr. J. CROMMEN 
DRUG ANALYSIS ‘92-LIEGE 
University of Liege 
Institute of Pharmacy 
rue Fusch 5 
B-4000 LIEGE 
BELGIUM 

Phone: +32-41-23 70 02 
Fax: +32-41-22 18 55 

1992 WINTER CONFERENCE ON FLOW INJECTION ANALYSIS 

12-15 January 1992 
Scottsdale, Arizona 

WCFIA 92 will be held in Scottsdale, Arizona, 12-15 January, 1992. It will focus on how industrial FIA 
techniques have helped solve real world problems. New hardware and software-driven applications will be 
presented. The following areas will be highlighted: process chemistry, biotechnology, instrument design, new 
methods, atomic spectroscopy, electrochemistry. There will be a vendor exhibition. Deadline for abstracts for 
presentation (20 min.) and posters, and for preregistration, is 3 December, 1991. 

For information, write to: 

WCFIA 92 
Gary D. Christian 
University of Washington, BG- 10 
Seattle, WA 98195 
TEL: 206-543- 1635 
FAX: 206-685-3478 



ii NOTICES 

Publications 

All registered participants will receive a copy of the book of abstracts. All invited and submitted papers will 
be considered for publication in a 1992 special Symposium issue of the Journal of Pharmaceutical and 
Biomedical Analysis. 

An exhibition of scientific equipment books and periodicals will be held during the congress. 

The deadline for receipt of abstracts is 15 November 1991. 
For further information, please contact: 

Dr. J. CROMMEN 
DRUG ANALYSIS ‘92-LIEGE 
University of Liege 
Institute of Pharmacy 
rue Fusch 5 
B-4000 LIEGE 
BELGIUM 

Phone: +32-41-23 70 02 
Fax: +32-41-22 18 55 

1992 WINTER CONFERENCE ON FLOW INJECTION ANALYSIS 

12-15 January 1992 
Scottsdale, Arizona 

WCFIA 92 will be held in Scottsdale, Arizona, 12-15 January, 1992. It will focus on how industrial FIA 
techniques have helped solve real world problems. New hardware and software-driven applications will be 
presented. The following areas will be highlighted: process chemistry, biotechnology, instrument design, new 
methods, atomic spectroscopy, electrochemistry. There will be a vendor exhibition. Deadline for abstracts for 
presentation (20 min.) and posters, and for preregistration, is 3 December, 1991. 

For information, write to: 

WCFIA 92 
Gary D. Christian 
University of Washington, BG- 10 
Seattle, WA 98195 
TEL: 206-543- 1635 
FAX: 206-685-3478 



I1 NOTlCES 

Euroanalysis VII was a further landmark in the development of this conference series. After 
Euroanalysts I in Heidelberg (1972) where WPAC was founded (spiritus rector: Dr. W. Fritsche, 
GDCh, Frankfurt) this triennial event has taken place in Budapest (1975), Dublin (1978), 
Helsinki (1981), Cracow (1984) and Paris (1987). WPAC is most grateful to the Austrian Society 
for Analytical Chemisty (ASAC) for having hosted this most successful Viennese Congress of 
Analytical Chemistry, which was also a social event to be remembered. 

The next Euroanalysis will take place in Edinburgh, 5-l 1 September 1993 (Chairman: Prof. D. T. 
Burns). Details about Euroanalysis and other WPAC activities (e.g., in Quality Assurance and 
Educatton) are available from the WPAC secretariat upon request: 

Prof. R. Kellner 
Institute for Analytical Chemistry 
Technical University Vienna 
Getreidemarkt 9 
A- 1060 Vienna 
Fax. +43-l-567813 

The followmg motions have been proposed by the members of the Working Party on Analytical 
Chemistry of the Federation of European Chemical Societies (WPAC/FECS) and approved in the 
closing session of Euroanalysis VII on Friday, August 3 1, 1990. 

“Declarations of Vienna” 

Motion 1 

The delegates of Euroanalysis VII strongly affirm that only a good and sound education in 
Analytical Chemistry gives proper provision for adequate progress in science and research, and for 
control of production, consumable goods and the environment. 

Motion 2 

With respect to progress in the pohtlcal and economic integration of Europe, Euroanalysis VII 
recommends that the WPAC takes the necessary steps towards advancmg harmonization of 
analytical chemistry curricula according to the recommendations of the WPAC based on the survey 
of 1989/90 as reported to Euroanalysis VII in session C4 on Tuesday, 28 August 1990. 

Motion 3 

Since high standards of analytical quality in any one European country directly concern 
and benefit every other country, Euroanalysis VII strongly recommends that in order to ensure 
and enhance the quality of analysis the WPAC aims to encourage that consistent rules and 
commitments for analytical quality assurance are valid throughout Europe by the harmonizatton 
of extstmg and new “accreditation systems” within Europe. 

Vienna, August 31, 1990 Prof. Dr. L. Niinistii 
(Chairman WPAC/FECS) 

European Analytical Column 15 (Jan. 1991) 

Letter of information of the Working Party on Analytical Chemistry of the Federation of European 
Chemical Societies (WPAC/FECS). 

Chairman: L. Niinistii, Helsinki Secretary: R. Kellner, Vienna 

Education in Analytical Chemistry-New Developments 

In addition to the publication of the “WPAC-Recommendations for the Future in Education in 
Analytical Chemistry” (see European Analytical Column 14) we are happy to inform you about 



NOTlCES lu 

very positive comments about this major WPAC activity from outside Europe (see editorial by 
G. Morrison, Analytical Chemistry, 1 Nov. 1990) and about further actions: 

-The complete Special Session on Education will be documented in a convener-edited part of 
the proceedings of EUROANALYSIS VII (to appear in Mikrochimica Acta, 1991). 

-The WPAC-secretariat will stimulate activities in the field of new textbooks of Analytical 
Chemistry. 

-A high-level postgraduate training system in Europe was proposed under the name 
“WPAC-Euro-Courses”. Final statutes are under discussion. 

-Further aspects of education in Analytical Chemistry at university level will be discussed at 
depth at the “2nd FECHEM Conference on Education in Analytical Chemistry” to be held 
in Prague, at the famous Charles University in the beginning of September 1992. Professor 
Stulik has already obtained support from the Czechoslovak Chemical Society which will 
organize the conference in connection with the 16th International Competition in Analytical 
Chemistry (ICAC 16). 

-We would like to thank Professor Krofta and his colleagues from the ICAC for their personal 
efforts to make the 15th ICAC 1990 a success, and we finish the column with their report. 

Report of the 15th International Competition in Analytical Chemistry 

From 3rd to 7th September 1990 the Department of Analytical Chemistry of the Prague Institute 
of Chemical Technology again organized the 15th ICAC-International Competition in Analytical 
Chemistry. 

The Competition was held under the sponsorship of the Rector of the Prague Institute of 
Chemical Technology, the Mimstry of Education, Youth and Sports of the Czech Republic, and the 
Czechoslovak Chemical Society. The Competition is one of the events supported by the Working 
Party on Analytical Chemistry (WPAC) of the Federation of European Chemical Societies (FECS). 

The official opening of the Competition, which took place in the Schooling Club, was attended 
by the chairman of the Workmg Party on Analytical Chemistry of FECS, Professor L. Niinistii, 
and its secretary, Professor R. Kellner, the Rector of the Prague Institute of Chemical Technology 
Professor Cerny, and a representative of the Czechoslovak Chemical Society, Professor Horak. 

The Competition was attended by students from 24 universities and technical universities, guided 
by their teachers, from 9 European countries: Poland (l), USSR (4), GDR (5), Hungary (5), 
Romania (l), Yugoslavia (1) Italy (l), Holland (l), and Czechoslovakia (5). 

The Competition mvolved a theoretical part and a practical one. In the theoretical part the 
students were solvmg 25 tasks and problems covering the most widely used analytical methods. 
In the practical part they were determining the contents of copper and nickel in a mixture, by 
titration with EDTA. The time limit for solving the set tasks in both parts of the Competition was 
150 minutes. The official language of the Competition was English. 

The results of the respective parts of the Competition were evaluated by an International Jury 
formed by the university teachers who guided the individual teams. The chairman of the Jury was 
Associate-Professor Pop1 from the Prague Institute of Chemical Technology, the vice-chairman was 
Dr. F. Gerhartl (Arrhem, Holland). Intermediate results, after being evaluated by the International 
Jury, were always made public on notice boards. 

In the individuals competition Mr. A. Kotschy won 1st place, Mr. Hantosi Zolt the 2nd 
(both are from Lorand Eiitviis University in Budapest) and Mr. A. Granovski from the Moscow 
State University won 3rd place. 

In the team competition the placement was as follows: 1. Lorand Eiitviis University, Budapest; 
2. Lajos Kossuth University, Debrecen; 3. Moscow State University. 

Besides the Competition, the organizers provided for the participants a social programme 
including a sightseeing tour of Prague, attendance at a performance of Laterna Magica, a social 
evening and a closing festive dinner following by music and dancing. 

The participants highly appreciated the organization and the professional programme as well as 
the Competition itself. 

Organization Committee of the 15th ICAC 
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NOTICES 

THIRD INTERNATIONAL SYMPOSIUM ON 
PHARMACEUTICAL AND BIOMEDICAL ANALYSIS 

28 April-l May 1991 

Boston, Mass., U.S.A. 

The Third International Symposium on Pharmaceutical and Biomedical Analysis will be held in 
the Boston Park Plaza Hotel, Boston, U.S.A. from Sunday 28 April to Wednesday 1 May 1991. 
This Stasis continues the series of successful meetings held in Barcelona, Spain (1987) and 
York, U.K. (1990). All those involved in the analysis of drugs, related materials and endogenous 
compounds, in any area of the pharmaceutical and biomedical sciences, are invited to participate. 
The principal scientific themes include: 

Analytical aspects of biotechnology 
Current analytical issues in TDM and sports medicine 
Novel methods for ADME studies 
Novel chromato~p~c methods for the analysis of e~ntiome~c drugs 
Advances in drug analysis by high-resolution NMR and MS 
Advances in detector technology, including W, FL, EC and MS 
New approaches to sample handling and sample pre-treatment 
Novel analytical techniques and applications for QC, QA, drug formulations, assay validation, 

stability testing, bioanalysis, pharmacokinetics, biopharmaceutics, clinical chemistry, toxi- 
cology, drug metabolism and envirowental control 

The meeting will consist of opening and closing Plenary Lectures and 14 invited Keynote 
Lectures given by internationally renowned scientists in their respective fields. There will be a 
limited number of Oral Presentations available. Preference will be given to Poster Presentations, 
as the central feature of the Symposium. A unique feature will be the Poster Discussion Sessions, 
based on short presentations by each author, and structured around topical themes. A series of 
Workshops will also be presented on Chiral Separations; Capillary Electrophoresis; Sample 
Preparation; Detector Technology; and Microdialysis. 

All papers presented will be publish~, after refereeing, in a special issue of the ~0~~~ of 
~~a~~~~?ic~~ and Bi~~edic~I Analysis. Registered participants will receive a complimentary copy 
of the Proceedings, the Book of Abstracts, and entry to the Exhibition. 

For further information contact: 

Shirley Schlessinger, PBA’9 1 
Suite 1015, 400 East Randolph Street 
Chicago, IL 60661, U.S.A. 
TeZ.: (312) 527-2011 
Fax: (312) 527-3437 
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THIRD INTERNATIONAL SYMPOSIUM 

Under the aegis of IUPAC 

Analytical chemistry in the exploration, mining, and processing of materials 

2-7 August 1992, Sandton Sun Hotel, Sandton, South Africa 

The organizers cordially invite you to attend this, the third symposium in the series, which will 
be held at the Sandton Sun Hotel, Sandton, from Sunday 2 to Friday 7 August 1992. The occasion 
will once again provide an opportunity for analytical scientists and their counterparts m the mining 
and metallurgical fields worldwide to exchange experiences. 

The technical programme will consist of plenary lectures, parallel sessions of oral presentations 
and poster presentations. Detailed information and instructions to participants and to those 
presenting papers will be given in the Second Circular. 

Those interested in presenting papers and/or posters are invited to submit preliminary abstracts. 
The general theme will be 

The role of contemporary chemical analysis in mrmng and industrial technology. 

The following topics will be covered: 

(1) Geochemlcal exploration 
(2) Extraction and beneficiation of materials 
(3) Value-added products 
(4) Environmental aspects 
(5) Coal 
(6) Metals and alloys 
(7) Rare earths 
(8) Noble and base metals 
(9) Analytical assurance and laboratory management 

(10) Automation and process control 
(11) High-technology materials. 

Innovation in analytical techniques will be particularly welcome. 
For further information please contact: 

The Symposmm Secretariat 
Mintek 
Private Bag X301 5 
RANDBURG 
2125 South Africa. 
Telephone: (27) (11) 793-3511 

Mrs. Pam Baartman 
Miss Yvonne Arnold 

Facsimile: (27) (11) 793-2413 
Telex: 424867 SA. 

COMPANA ‘92 

5th Conference 
Computer Application in Analytical Chemistry 

24-27 August 1992 
Jena/Thuringia 

The 5th Conference Computer Applications in Analytical Cbemistry-COMPANA ‘92 continues 
the conferences organized in 1977 in Leipzig, 1980 in Dresden, 1985 and 1988 in Jena. 
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THE 3rd INTENSIVE COURSE ON PRINCIPLES & APPLICATIONS 
OF CHEMICAL SENSORS 

11-14 June 1991 

Wildbad Kreutb, Bavaria, Germany 

Lecturers for this course will in&de: 

S. Brukenstein, E. Hall, J. Janata, M. Josowicz, H. D. Liess, D. Lubbers, H. L. Schmidt and 
E. Obermeier. 

For further information contact: 

Dr. Mira Josowicz 
Inst. fur Physik 
Universitat der Bundeswebr Munchen 
D-8014 Neubiberg 
Germany 
Tel.: 089 6004 3793 
Fax: 089 6004 3560 
E-Mall: Kl~lAC%DMOL~ZOl ,BITNET 
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NOTICES V 

The Conference is organized by the Institute of Inorganic and Analytical Chemistry of the 
Friedrich Schiller University in collaboration with the Chemical Society of GDR, particularly the 
group of Analytical Chemistry and the group of Chemometrics and takes place in the main building 
of the Friedrich Schiller University, Goetheallee 1. 

Language: The Conference languages will be German and English. 
No simultaneous translation or interpretation will be provided. 

Topics 

-Chemometrics for environmental analysis and monitoring. Quality control/assurance of the 
environment 

-Expert systems, principles of artificial intelligence m analytical chemistry 
-Explorative and statistical data analysis, interactive scientific processing 
-Multivariate experimental design and optimization 
-Structure-activity and composition-quality relations 
-Simulation and modelling of processes 
-Complex application of chemometric procedures 
-Evaluation of spectroscopic and chromatographic data 
-Computer-coupled tandem methods in analytical chemistry 
-Laboratory automation and information management 
-Principles of image analysis m analytical chemistry 
-Schooling and further training in the field of computer chemistry and chemometrics. 

Key dates: 

Return of preliminary application to JUNE 1991 
Distribution of 2nd Circular SEPTEMBER 199 I 
Submission of contributions NOVEMBER 1991 
Deadline for submission of abstracts FEBRUARY 1992 
Notification of acceptance APRIL 1992 
Distribution of final programme JUNE 1992 

Address: COMPANA ‘92 
Friedrich Schiller University Jena 
Institute of Inorganic and Analytical Chemistry 
Steiger 3, Haus 3, Jena, Germany 6900 
Prof. Dr. K. Danzer (Scientific Committee) Tel.: 82-25467 
Dr. W. Ludwig (Organizing Committee) Tel.: 82-25029 

SAC 92 

An International Conference on Analytical Chemistry 

20-26 SEPTEMBER 1992 

UNIVERSITY OF READING 

Organized by the Analytical Division of The Royal Society of Chemistry 
and the 

Laboratory of the Government Chemist in its 150th year 

An International Conference on Analytical Chemistry (SAC 92) organised jointly by the Analytical 
Division of The Royal Society of Chemistry and the Laboratory of the Government Chemist 
will be held in the Palmer building at the University of Reading. This is the tenth in the series 
of triennial Conferences originally started by the Society for Analytical Chemistry (hence SAC) 
and on this occasion also celebrates the 150th anniversary of the founding of the Laboratory 
of the Government Chemist (LGC). The conference will be held from Sunday 20 to Saturday 
26 September 1992. 
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OBITUARY 

PROFESSOR HERBERT A. LAI~NEN 

Professor Herbert A. Laitinen, one of the world’s premier analytical chemists, died at his home 
in Gainesville, Florida, on 22 March 1991 at the age of 76. He was born on a farm in Ottertail 
County, Minnesota, of second-generation Finnish parents from whom he learned to speak Finnish 
before English, He attended the University of Minnesota, receiving the Ph.D. degree in 1940, 
having studied with Professor I. M. Kolthoff. 

Dr Laitinen joined the chemistry faculty of the University of Illinois in 1940, becoming Head 
of Division of Analytical Chemistry in 1953. During World War II, he was a group leader in 
synthetic rubber research. An outstanding educator, he trained many of the analytical chemists 
presently influential in industry and academia. He lectured widely in Europe, Japan, China, and 
was a visiting professor at UCLA, Birmingham (England), Nanking, Seoul, and Munich, as well 
as an exchange visitor to Yugoslavia. A considerable number of scientists from abroad were 
attracted to Urbana for advanced study under his direction. His advanced text Chemical Analysis 
(second edition co-authored with W. E. Harris) is well known to two generations of chemists. In 
1974, Dr Laitinen accepted an appointment as Graduate Research Professor at the University of 
Florida, a position he occupied at the time of his death. From 1966 to 1979, he served as editor 
of Analytical Chemistry. 

Dr Laitinen’s interests covered a wide spectrum of analytical chemistry. His major research 
interests were in electroanalytical chemistry, and in the early years he addressed problems in 
potentiometry and voltammetry. Later he emphasized the properties of molten salts, surface 
phenomena and catalysis. He had much to do with the revitalization of electroanalytical chemistry 
in the 197Os--1980s. 

His career brought him numerous awards and honorary appointments. These include the 
American Chemistry Society’s Award in Analytical Chemistry, the SOCMA Gold Medal in 
Environmental Chemistry, the Pittsburgh Society for Analytical Chemistry Award, the Kuebler 
Award of Alpha Chi Sigma, the Gadolin Medal Award of the Finnish Chemical Society, the ACS 
Analytical Chemistry Division Award for excellence in Teaching, The Talanta Medal in 1989, and 
the outstanding Alumni Achievement Award of the University of Minnesota. He was an honorary 
member of the Finnish Academy of Sciences, The Japan Society for Analytical Chemistry, and the 
Royal Society of Chemistry (London). He was a fellow of the AAAS and a member of the 
Electrochemical Society and the ACS, having been chairman of the latter’s Division of Analytical 
Chemistry. He had also served as Secretary of the Commission on Electrochemical Data of the 
International Union of Pure and Applied Chemistry. 

Although his personal research accomplishments were immeasurable and ground-breaking in 
many cases, I feel Herb Laitinen’s major contributions to science were in the areas of teaching and 
analytical chemistry as a discipline. AC an undergraduate and graduate student at the University 
of Illinois, I remember well the elegance, rigor, enthusiasm, and interest shown by Herb in his 
undergraduate and graduate classes at the U of I. I still have my notes from his courses, even 
though I discarded long ago the notes from most other courses. His books have greatly affected 
the teaching of analytical chemistry and his History of Analytical Chemistry with Galen Ewing as 
co-editor was a labor of love and a major accomplishment. Herb received in 1986 the American 
Chemical Society Analytical Division Award for Excellence in Teaching. Herb’s contribution to 
analytical chemistry as a discipline is perhaps even more significant. As the Editor of the journal 
Analytical Chemistry, he brought new respect to the journal and to the discipline. 

Herb Laitinen was always all business. He imparted his own enthusiasm, interest, and excitement 
to his students, even those who initially had little interest in the subject. At the University of Illinois 

V 



VI OBITUARY 

and the University of Florida Herb’s wide-ranging scientific curiosity was always apparent in the 
stimulating and significant questions asked by him at seminars. Finally, within the last several 
months of his life, Herb had gone back into the laboratory to do his own research. I’ll remember 
Herb Laitinen not only as a great scientist, scholar, and teacher but also as a friend, who gave me 
and many others excellent advice and support. 

JIM WINEFORDNER 
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EDITORIAL 

SENSORS PROVIDE IMMEDIATE ANALYTICAL RESULTS ON 
A CONTINUOUS OR REPETITIVE BASIS 

Starting with this issue, Talanta will publish papers dealing with chemical sensors in a separate 
section. I will be serving as the first editor of this section, assisted by a distinguished board of sensor 
scientists who are introduced in this issue. 

To decide what manuscripts will be appropriate for the new section, it is necessary to develop 
a working definition of a “chemical sensor”. The “traditional” types of chemical sensors include 
electrodes and acoustic devices. More recently fiber optic devices have been widely accepted as 
chemical sensors. These devices share two common features; they are relatively low in cost, and 
they involve insertion of a device into the sample. However, there are many differences among 
“traditional” sensors. Some respond continuously. Others can be used for multiple single 
measurements with a “recharging” step in between. Still others can only be used for a single 
measurement. A few devices can be inserted directly into a sample. Many others require the 
addition of reagents to modify the sample, such as buffers to adjust pH and salt solutions to control 
ionic strength. 

Rigor can be introduced into the definition of a chemical sensor by restricting the term to devices 
that have a specific set of properties. For example, and “ideal” sensor may be described as a device 
which is low in cost, responds continuously, does not perturb the sample and does not require the 
addition of reagents to the sample. However, many devices that are widely considered to be sensors 
do not satisfy this definition. 

I prefer to define sensors, not in terms of device properties, but rather in terms of the kinds of 
problems that they solve. These problems have two elements. One is the need for multiple 
measurement. This can be met by continuous measurement or repetitive single measurements. The 
crucial parameter is the response time, either the intrinsic response time of a continuous sensor or 
the time between multiple single measurements. Low cost, frequently considered to be a property 
of a chemical sensor, is implicit in this aspect of single measurement devices since it is rarely 
practical to make multiple measurements by techniques having a high cost per measurement. 

The second element of sensing is that analytical results are required immediately, i.e., there is 
not a significant time interval between taking the sample and making the measurement. Making 
the measurement directly on the sample is the most effective way of accomplishing this. However, 
on site measurements, e.g., field measurements of pollutants or home measurements of blood 
glucose, also involve a minimal interval between taking the sample and making the measurement. 

I look forward to seeing how this guideline works out in practice. I invite you, my colleagues, 
to share with me your thoughts about chemical sensing. I also invite you to contribute manuscripts 
to Talanta: Chemical Sensors. I hope that together we will define and advance “chemical sensors” 
as a subdiscipline within analytical chemistry. 

W. RUDOLF SEITZ 
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LOUIS GORDON PEORIA AWARD 

Their Louis Gordon Memorial Awards were presented to Professor Yu. A. Zolotov (Kurnakov 
Institute of General and Inorganic Chemistry, U.S.S.R. Academy of Sciences, Moscow) 
and Dr. J. &tmkovl and Dr. S. Kotrljr (University of Chemical Technology, Pardubice, 
Czechoslovakia) by Dr. R. A. Chalmers. 
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EDITORIAL 

The Publisher and Editorial Board of Tulanta regret to announce that owing to pressure of work 
Professor David Littlejohn has felt obliged to resign as joint Editor-in-Chief, and they take this 
opportunity to thank him on behalf of contributors and readers for the valuable work done 
by him for the journal during his all too brief tenure of the position, and for his enthusiasm in 
making innovations in it. From 1 January 1991 he will be replaced as joint Editor-in-Chief by 
Professor Elo H. Hansen, of the Technical University of Denmark, whose name will be well known 
to all in connection with flow-injection analysis. Papers that would previously have been sent to 
Professor Littlejohn should now be sent to: 

Professor E. H. Hansen 
Chemistry Department A 
Building 207 
Technical University of Denmark 
DK-2800 Lyngby 
Denmark 

This issue is the first in the year that will see the introduction of a new feature in the journal, the 
Chemical Sensors Section, which will be edited by Professor Rudolf Seitz, of the University of 
New Hampshire, with the assistance of a separate Advisory Board, so it is particularly fitting 
that it should be a Special Issue on Sensor Electrodes, organized by Professor Lars Kryger, of 
Aarhus University, Denmark, who is warmly thanked for his work in compiling it. This special 
issue may be regarded as the forerunner of the new Chemical Sensors Section, giving a taste of 
things to come. The aims and scope of the new section appear elsewhere in this issue. Papers 
intended as contributions to this section should be sent to: 

Professor W. Rudolf Seitz 
Department of Chemistry 
University of New Hampshire 
Durham, NH 03824 
U.S.A. 
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The Conference is organized by the Institute of Inorganic and Analytical Chemistry of the 
Friedrich Schiller University in collaboration with the Chemical Society of GDR, particularly the 
group of Analytical Chemistry and the group of Chemometrics and takes place in the main building 
of the Friedrich Schiller University, Goetheallee 1. 

Language: The Conference languages will be German and English. 
No simultaneous translation or interpretation will be provided. 

Topics 

-Chemometrics for environmental analysis and monitoring. Quality control/assurance of the 
environment 

-Expert systems, principles of artificial intelligence m analytical chemistry 
-Explorative and statistical data analysis, interactive scientific processing 
-Multivariate experimental design and optimization 
-Structure-activity and composition-quality relations 
-Simulation and modelling of processes 
-Complex application of chemometric procedures 
-Evaluation of spectroscopic and chromatographic data 
-Computer-coupled tandem methods in analytical chemistry 
-Laboratory automation and information management 
-Principles of image analysis m analytical chemistry 
-Schooling and further training in the field of computer chemistry and chemometrics. 

Key dates: 

Return of preliminary application to JUNE 1991 
Distribution of 2nd Circular SEPTEMBER 199 I 
Submission of contributions NOVEMBER 1991 
Deadline for submission of abstracts FEBRUARY 1992 
Notification of acceptance APRIL 1992 
Distribution of final programme JUNE 1992 

Address: COMPANA ‘92 
Friedrich Schiller University Jena 
Institute of Inorganic and Analytical Chemistry 
Steiger 3, Haus 3, Jena, Germany 6900 
Prof. Dr. K. Danzer (Scientific Committee) Tel.: 82-25467 
Dr. W. Ludwig (Organizing Committee) Tel.: 82-25029 

SAC 92 

An International Conference on Analytical Chemistry 

20-26 SEPTEMBER 1992 

UNIVERSITY OF READING 

Organized by the Analytical Division of The Royal Society of Chemistry 
and the 

Laboratory of the Government Chemist in its 150th year 

An International Conference on Analytical Chemistry (SAC 92) organised jointly by the Analytical 
Division of The Royal Society of Chemistry and the Laboratory of the Government Chemist 
will be held in the Palmer building at the University of Reading. This is the tenth in the series 
of triennial Conferences originally started by the Society for Analytical Chemistry (hence SAC) 
and on this occasion also celebrates the 150th anniversary of the founding of the Laboratory 
of the Government Chemist (LGC). The conference will be held from Sunday 20 to Saturday 
26 September 1992. 
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The scientific programme will be organized around plenary, invited and contributed papers and 
posters covering the whole field of analytical chemistry. The language will be English and the 
programme will include workshops where research workers can demonstrate new apparatus and 
techniques. An opportunity will be made for all participants to visit The Laboratory of the 
Government Chemist and other scientific establishments. 

As for previous SAC Conferences a special issue of The Analyst will be published, and intending 
authors who would like their papers to be published therein are invited to include novel or relevant 
review material to satisfy the normal criteria for The Analyst. Papers may also be offered for 
publication in The Journal of Analytical Atomic Spectrometry and Analytical Proceedings. 

All aspects of analytical science can be included in SAC 92, some suggested areas are: 

Accreditation 
Agricultural 
Atomic spectrometries 
Atmospheric 
Automation and robotics 
Bioanalytical techniques 
Biochemical methods 
Biological and microbiological 
Biotechnology 
Catalytic and kinetic methods 
Chemicals and petrochemicals 
Chemometrics 
Chromatography 
Clinical 
Collaborative analytical studies 
Consumer protectio 
Data processing 
Drugs in sport 
Education 
Electroanalytical methods 
Electrophoresis 
Environmental 

Enzyme techniques 
Flow injection methods 
Food and drink 
Forensic 
Genetic fingerprinting 
Geological 
Immunoassay 
Industrial 
Instumentation 
Ion exchange 
Laboratory design 
Laboratory mformation 
Management systems 
Mass spectrometry 
Metallurgical 
Methods of validation 
Microanalysis 
Molecular recognition 
Molecular spectrometries 
Nuclear magnetic resonance 
Pharmaceutical 
Plastics, rubbers and textiles 

Preconcentration and 
separation 

Probe methods 
Process analysis 
Professional and technical 

aspects of 1992 
Quality assurance 
Radiochemistry 
Reference materials 
Remote sensing 
Sample preparation 
Sampling 
Sensors 
Standards 
Statistics in analysis 
Surfaces 
The integrated laboratory 
Thermal methods 
Toxicology 
Water and effluents 
X-Ray methods 

For further information please contact: 

The Secretary 
Analytical Division 
Royal Society of Chemistry 
Burlington House 
Piccadilly 
London WlV OBN, U.K. 

EUROANALYSIS VIII 

5-11 September 1993 
Edinburgh, U.K. 

The Working Party on Analytical Chemistry of the Federation of European Chemical Societies 
and the Analytical Division of the Royal Society of Chemistry cordially invite your participation 
in the eighth triennial European Conference on Analytical Chemistry to be held at the University 
of Edinburgh from 5 to 11 September 1993. 

Euroanalysis VIII will emphasise the role of analytical chemistry as a tool for problem solving 
in major areas of science as well as methodological developments. The programme will be designed 
to appeal both to practising analytical chemists in industry and to those in academia who are 
teaching and undertaking research. 
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OBITUARY 

On March 11, 1991, Professor Gaston Jules Patriarche, internationally known in the field of 
electroanalytical and pharmaceutical chemistry, passed away. 

G. J. Patriarche was born in Obaix-Buzet, near Brussels, on March 10, 1930. He studied at the 
Free University of Brussels (ULB) to become a pharmacist in 1956. Remaining faithful to his 
“Alma Mater”, all his academic career has been devoted to ULB. Starting this career in 1957 as 
an assistant to Professor Louis Maricq in the analytical chemistry department of the Pharmaceu- 
tical Institute, he became immediately interested in electrochemical techniques which were being 
developed in the department. Encouraged by Professor James Lingane, visiting professor at the 
Faculty of Sciences, he was among the fist European scientists to conduct coulometric measure- 
ments. Investigating the electrogeneration of bromine and iodine, he was able to determine about 
twenty different metal ions, directly or after complexation with %hydroxyquinoline, as well as 
numerous pharmaceutically interesting organic compounds. These studies allowed him to acquire 

V 
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his Ph.D. in Pharmaceutical Sciences in 1963 with a thesis entitled “Contribution to coulometric 
analysis. Application to pharmaceutical sciences”. Three subsidiary works were presented at the 
same time, devoted to polarimetry of antimony, polarographic separation of cobalt and nickel and 
thin layer chromatographic separation of As, Sb and Sn. He completed his education in Saclay, 
France where he acquired a radioelements manipulator degree. 

Becoming a Main Assistant at ULB in 1964, he developed polarographic techniques and created 
a research unit in electrochemistry in the analytical department. He was a Research Associate in 
Chemistry at Harvard University in the laboratory of Professor J. Lingane in 1966 and 1969 and 
Visiting Professor in 1976. Promoted to Associate Professor in 1969 and Full Professor in 1977 
at the Pharmaceutical Institute of ULB, he divided his time between teaching general chemistry, 
analytical chemistry and electrochemistry, and the development of his research laboratory. While 
modern polarographic techniques and voltammetry as solid electrodes remained the basis for his 
activities, he rapidly understood and developed considerable interest in modified electrodes and 
enzyme electrodes in pharmaceutical research. He was particularly fond of developing new 
biosensors and their application to pharmaceutical and biomedical analysis. He also contributed 
to the development of spectrophotometric and chromatographic techniques. Undefatigable in his 
approach to research, his whole life can be characterized by a need for knowledge 

Professor Patriarche is author or co-author, with Ph.D. students and colleagues, of more than 
250 scientific papers, including book chapters. All his publications as well as the hundreds of 
lectures given around the world were characterized by the will to demonstrate that electrochemical 
techniques are well adapted to pharmaceutical analysis. It was in this way that he directed the 
research work of his students in which he was always attentive and ready to assist. 

The important role played by Professor Patriarche in scientific research is reflected by the 
positions he has occupied. He was the youngest member of the Belgian Royal Academy of 
Medicine, past-president of the Belgian Society of Pharmaceutical Sciences and the Analytical 
Section of the Belgian Royal Chemical_Society. Among others, he was a member of the American 
Chemical Society since 1966, the Electrochemical Society, the International Society for Electro- 
chemistry, the Society for Electroanalytical Chemistry and the Analytical Division of the 
International Union of Pure and Applied Chemistry. He was also a member of the Commission 
of the Belgian Pharmacopoeia and of the Scientific Council of the Belgian Department of Drug 
Control. 

He was an active member of scientific committees of numerous international congresses devoted 
to electrochemistry or to pharmaceutical sciences, and he was the organizer of several. 

His outstanding activity in the analytical, electroanalytical and pharmaceutical field was also 
reflected by his membership on the editorial boards of Electroanalytical Abstracts, Clinical Letters, 
Analytical Letters, Journal of Pharmaceutical and Biomedical Analysis, Trends in Analytical 
Chemistry and Journal de Pharmacie de Belgique. He was also Regional Editor for Europe of 
Electroanalysis at the time of his death. 

He was awarded the Quinquennial Prize of the Belgian Royal Academy of Medicine and Doctor 
Honoris Causa of the Complutenae University of Madrid. 

The fruitful life of this outstanding electroanalytical pharmacist has been interrupted too early. 
However, he will remain in the memory of everybody who knew him. 

Jean-Claude Vire 
Institut de Pharmacie 
Universite Libre de Bruxelles 

Editor’s Note : Professor Patriarche was a close personal friend and colieague, and was a frequent 
referee for Talanta as well as contributor. Those who knew him will remember his jovial nature 
and his devotion to his family as well as to his teaching and science. 

G.D.C. 
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The scientific programme will be organized around plenary, invited and contributed papers and 
posters covering the whole field of analytical chemistry. The language will be English and the 
programme will include workshops where research workers can demonstrate new apparatus and 
techniques. An opportunity will be made for all participants to visit The Laboratory of the 
Government Chemist and other scientific establishments. 

As for previous SAC Conferences a special issue of The Analyst will be published, and intending 
authors who would like their papers to be published therein are invited to include novel or relevant 
review material to satisfy the normal criteria for The Analyst. Papers may also be offered for 
publication in The Journal of Analytical Atomic Spectrometry and Analytical Proceedings. 
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NOTlCES VII 

The programme will consist of invited plenary and keynote lectures, contributed papers, and 
posters and workshops. In order to ensure the high quality of the programme all contributed papers 
will be refereed by an international panel. 

The conference organizer to whom all correspondence should be addressed is: 

Miss P. I?. Hutchinson 
Analytical Division 
The Royal Society of Chemistry 
Burlington House 
Piccadilly 
London WlV OBN, U.K. 

XXI. European Congress on Molecular Spectroscopy 

EUCMOS XXI 

23-28 August 1992 
Technical University Vienna, Physics Department, Vienna, Austria 

This 21st event in the well established series of EUCMOS-conferences will be organized by the 
Working Group Molecular Spectroscopy of the Austrian Society for Analytical Chemistry (ASAC) 
m the G&h, in the historic mid-European city of Vienna on behalf of the International Committee 
of EUCMOS. EUCMOS XXI is supported by the Working Party on Analytical Chemistry of the 
Federation of European Chemical Societies (WPAC/FECS) and will highlight modem trends and 
recent developments in the rapidly expanding field of molecular spectroscopy. Methods and 
applications will be treated in 9 sessions including plenary, keynote and contributed oral and poster 
presentations. 

Main Topics: Conveners: 

1 Molecular Structure and Interactions (A. J. Barnes) 
2 Surface Analysis-Methods and Applications (M. Grasserbauer) 
3 Hyphenated Techniques (Chromatography-Spectroscopy) (J. F. K. Huber) 
4 Optical Sensors (R. Kellner) 
5 Computer Aided Molecular Spectroscopy (W. Wegscheider) 
6 Theoretical Aspects (A. Karpfen) 
7 Biological Pathways (A. Mtiller) 
8 Phase Transition and Order Phenomena (H. Ratajczak) 
9 General 

International Committee: 
President: W. J. Orville-Thomas (GB) 
President Elect: A. J. Barnes (GB) 
Vice Presidents: A. Mtiller (D), H. Ratajczak (P) 

Organizing Committee: 
R. Kellner (Chairman) (A) 
A. J. Barnes (GB) 
J. Bellanato (E) 
J. G. Grasselli (USA) 
J. A. Lercher (A) 
J. van der Maas (NL) 
H. H. Mantsch (CDN) 
Z. Meic (YU) 
J. Mink (H) 
A. Neckel (A) 
B. Schrader (D) 
K. Taga (Secretary) (A) 

Programme Committee: 
W. Landvoigt (Chairman) (A) 
A. Benninghoven (D) 
M. Grasserbauer (A) 
E. H. Korte (D) 
J. Lascombe (F) 
H. Malissa (A) 
E. Pretsch (CH) 
C. N. R. Rao (IND) 
M. Tasumi (J) 
L. A. Gribov (USSR) 
W. Wegscheider (A) 
G. Zerbi (I) 
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FOREWORD 

This special issue of Tulunta is devoted to sensor electrodes for amperometric, potentiometric, and 
voltammetric analysis. 

Over the past few years electrochemical probes have received a significant share of the attention 
which is currently focused on the construction of chemical sensors. Several types of ultramicro- 
electrodes, for instance, have been developed, and many have proved useful in the analysis of 
solutions with low electrolyte content, as low capacitance voltammetric sensors, and as sensors in 
the electroanalysis of microvolumes of solutions. A large variety of chemically modified electrodes, 
with functional groups incorporated on their surfaces, have been constructed for non-electrolytic 
preconcentration of trace analytes and for utilization of catalytic electrode processes. Also new 
potentiometric electrodes and calibration procedures have been introduced. As a result of these 
activities, electroanalytical approaches have progressively become more selective and sensitive, and 
the class of species which can be accessed by means of electroanalysis has been steadily expanding. 
The fifteen research papers and reviews in this issue are all written by authors who have contributed 
significantly in the area of sensor electrode research. It is my hope that the publication of their 
results and points of view will actuate further research and intensify the flow of knowledge between 
research and routine analytical laboratories. 

I take this opportunity to thank the research groups who have contributed to this issue. 
Also, I wish to thank the Consultant Editor of TuZunta, Dr. R. A. Chalmers, for his helpful 
suggestions, and Mrs. Anne-Lise Mikkelsen for her friendly and patient help with correspondence 
and coordination. 

LARS KRYGFX 
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For further information please contact: 

Mrs. E. M. Schaup 
c/o Interconvention 
Austria Center Vienna 
A- 1450 Vienna 
Austria 
Tel: +43-222-2369-2641 
Fax: + 43-222-2369-648 
Telex: 11 18 03 ices a 

Copenhagen Opt(r) Workshop: Opt(r)o for charged species 

4 November 1991 

Riser and Radiometer A/S, Denmark. 
For further information contact: 

Dr. B. Skytte Jensen 
MODECS, Riss National Laboratory 
P,O. Box 49 
DK-4000 Roskilde 
Denmark 

Sixth Biennial National Atomic Spectroscopy Symposium 

will be held at 

Polytechnic South West, Plymouth, UK 

22-24 July 1992 

The symposium will provide a forum where interesting and useful applications of atomic 
spectroscopy can be reported and discussed. In addition to plenary, invited and submitted lectures, 
a particular feature of the meeting will be the presentation of posters. There will also be an 
exhibition and a social programme for delegates and their guests, 
Scientific programme will include: 

Plenary Lfxturers- 
M. W. Blades (Vancouver, BC, Canada) 
B. V. L’vov (Leningrad, USSR) 
J. W. McLaren (Ottawa, Ontario, Canada) 

K. Niemax (Dortmund, Germany) 
B. L. Sharp (Loughborough, UK) 

Invited Lecturers- 
J. S. Crighton (Sunbury-on-Thames, UK) G. Schlemmer (Uberlingen, Germany) 
H. Falk (Kleve, Germany) P. Stockwell (Sevenoaks, UK) 
S. J. Hill (Plymouth, UK) J. F. Tyson (Amherst, MA, USA) 
D. Littlejohn (Glasgow, UK) A. M. Ure (Glasgow, UK) 
C. McLeod (Sheffield, UK) J. G. Williams (Egham, UK) 

This meeting is organized by the Atomic Spectroscopy Group, Analytical Division of The Royal 
Society of Chemistry. 
Further information can be obtained from the Chairman of the organizing committee: 

Dr S. J. Hill, Department of Environmental Sciences, Polytechnic South West, Drake Circus, 
Plymouth, Devon PL4 8AA, UK. 
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TALANTA: CHEMICAL SENSORS ADVISORY BOARD 

The Publisher and Editorial Board of Tdantu welcome the following as members of the Advisory Board of Talanta: 
Chemical Sensors, a new feature that is inaugurated in this issue of the journal. 

A. G. FOGG M. MASCINI 
J. JANATA T. SHONO 
S. J. MARTIN M. THOMPSON 

N. YAMAZOE 

After working for ICI (Dyestuffs Division) in Manchester on pharmaceutical analysis, in the days before ICI had a 
pharmaceuticals division, Arnold Fogg obtained an external degree from the University of London, partly by part-time 
study. He then studied under Bob Chalmers and Wolf Moser at the University of Aberdeen and obtained a Ph.D. degree 
in 1961. From Aberdeen he came to the institution which is now Loughborough University of Technology, where hehas 
been Reader in Analvtical Chemistrv since 1981. He has published 180 naners from his research. He obtained a D.Sc. degree 
from the University of London in 1986 and was awarded-the Royal Society of Chemistry (RX) Electroanalytical Chemi&y 
Award in 1989. In 1988-90 he was a Vice-President of the Analytical Division of the RSC. In various roles in the RSC 
Electroanalytical Group, including that of Chairman, he has helped organize numerous international conferences, including 
the series of Anglo-Czech Electroanalytical meetings. He is a member of the Portuguese Electrochemical Society. His main 
interests are in electroanalytical chemistry, UV/visible spectrophotometric methods, automatic methods, and analytical 
solution chemistry. Current research interests are in the development of amperometric and spectrophotometric flow-injec- 
tion monitors and disposable sensor devices, and the chemistries related to these. Complementary studies are of the direct 
adsorptive stripping voltammetry of pharmaceuticals and other large and small molecules of biological significance, and 
of their labelled compounds and metal complexes. 

Jiri Janata received his Ph.D. in analytical chemistry from Charles University, Prague, in 1965. After postdoctoral studies 
at the University of Michigan he sp&t six years in-the Corporate Laboratory of ICI in England, and in 1976 joined the 
facultv of the Universitv of Utah. In 1986/85 he was on sabbatical leave at UKAEA Harwell in Enaland. and at the 
Univenitgt der Bundeswehr Munich, Germany, where he holds a Visiting Professorship in the Departm&t of Physics. He 
is Professor of Materials Science and Engineering and Director of the HEDCO Microengineering Facility at the University 
of Utah. In 1987 he received the Senior Scientist Alexander von Humboldt Prize. His research interests include chemical 
sensors and electrochemistry. In this area he has published over 100 research papers, 16 chapters in co-authored books 
and one textbook: Principles of Chemical Sensors. He is inventor or w-inventor of 15 patented devices. 

Stephen J. Martin received his B.S. degree in electrical engineering from Rensselaer Polytechnic Institute, Troy, New York, 
in 1978. He received his M.S. and Ph.D. degrees in electrical engineering from Purdue University, West Lafayette, Indiana, 
graduating in 1983. Since then he has been a member of Sandia National Laboratories’ Microsensor Research Division 
in Albuquerque, NM. His current research focuses on the use of acoustic wave devices for physical and chemical sensing 
and for thin-film materials characterization. These sensors include surface acoustic wave (SAW) devices, acoustic plate mode 
(APM) devices and quartz crystal microbalances (QCMs). His sensor research has been directed towards characterization 
and development of novel gas and liquid phase microsensors for species detection, viscosity sensing, and corrosion 
monitoring. Material characterization studies have included the investigation of polymer viscoelastic properties, cross-link- 
ing reactions, as well as determination of surface area and pore size distributions in porous films. He is particularly interested 
in interaction mechanisms between acoustic devices and the environment. 

Marco Mascini is now full Professor of Analytical Chemistry at the University of Florence. From 1963 till 1986 he was 
Associate Professor at the University La Sapienza and at the University Tor Vergata in Rome. In Florence he is also the 
co-ordinator of Ph.D. courses in Analytical Chemistry. He was among the early researchers on ion-selective electrodes, being 
engaged on their preparation, characterization and analytical applications. He then directed his research interests to the 
development of electrochemical biosensors by coupling immobilized enzymes, bacteria and whole tissues with ion-selective 
electrodes and amperometric probes, to obtain new devices for clinical applications, especially in the field of continuous 
monitoring by developing probes and procedures for ex uiuo and in oiuo biosensors. He is also concerned in applying 
biosensors for the analysis of food and drugs and developing optical biosensors. He has published over 100 papers in these 
areas. He was the organizer of several international meetings on Chemical Sensors and Biosensors in Italy. 

Toshiyuki Shono graduated on 1954 and received his Ph.D. (Dr. of Enginering) in 1960 from the Department of Applied 
Chemistry, Faculty of Engineering, Osaka University. He remained at Osaka University as an Associate Professor and 
became Professor for Analytical Chemistry in 1974 and moved to the Osaka Institute of Technology in 1990. He was 
recipient of the 1984 award presented by the Japan Society for Analytical Chemistry for his contribution to the host-guest 
chemistry of synthetic ionophores. His current research interests lie in analytical reagents, that is, development and synthesis 
of ionophores, application of ion-selective membrane electrodes and derivatization in chromatography. He has co-authored 
more than 250 articles on these topics. 
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Michael Thompson was born in Rotherham, U.K., in 1942. He received the BSc. degree in chemistry from the University 
College of Swansea, U.K. in 1966, and the Ph.D. degree in analytical chemistry from McMaster University, Canada in 
1970. Alter a period as Science Research Council Post-Doctoral Fellow at the University College of Swansea, working on 
vacuum ultraviolet photoelectron spectroscopy, he became a Lecturer in Instrumental Analysis at Loughborough University 
of Technology, U.K. In 1976 he moved to the University of Toronto where he is now Professor of Analytical Chemistry. 
Currently, he also holds the position of Staff Research Scientist at Toronto General Hospital. Over recent years his research 
interests have been in photoelectron and Auger electron spectroscopy, lipid bilayer and Langmuir-Blodgett monolayer 
chemistry, and chemical and biosensor technology in general. Dr. Thompson is a fellow of the Royal Society of Chemistry 
and the Chemical Institute of Canada. In 1982 he was presented with the Ontario Confederation of University Faculty 
Associations Teaching Award for his efforts in education in analytical chemistry. The D.Sc. degree was awarded by the 
University of Wales in 1986. Dr. Thompson received the 1989 Fisher Scientific Lecture Award of the Canadian Society 
for Chemistry for his research in analytical chemistry. He serves on the Editorial Boards of several international journals. 

Noboru Yamazoe, born in 1940, obtained his Dr. Eng. degree from Kyushu University in 1968 after majoring in applied 
chemistry. He became a Research Associate in 1968, an Associate Professor in 1969, and a full Professor in 1981 at Kyushu 
University. He has been interested in materials science and application of functional inorganic materials such as oxide 
semiconductors, solid electrolytes, and oxide catalysts, and is deeply concerned with chemical sensors. His laboratory has 
housed the office of the Japan Association of Chemical Sensors since the foundation of the Association. He has received 
awards from the Electrochemical Society of Japan (1988) and the Chemical Society of Japan (1990). 
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