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1. Introduction

Because grains and their processed products, such as bread or
cooked rice, form a major part of the diet of humans and
domestic animals, the subject of insecticide residue analysis in
grains is important. Despite the obvious importance of the
analytical chemistry of insecticides on such stored commodi-
ties and their products, it appears that there is no critical
appraisal of the subject currently available and it is with this in
mind that we have attempted to meet the need in this review.

The scope of the review covers the period from 1962 to the
end of 1986 and endeavours to examine critically the existing
methodologies and techniques, including residue extraction,
clean-up, chromatography and general method evaluation, as
they apply to the organophosphate, pyrethroid and carbamate
insecticides. Among these, carbaryl and several of the
organophosphate pesticides are the most commonly used
compounds although, in conjunction with piperonyl butoxide,
pyrethroids are used for specific pests. Comprehensive details
(such as sample types, columns and detectors) have been
tabulated in order to make them more useful and readily
accessible. These deal with (i) the broad analytical details; (ii)
methods based on gas chromatography (GC); and (iii)
methods based on high-performance liquid chromatography
(HPLC) and follow the sequence of the general discussion.
For easier use, references in the tables have been sorted into
each of the three classes of pesticides under review and, in
addition, chronologically within each class.

There are two principal sources of insecticides in stored
commodities, namely, carry-over from insecticide applica-
tions to growing crops and intentional admixture of insecti-
cides with stored commodities (that is, from post-harvest
treatment). Here, special attention is given to the latter use,
where such insecticides are often described as grain protec-
tants. This usage has recently been comprehensively
reviewed! for insecticides approved (or likely to be approved)
by the Codex Alimentarius Commission, but this did not

* To whom correspondence should be addressed.

include a critical review of the analytical chemistry involved. It
is likely, however, that techniques appropriate for the
quantification of insecticides admixed in storage will also
apply to those from application to the growing crops, although
this may not be true of the pesticide degradation products.

In general, a quantitative analytical procedure based on a
chromatographic technique is valid only if each of the
following five conditions is satisfied: (i) extraction is complete
and the extract truly represents the insecticide level in the
commodity; (ii) clean-up, when used, is effective and recovery
is quantitative; (iii) chromatographic resolution is adequate, if
not a base-line resolution; (iv) detection of the insecticide(s)
and measurement of the response of the detector are sensitive,
specific or selective and reproducible; and (v) comparison of
the “unknown” with calibration standards is reproducible. Of
these, steps (ii)-(iv) can be validated from the response of
“spiked” samples. Step (i) can only be validated from studies
of the completeness of the extraction procedures using agedt
residues* and step (v) requires replication of standards. For
good results, each step requires that studies on each type of
sample to be analysed be carried out, because a procedure
involving extraction, clean-up, separation and quantification
on, for example, paddy rice, cannot be assumed to be
appropriate for cooked rice. Further, some of these steps
(such as the extraction step) may be studied carefully on a few
occasions and the resulting methodology used thereafter,
whereas others, such as the replication of standards, are
required in all determinations. It is important, too, that
recoveries of “spiked” samples be included with each batch of
determinations to guard against, among other possibilities,
variations in the batches of materials used for the clean-up
step. Undoubtedly, these general considerations are fun-
damental to meaningful studies on the fate of residues during
the storage and processing of food.

+ The term is used here to refer to pesticides applied to grain in the
field2 or in storage? and then stored for a realistic length of time before
being extracted from the grain for quantification.
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Although perhaps peripheral to this discussion, it follows
that a suitable protocol for such studies would involve: (i)
extraction studies on aged residues for each commodity (for
example, oats, oat hulls, groats or rolled oats); (ii) the
preparation of calibration standards, at least in duplicate; and
(iii) the determination of recoveries from “spiked” samples for
each commodity of interest. If it is accepted that such studies
are necessary, then much work remains to be carried out as
there are few reports dealing with the completeness of the
extraction of insecticides from maize, oats, barley, oil-seeds
and legumes. Although it is possible that procedures validated
for wheat will also be satisfactory for other grains, this
hypothesis requires verification for other products.

2. Extraction of Pesticide Residues from Grains and
Grain Products

A wide variety of extraction procedures have been used to
remove pesticide residues from grains for analysis (see Table
1), varying from simply standing the grain in a solvent
overnight# to the more exhaustive techniques such as Soxhlet
extraction.!? A number of different solvents have been used,
ranging from non-polar solvents, e.g. , hexane, to those of high
polarity such as methanol and acetone - water. The extraction
procedure, however, has been thoroughly investigated in only
a few instances.2-3.26.61

Whereas the problems associated with the extraction of
aged residues have been well documented,4.13.63-66 for most of
the methods summarised in Table 1 the grain is spiked with the
pesticide immediately prior to extraction, and percentage
recoveries have then been listed. Such an approach may prove
the validity of the clean-up method, but it does not evaluate
satisfactorily the effectiveness of the extraction procedure. In
order to do this it is necessary to ensure that the maximum
amount of pesticide can be extracted from grains containing
“aged” residues. This is because pesticides that have been in
contact with the grain for some time may interact with it and,
as a result, be more difficult to extract than pesticides that
have been applied more recently. Attempts to distinguish
further the available and total pesticide levels have involved
the use of radiolabelled pesticides to determine solvent
extractable material in a grain!3.23.67 in addition to the bound
pesticide following acid digestion of the grain.50

Several methods have been used to evaluate extraction
efficiency from grains and other crops. Hence, Bowman et al.2
compared a number of solvents and methods for extracting six
organophosphate pesticides from field-treated crops. From
this work, a Soxhlet extraction with 10% methanol in
chloroform was found to extract higher levels of pesticides
than other techniques such as blending with benzene. In
another study, Desmarchelier> found that methanol or
ethanol extracted higher levels of organophosphates from
grains than hexane, but light petroleum was as effective as a
number of other solvents for extracting pyrethroids. It was
also found that light petroleum extracted the same amount of
fenitrothion from grain in 36 h that could be extracted with
methanol in 4 h.

In the extraction of carbaryl, Hargreaves and Melksham®!
concluded that methanol was more effective than several
other solvents. This comparison was made by standing the
grain overnight in one of the solvents, viz., hexane, acetone,
dichloromethane or methanol, then decanting the extract and
immediately re-extracting the grain with methanol. Ambrus et
al %6 also used multiple extractions to evaluate the usefulness
of acetone for the extraction of organophosphates and
carbaryl from field-treated crops. Krause23.67 carried out
experiments with 14C-labelled carbaryl and found that
methanol extracts up to 15% more carbamate residues from
various crops than either acetonitrile or acetone.

ANALYST, OCTOBER 1988, VOL. 113

Results from several sources suggest that methanol is the
most suitable solvent for extracting organophosphates and
carbamates from grains. Less work has been carried out on the
pyrethroids but it appears that non-polar solvents may also be
useful in this instance. Whereas the commodities investigated
have been mainly field crops such as maize and wheat in
storage, much less is known about the conditions required for
the extraction of pesticides from other crops such as paddy
rice, oil-seeds and legumes, or, from wet cooked products. It
is very likely that the amount of insecticide extracted by
non-polar solvents from commodities decreases as the mois-
ture content increases, as is found with cooked products.
Similarly, it is probably true that those solvents that can be
used to extract insecticides from whole grains can also be used
to recover them, probably more quickly, from milled products
(such as flour) because of the greater ratio of surface area to
volume.

In general, the results obtained using methods for which the
extraction procedure has not been evaluated are questionable
and, in some instances, the pesticide levels may be seriously
under-estimated.

3. Clean-up of Pesticide Residue Extracts from Grains
and Grain Products

As shown in Table 1, there are a large and varied number of
clean-up procedures available. In many instances, although
some of the procedures gave good results, it was not
demonstrated conclusively that the clean-up was either
necessary or that it had been optimised. Further, as compara-
tively little is known of the exact chemical composition of
co-extractives from grains, there is still no systematic
approach for separating them from insecticides, except on a
trial and error basis. It is interesting to note that the
techniques and cost-effectiveness of some clean-up proce-
dures have been reviewed.58.69

The two major approaches to clean-up involve the use of
partitioning and column chromatography, although some of
the lesser used techniques include gel permeation chromato-
graphy, sweep co-distillation and steam distillation. Where
column chromatography is employed, the common stationary
phases are alumina, silica and Florisil. The amount of packing
required is empirical and is determined by the difficulty of the
separation and/or the level of co-extractives present. In
general, the complexity of the clean-up is determined by the
level and type of co-extractives and, to a lesser extent, the type
of detection used. However, use of the more selective
detectors, such as the nitrogen - phosphorus detector (NPD)
or the flame photometric detector (FPD), may largely
eliminate the clean-up stage prior to the gas chromatographic
determination of the organophosphates.

One problem in clean-up that has received little attention is
the effect of water on those procedures that require removal of
solvent (as, for example, before the use of an adsorbent or
commercial cartridge such as Sep-Pak). Procedures suitable
for grains (containing about 10-15% water) may not be
suitable for cooked grains (with 60-80% water) in which the
water either impedes extraction with a water-immiscible
solvent or is taken up by a water-miscible solvent from which
the water must then be removed.

A final point deserving comment concerns the end-use of
the analytical results, because a clean-up procedure publi-
shed, or intended, for multi-residue analyses in regulatory
laboratories might not be appropriate for the determination of
residues of grain protectants for which the need is different.
For example, in those instances where the aim of the analysis
is to determine the variation of residue levels of a known
insecticide admixed with grain in commercial storages, it may
be better to measure levels in many samples using minimal
clean-up, rather than in a few samples following extensive
clean-up. Uncomplicated procedures also have merit in the
quality control situations facing grain handlers or millers.
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Therefore, for grain handlers, the main purpose of the analysis
may be to distinguish instances of low levels of insecticide,
where the grain is at risk of becoming infested with insects
(hence, requiring rapid despatch to the miller), from higher
levels that must be used in order to allow degradation of the
insecticide. For such purposes, speed and cost are important
considerations. In this context, straightforward procedures for
clean-up and the consequent savings in space and expensive
solvents, compared with those used in official procedures,
cannot be ignored.

4. Gas Chromatographic Determination of Organo-
phosphate, Pyrethroid and Carbamate Insecticides

Table 2 summarises the gas chromatographic methods avail-
able for the analysis of grain protectants; this table includes
commodities other than grains and grain products and is
intended to be of assistance where a single or multi-residue
method, using GC, is required. The chromatographic condi-
tions stated for many of the pyrethroid and organophosphate
insecticides are relevant irrespective of the commodity that
has been extracted prior to the analysis.

It is surprising that, despite the number of GC procedures
available [employing different detectors, different types of
columns (packed or capillary) and column variations] and
their individual requirements and experience, their relative
advantages are not often discussed. In our experience, the
main disadvantages of gas chromatographic analysis are: (i)
the lack of a published method for separating resmethrin and
piperonyl butoxide; (ii) the relatively high detection limits of
resmethrin and phenothrin; and (iii) the failure of multi-
residue methods to include resmethrin, phenothrin and
carbaryl.

Organophosphates

Many papers have been published covering the determination
of organophosphates in grain and grain products using GC. In
addition, the quantification of this class of pesticides has been
comprehensively reviewed?! and the nomenclature and chem-
ical structures of the various organophosphates have been well
documented.®!.92 Generally, the methods have been confined
to GC3.9.15.21.32 ysing packed columns and the more specific
nitrogen - phosphorus or flame photometric detectors. As a
rule, these two detectors reduce or eliminate the need for
elaborate clean-up procedures with packed columns!s.17,18
but, of course, this depends on the level of co-extractives, the
number of pesticides to be quantified and the required
reporting level. Also, with these detectors, the high resolution
of a capillary column is not usually required unless a
multi-residue method is desired.31.75 Stan and Goebel?? have
compared the reliability of on-column and splitless injection
techniques for pesticide residue analysis.

Pyrethroids

Miyamoto% and Papadopoulou-Mourkidou% have both
presented excellent reviews of the quantification of this class
of insecticides. Although much work has been published
dealing with the gas chromatographic determination of the
pyrethroids, there have been few reports of their determina-
tion with capillary columns. Bottomley and Baker3! have
shown that the main advantages of using capillary columns for
screening purposes are improved resolution and shorter
analysis times.

It is worth noting that pyrethroids are usually more difficult
to determine than the organophosphates because of their
appreciably lower levels of application. Further, for two of the
common pyrethroids, phenothrin and bioresmethrin, the
determinations are even more difficult as these compounds do
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not contain either a significant electrophore for the electron-
capture detector (ECD) or nitrogen or phosphorous suitable
for the thermionic or flame photometric detectors. Another
problem is encountered with the compound resmethrin and
the synergist piperonyl butoxide, which is often used in
combination with pyrethroid grain protectants (hence, its
inclusion in Table 2). The resolution of these two compounds
(which have the same relative molecular mass) by GC on a
packed column is difficult, if not impossible. Resmethrin,
however, has been determined alone with a packed column
using flame ionisation3:76 and a mass spectrometer operated
in the chemical ionisation mode.45

Unlike the organophosphate and carbamate insecticides, an
unusual difficulty arises with the synthetic pyrethroids because
these compounds (the structures and generic names of which
have been well documented by several authors83.94) consist of
a mixture of stereoisomers. With the exception of fenvalerate,
all of the pyrethroids are esters of chrysanthemic acid and
have two chiral centres at C-1 and C-3 of the cyclopropane
ring, giving rise to four stereoisomers independent of chirality
in the alcohol moiety. Hence, permethrin consists of four
stereoisomers [namely, (1R, trans), (1R, cis), (1S, trans) and
(18, cis)] in which the cis to trans ratio varies depending on the
method of synthesis. Whereas separation of these diastereo-
isomers is possible by GC on a packed column, the separation
is more straightforward with capillary columns.

The cis and trans isomers of permethrin can be separated on
a packed column39:4142 or can be co-eluted depending on the
requirements.% Chapman and Harris82 have reported the
separation of the enantiomers of permethrin and cypermeth-
rin on a non-chiral phase after conversion into the diastereo-
isomers.

Carbamates

Several workers have reviewed comprehensively the determi-
nation of carbamate pesticides.97-1%0 Others!01-105 have
chosen to determine a derivative of the carbamates as this
approach provides the opportunity and advantages of intro-
ducing a strong electrophore into the resulting derivative, with
improved sensitivity using the ECD. Wallbank57 has reported
the use of an in situ derivatisation method.

Of the carbamates, carbaryl has always been more difficult
to determine by GC because of its thermal instability.
However, it can be determined directly8’ at relatively high
levels or, with excellent sensitivity and no decomposition,88.89
by using Carbowax 20M on modified supports. Nevertheless,
the degradation of carbaryl to a-naphthol has always been a
problem when using packed columns. Capillary GC seems to
be the method of choice but the mode of injection is critical.
Splitless injection requires very high injection port tempera-
tures, which obviously promote decomposition; however,
Ripley and Braun!% reported very little decomposition of
N-methylcarbamates using this technique. Wehner and
Seiber® have reported a direct determination by using split
injection with an NPD. The increased flow through the
injection port together with split injection ensures that the
residence time at the high temperature is decreased.
However, sensitivity is lost through splitting the sample.
On-column injection would seem to be the solution as direct
injection into a cooled column followed by slow temperature
programming of the column oven would then avoid the
thermal shock associated with split or splitless methods. The
use of supercritical fluid chromatography for the determina-
tion of thermally labile compounds, such as carbaryl, or
involatile compounds, has also been described.107

Packed versus Capillary Column Gas Chromatography

There are occasions when a packed column can be an
advantage because of the retention of involatile co-extractives
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either in a glass-wool plug or in the first few centimetres of the
column. Capillary columns, by the very nature of their open
tubular design. will not prevent material of low volatility from
eventually reaching the detector. It can be concluded that it is
far easier to change the glass-wool every few hundred
injections than to clean a detector; this is particularly true
when the ECD is used.

Undoubtedly, the effect of involatile material (or material
of low volatility) in a quantitative procedure is a concern. By
employing splitless injection, Grob and Bossard!®® have
demonstrated the dramatic detrimental effect on quantifica-
tion of injecting standards containing involatile material
compared with the injection of “clean™ standards. This effect
has been confirmed by Ripley and Braun!™ who injected
extracts containing a high lipid content. Hence, it is plausible
that solute transfer from the injector to the column is affected
more by “dirty” samples and, although clean samples are to be
preferred when using the Grob splitless injection method,
direct injection of extracts is possible provided that the effect
of any co-extractives on the transfer of solute into the column
is carefully studied. Grob and Neukom!" have also shown
that use of a light plug of silanised glass-wool in the injector
insert improves the quantification of a sample containing
involatile material. Similar effects were reported by Zenon-
Roland et al.!"Y for the adsorption of polar pesticides when
using on-column injection after injection of crop extracts.
Again, with on-column injection, it is necessary to be aware of
the effect of co-extractives on the peak shape and the
quantification of solutes. Of course this can be expected to
vary from one commodity to another and to depend on the
lipid content of the commodity.

Generally, there is a trend towards the use of capillary
columns for pesticide residue analysis, where the shorter
analysis times and enhanced resolution are very attractive
features. However, the packed column is still an option if only
asmall number of pesticides are to be determined with specific
detectors which, as mentioned earlier, can sometimes elimi-
nate the need for a clean-up step.

Multi-residue Analysis

Multi-residue analyses are included in Table 2 for both
pyrethroid and organophosphate pesticides in various com-
modities. Ambrus and Thier!!! have presented an excellent
review of the use of multi-residue procedures in pesticide
residue analysis. In addition, several multi-residue methods
are available!!2.'13 for the determination of organophosphates
in various commodities. For this type of work, the resolution
attainable with capillary columns is invaluable. For example,
using capillary column GC - ECD, Bottomley and Baker3!
have reported a method that can be used to screen most of the
currently used pyrethroid and organophosphate insecticides.
Unfortunately, the lack of response of resmethrin and
phenothrin is a problem in this screening method. In other
work, aided by automated data processing, Goebel and
Stan!'* demonstrated the power of capillary columns for
multi-residue analysis by diverting the effluent from one
column to two detectors (NPD and ECD) and then confirming
the identification on another column of different polarity.
Several papers have described the behaviour and relative
retention of the organophosphates on various phases for
either packed or capillary columns under specified condi-
tiong.l(lh_llﬁ-ll‘l

5. High-performance Liquid Chromatographic
Determination of Organophosphate, Pyrethroid and
Carbamate Insecticides

Table 3 lists published methods which use high-performance
liquid chromatography (HPLC) for the analysis of pesticide
residues in grain and other low-fat products. such as fruits and
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vegetables. The latter have been included because, with
appropriate modification, these methods may also be applic-
able to grains.

The majority of the reports are concerned with carbamates.
Of these, carbaryl has been studied fairly exten-
sively,31.61.126.133 probably as a result of the difficulty of
determining this thermally labile compound by GC. Con-
versely, there are few reports concerning the organophos-
phates,19-34.120.121 probably because these can easily be deter-
mined by using GC coupled with a phosphorus-specific
detector. A number of other reports deal with the pyreth-
roids*3.46.122.123 and piperonyl butoxide.3?

A major problem in using HPLC for residue analysis has
been the lack of a highly selective or sensitive detector. In an
attempt to overcome this problem, Papadopoulou-Mourkidou
et al.'? used on-line infrared detection for the determination
of permethrin (in lettuce); other techniques used have
included electrochemical detection for organophosphates34.120
and the application of GC detectors to liquid chromato-
graphy.!2! A cholinesterase inhibition autoanalyser has also
been used for the determination of organophosphates and
carbamates.!?* Fluorescence detection has been applied fre-
quently, either directly’” or through the use of deriva-
tives.126.127 So far, none of these options has gained wide-
spread acceptance; hence the UV spectrophotometer is still
the most common detector employed for residue analysis by
HPLC.

The reports cited in Table 3 are fairly evenly divided
between reversed-phase and normal-phase methods. In most
instances a clean-up procedure was employed prior to
injection of the sample into the HPLC system. However, in
some instances a second column was used for on-line clean-up,
as in the work of Fogy er al.!28.129 who used two normal-phase
columns to separate carbamates from plant co-extractives. On
the other hand Gunew+*? used a pre-column for the separation
of bioresmethrin from the co-extractives of wheat. In this
instance, the co-extractives were trapped at the beginning of
the pre-column and removed by back-flushing after the
bioresmethrin had been eluted. Hargreaves and Melksham®!
used a similar method for the determination of carbaryl on
wheat. Obviously, this approach saves both time and materials
in clean-up operations: the use of column-switching (a further
refinement of this approach) has recently!s been reviewed.

Many of the methods summarised in Table 3 are multi-
residue procedures, but most only deal with one class of
pesticide, such as the carbamates.!3! Only in a few instances
have several classes of pesticide been determined using one
system2+.133 or has HPLC been used in combination with GC
for multi-residue analysis.?!

Opverall, although it lacks a sensitive and specific detector
(such as the NPD), HPLC still offers some unique (and,
arguably, minor) advantages for residue analysis. These
advantages include its suitability for the carbamates and the
possibility of determining all pyrethroids with a single detector
at one wavelength. Pyrethroid enantiomers have also been
separated using HPLC.!3 HPLC can also incorporate either
reversed- or normal-phase modes, each with the possibility of
on-line clean-up. In fact, it can be said that the use of
reversed-phase HPLC, with its potential for the direct
injection of “dirty"™ extracts in water-miscible solvents and for
on-line clean-up, has not been fully realised for this type of
analysis. It seems, too, that the potential of HPLC for
multi-residue analysis has also not been fully exploited.

6. Conclusion

In retrospect, determination by GLC is relatively straightfor-
ward for the organophosphates using a specific phosphorus-
sensitive detector, or for halogenated pyrethroids using an
ECD. In contrast, HPLC has both advantages and disadvan-
tages compared with GLC. The main advantages are the
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determination of all pyrethroids at a single wavelength (e.g.,
230 nm), compared with the need for two detectors with GLC
(ECD and the flame ionisation detector), and the determina-
tion of the thermally unstable carbaryl. However, sensitivity
in HPLC is relatively low and problems may arise in the
determination of insecticides in oil-rich commodities. Further
advantages may be obtained from studies based on reversed-
phase HPLC, in addition to those on normal-phase HPLC.
This is particularly true when the extracting solvent is miscible
with water, as analysis by reversed-phase HPLC may then be
possible without clean-up. Both HPLC and capillary GLC
show potential for use in studies of the degradation products
of insecticides such as phenols or dimethylthiophosphoric
acids.

In our opinion, future studies of analytical methodology
should concentrate on those aspects that are concerned with
new applications of capillary column gas - liquid chromato-
graphy, simplified clean-up procedures, particularly for
HPLC and the ECD, and multi-residue methods. As priorities
for work on the determination of insecticides on other
commodities, we would nominate maize, rice and their
products because of their importance in the diet and the
relative lack of information available compared with wheat.
Oil-seeds and legumes may also need to be examined. As for
the fate of residues on, for example, wheat, there is still a need
to determine residues in milled products (e.g. , flour, germ and
bran), processed products (e.g., noodles and deactivated
bran) and cooked products (e.g., bread and boiled noodles).
Ideally, each step of the analytical procedure would be
assessed on the individual products using aged residues,
bearing in mind that a solvent suitable for the extraction of
insecticides from wheat may not necessarily be suitable for a
wet product such as bread, or that a clean-up procedure
satisfactory for wheat may be unsuitable for the oily wheat-
germ. Clearly, a balanced judgement is needed involving the
ultimate end-use of the analytical information and the best and
cheapest means of obtaining it.
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Evaluation of an Apparatus Designed for the Collection of

Sidestream Tobacco Smoke

Christopher J. Proctor, Cathy Martin, John L. Beven and Harry F. Dymond
BAT (UK and Export) Ltd., Research and Development Centre, Regent’s Park Road, Southampton

S09 1PE, UK

A method for the routine analysis of sidestream tobacco smoke has been developed. Fundamental to the
analysis is the design of a glass fishtail chimney that sits over a burning cigarette and allows the smoke to be
directed in a controlled manner to various trapping and analysing devices. The analytical variability of the
method is given for the determination of particulate matter, nicotine, carbon monoxide and carbon dioxide in

sidestream smoke.

Keywords: Cigarette smoke; sidestream tobacco smoke; smoke collection

Sidestream tobacco smoke is, effectively, all the smoke
emitted from a cigarette other than the mainstream smoke.
Yields of the constituents of sidestream smoke have been
reported by many workers'~+ and often used as a means of
predicting the concentrations of compounds in ambient air
due to tobacco smoke.5 Such predictions are false because the
composition and physical nature of sidestream smoke change
dramatically as it ages and is greatly diluted.®7 However, as
sidestream smoke is the major source of environmental
tobacco smoke (ETS), its accurate analysis is important.

Mainstream smoke, the smoke that leaves the mouth end of
the cigarette on inhalation, has been measured on a routine
basis for many years. Sidestream smoke, however, is difficult
to control as it is carried away by draughts and convection and
the point of origin moves as the cigarette burns down. These
factors make considerable demands on any collection system
for sidestream smoke.

Several workers have published details of sidestream
collection devices and designs vary greatly.* The majority of
such devices distort the mainstream smoking characteristics of
the cigarette and few are amenable to routine analysis of large
numbers of cigarettes.

This paper describes a collection apparatus, the fishtail
chimney, that can be used for the routine analysis of
sidestream smoke. The device is easily attached to a standard
smoking engine, maintains normal mainstream smoking
conditions and provides a method for the precise measure-
ment of both the particulate and gaseous phase of sidestream
smoke.

Design Criteria for a Sidestream Smoke Collection
Apparatus

The way in which cigarettes are smoked by machines is
specifically detailed by International Standards Organisation
(ISO) methods.* This ensures that cigarette deliveries are
meaningful and comparable regardless of which laboratory
performs the analysis.

Cigarettes vary and so a statistically determined number of
cigarettes belonging to the same sample must be smoked
before an analysis can be considered to give a reliable result.
Other factors, such as the ambient conditions of the smoking
laboratory, the moisture content of the cigarette and the air
flowing over the cigarette while it is burning, all have
significant effects on cigarette yields. It is most important
when defining a standard method for sidestream smoke
analysis that all of the conditions laid down for mainstream
smoke analysis are maintained.

When designing a collection apparatus for sidestream
smoke the following considerations must be taken into
account. The device must not affect the normal combustion of

the cigarette, either when it is being puffed or when it is
smouldering. To achieve this the device must allow the
cigarette to burn at ambient temperature and pressure in an
atmosphere of air (not of the cigarette’s own smoke).
Further, the air flow over the cigarette must be within the
range defined by ISO, i.e., 4-7 linear feet per minute.® The
effect of the device on the combustion of the cigarette can
easily be monitored by measuring mainstream smoke yields
with and without the collection apparatus in place. Also,
sampling should provide a true representation of the
sidestream smoke.

Smoke components can broadly be divided into three
phases. The particulate phase is that which is trapped on a
Cambridge filter-pad, which is a glass-fibre disc bonded with
5% resin (Cambridge Filter Corp., USA). It is generally
referred to as “tar” and is quoted as the gravimetric mass
minus the mass of nicotine and of water. The vapour phase
contains the more volatile components that pass through the
pad and the third phase consists of gases such as carbon
monoxide and carbon dioxide. A collection system should
allow the analysis of each of these phases.

The smoke leaving the burning end of the cigarette is warm
and particularly prone to condensation on cold surfaces, hence
the collection method must allow recovery of any deposited
substances. Further, if more than one cigarette is to be
analysed per port of a smoking engine, then the yields must be
additive from | to n cigarettes.

The device must be readily adapted to a standard smoking
engine and it should preferably allow multiple, simultaneous
analyses of both mainstream and sidestream smoke at a rate
appropriate to routine measurement. In addition, the ap-
paratus should permit easy insertion and ignition of the
cigarettes in addition to an automatic butt-length (end-point)
determination.

Previously Described Sidestream Smoke Collection
Devices

There have been several attempts to design collection devices
for sidestream smoke. All have used glass chambers or hoods
although the design has varied according to the type of
research undertaken. As early as 1964, Neurath and Ehmke!?
described a water-cooled chamber of 170-ml volume that
entirely surrounded the cigarette. Entrance and exit ports
allowed smoke to be passed through the chamber at a
flow-rate of 20-25 ml s—! resulting in a total atmosphere
change every 7-10 s. However, this arrangement had the
disadvantage of uneven burning of the cigarette, did not allow
separation of particulate and vapour phases and the small
chamber severely distorted the mainstream combustion.
Brunnemann and Hoffmann!! tried to improve this design 10



1510

Fig. 1. Sidestream collection apparatus used by Brunnemann and
Hoffmann?

Cambridge Nylatron spacing rings
filter pads
fere ? rss\ Flat flange joint
75 mm bore
Qe

7.3cm

Nylatron Cambridge

filter holder
10/19 cone
\{ > To inlet port
C — of smoking
machine

Adjustable cigarette
‘ holder
\Water
Sintered-glass
distribution head

40/38 socket

Fig. 2. The smoking cartridge devised by Johnson er al.'2 The inlet
and lighting ports are standard Quickfit 24/29 sockets

years later by providing a perforated air-inlet tube, positioned
below the cigarette, for their study of the pH of sidestream
smoke. This allowed a more uniform combustion of the
cigarette, but the system, illustrated in Fig. 1, falls short of
fulfilling the criteria necessary for a standard sidestream
smoke collection system.

In 1973 a different approach was taken by Johnson et al.12
and Houseman.!3 In studies aimed at defining mainstream to
sidestream smoke ratios for a wide range of compounds they
devised the vertical smoking cartridge. This apparatus,
illustrated in Fig. 2, was designed with a much greater distance
between the cigarette and the Cambridge filter-pad (ca. 22
cm) than that in the Neurath chamber. It also made provision
for lighting the cigarette in position although automatic butt
termination was not possible. A sintered-glass distribution
head ensured minimum turbulence in the incoming air, which
was drawn through by creating a partial vacuum at the top of
the chamber. In the course of the work no account was taken
of condensation on the walls of the apparatus, although this
does occur, and the system is still cumbersome for routine
analyses. A similar device was used by Browne et al. in 1980.14

In 1983, Norman et al.15 used a horizontal collection device
similar to that originated by Neurath, although of larger
volume. The experiments were designed to investigate oxides
of nitrogen and hydrogen cyanide in sidestream smoke and no
effort was made to improve the particulate collection of the
apparatus.
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Smoking
machine
i

Fig. 3. Sidestream collection apparatus designed by Sakuma et al.3
A, Glass chimney for collecting sidestream smoke; B, ash tray; C,
Cambridge filter holder; D, alkali solution trap; E, mist trap; F,
charcoal trap; and G, flow meter

Sakuma and co-workers,31¢.17 in a series of papers report-
ing on the distribution of acidic, basic and higher boiling
compounds in sidestream smoke, described an apparatus that
limits the deposition of smoke on the walls (Fig. 3). This
pear-shaped apparatus uses an air flow-rate of 2 1 min—!. The
distance between the cigarette and the filter-pad is less than
that in the cartridge designed by Johnson and so the smoke is
likely to be impacting while still warm. In addition, the design
incorporates an ash-collection tray directly beneath the
cigarette so it is difficult to ascertain the precise air flow-rate
over the cigarette.

A different approach was taken by Chortyk and Schiotz-
hauer.!® Their experimental design consists of a large glass
funnel held above a rotary smoking engine. This allows 30
cigarettes to be smoked simultaneously and so overcomes
variation between them. Because of the large air flow-rates
involved, particulate trapping is not possible with this
arrangement. Instead, they used a series of liquid traps to
collect the smoke.

Hence several devices have been described, each having its
own advantages relevant to the experiments for which it was
designed. None, however, is appropriate to the routine
analysis of sidestream smoke.

Fishtail Chimney

The fishtail chimney, shown in Fig. 4, was developed as an
apparatus specifically for the routine analysis of sidestream
smoke. Rather than totally enclosing the cigarette, the
chimney sits over the cigarette. In its sampling position, the
chimney sits within the apparatus having one side and the
bottom of the “fishtail” open. Smoke is drawn up the chimney
at a rate of 2 1 min—!1. At this volumetric flow-rate, the linear
flow-rate over the cigarette is approximately 6 linear feet per
minute (within the ISO specification).

The device is easily mounted on a standard linear smoking
engine. Typically, these machines have 8 or 20 ports to allow 8
or 20 cigarettes to be smoked simultaneously. The detailed
design modifications necessary for any smoking engine are
described elsewhere!® but, to summarise, the chimneys are
positioned one per port so that they can be raised to allow
positioning and ignition of the cigarettes and then lowered
again over the lighted cigarettes. The end-point of smoking
is determined by means of a microswitch arrangement that
deactivates the mainstream puffing once a piece of cotton,
wound around a Y-shaped support, burns and breaks. At this
point, each cigarette is extinguished by squeezing the burning
end with specially designed tweezers.

A series of design variations based on the general chimney
principle have been investigated. Both the shape and the
height were varied and the collection efficiency was assessed.
Both variables were found to have a significant effect.
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Fig. 4. The fishtail chimney. Internal dimensions in mm

Assessment of the Fishtail Chimney

A series of experiments were performed to ensure that the
chimney did not affect the normal combustion of the
cigarettes. To do this, a set of cigarettes with a range of
mainstream smoke deliveries was analysed with and without
the fishtail chimney in place. No significant differences were
found and so it was assumed that the collection apparatus did
not affect the normal combustion of the cigarette.

When analysing mainstream smoke, three yields are usually
quoted: tar, nicotine and carbon monoxide. Tar is a measure-
ment of the particulate phase of smoke. It is defined as the
smoke trapped on a Cambridge filter-pad and is quantified
gravimetrically. A significant proportion of the material
collected on the pad is water, the amount of which can vary
even when conditions are strictly controlled. Hence, tar is
normally quoted as the gravimetric mass minus the mass of
nicotine and of water (both determined by gas
chromatography) and called PMWNF (particulate matter,
water and nicotine free). Nicotine in mainstream smoke is
almost completely associated with the particulate phase2” and
is determined by GC analysis of an extract of the filter-pad.2!
Carbon monoxide is determined by near-infrared
spectroscopy. The performance of the sidestream collection
device was assessed by determining these three components
and carbon dioxide.

The concentrations of carbon monoxide and carbon dioxide
are determined by subsampling the gas flow from four ports
manifolded together using two near-infrared analysers.
Hence, an eight-port smoking engine requires two carbon
monoxide and two carbon dioxide analysers. The signal from
the analysers is integrated over each smoking run using a
microcomputer and yields are calculated with correction for
temperature, pressure and flow-rate. Flow-rates are deter-
mined by a series of calibrated rotameters. Care is taken to
minimise any pressure differences that might arise in the
system in order to permit accurate gas analysis.

The total nicotine yield is determined by taking into account
the analysis of the propanol extract of each pad and the
analysis of the propanol used to wash the chimney. PMWNF
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Table 1. Effect of distance between the burning cigarette and the
Cambridge filter-pad on nicotine and PMWNF sidestream yields

Nicotine/ mg per cigarette PMWNF/mg per cigarette

Height/
cm Pad Chimney Total Pad Chimney Total
25.5 3.7 0.63 4.34 22.41 392 26.3
29.0 4.01 1.42 5.43 24.08 4.34 28.4
325 4.18 1.54 5.72 25.85 4.54 30.4
36.0 4.36 171 6.07 26.00 5.39 314
46.0 421 1.71 5.92 25.69 5.69 31.4
51.0 4.29 1.71 6.00 26.24 5.46 31.7

Cambridge
filter

Fishtail
chimney

Rotameter

>N

co CO;
analyser| |analyser|

Smoking machine

Fig. 5. Sidestream smoke analysis using the fishtail chimney

must also be corrected for deposition on the chimney. This is
achieved by comparing the pad extract and the washings from
the chimney by measuring the UV absorbance at 310 nm in a
10-mm quartz cell.

Table 1 presents the results of the nicotine and particulate
matter determinations in chimneys similar to that shown in
Fig. 4 except for the distance between the cigarette and the
Cambridge filter-pad, which was varied. The nicotine and
particulate values obtained decrease as the chimney is made
progressively shorter than 36 cm. Above 36 cm the deliveries
are stable. The final design specifies a distance of 45 cm
between the burning cigarette and the Cambridge filter-pad
used for particulate collection. This height effect is likely to be
a function of both the smoke temperature (affecting the
efficiency of the filter-pad) and the aerosol-forming processes
(affecting the distribution between the particulate and vapour
phases). These findings have implications for other designs of
sidestream collection apparatus.

The shape of 'the apparatus also has an effect on the
efficiency of transport of the smoke to the filter-pad. In order
to fit a series of collection devices side by side on the smoking
engine, the width of the device must be relatively narrow. This
inevitably leads to deposition of smoke on the glass walls.
Further, as the device is open at the bottom the apparatus
must be designed to ensure that there is no smoke “fall out.”
Fall-out is eliminated and deposition limited when the shape
of the apparatus is the same as that shown in Fig. 4. The
apparatus then acts as a chimney, the flue effect carrying the
smoke efficiently to the traps.

It is known that the particle size distribution, the average
particle size and the distribution of compounds between the
particulate and vapour phases can be different in fresh
sidestream smoke compared with mainstream smoke. Hence,
it was important to determine whether the nicotine had
remained in the particulate phase and whether the Cambridge
filter-pad was trapping efficiently. To investigate this, side-
stream smoke was collected in a cooled acidic liquid trap
placed between the pad and the pump. Any nicotine passing
through the particulate trap is collected in the acid trap. Over
95% of the nicotine present was found on the pad and the
chimney, so at this collection point the nicotine is almost
entirely associated with the particulate phase.
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Table 2. Analytical variability of the nicotine yicld in sidestream
smoke for four cigarette types

Cigarette Analytical Machine  Pad  Chimney Total
type run port  nicotine* nicotine™ nicotine™

Cigarette 1 . . 1 2 4.31 117 548
1 6 4.54 1.17 8.7

2 3 4.38 1.09 8.5

2 7 4.34 L.13 5.5

3 1 4.34 121 5.6

3 5 4.48 1.13 5.6

4 4 4.34 1.09 5.4

4 8 4.34 1.17 5.5

Cigarette2 . . 1 3 4.24 0.77 5.0
1 7 4.61 1.29 59

2 4 418 1.09 53

2 8 4.34 1.38 5.7

3 2 4.44 1.34 5.8

3 6 4.54 1.34 59

4 1 4.28 1.25 55

4 5 4.31 1.38 5.7

Cigarette 3 . . 1 4 3.37 0.92 43
1 8 3.6l 1.09 4.7

2 i 3.67 1.04 4.7

2 5 3.74 1.09 4.8

3 3 3.74 1.00 4.7

3 7 3.66 117 4.8

4 2 3.51 1.04 4.6

4 6 3.7 1.22 4.9

Cigarette 4 . . 1 1 4.07 0.84 49
1 5 4.54 0.92 55

2 2 4.18 0.88 5.1

2 6 3.87 0.79 4.7

3 4 4.18 0.92 5.1

3 8 4.07 0.92 5.0

4 3 394 0.92 4.9

4 7 4.18 1.04 52

* All nicotine values in mg per cigarette.

Nicotine and PMWNF yields were found to be additive for
one to three cigarettes smoked per port, but not for more than
three cigarettes. Hence, in order to provide a statistically
significant sample that took into account the variability
between individual cigarettes, four ports, each with three
cigarettes, were smoked for each sample cigarette. Thatis, the
yield quoted will always be the average of the analysis of 12
cigarettes. The experimental set-up is illustrated in Fig. 5.

Tables 2 and 3 present the data from the analysis of four
different types of cigarette (a UK and US commercial and two
experimental). Each figure in the table is the average of three
cigarettes smoked. Smoking engine ports were randomised to
reduce any machine effect. With randomisation it is not
possible to run gaseous analyses (as that is based on collecting
the smoke from four fixed ports). Table 4 summarises the
statistical analysis of these data. For both nicotine and
PMWNF a coefficient of variation better than 6%. which is
similar to that achieved in the corresponding mainstream
analyses, is easily attained. A further study found carbon
monoxide and carbon dioxide measurements to be even more
precise, with coefficients of variation better than 5%
(Table 5).

Conclusions

This study indicates that the fishtail chimney can be used as the
basis for a routine method of sidestream smoke analysis.
Using this collection device, standard analytical methods that
allow the accurate and simultaneous measurement of main-
stream and sidestream tar, nicotine and carbon monoxide
levels can be defined.

Some deposition of the warm sidestream smoke does occur
on the walls. On average, 20% of both the total nicotine and

Table 3. Analytical variability of the PMWNF yiclds in sidestream
smoke for four cigarette types

Cigarctte  Analytical Machine  Pad ~ Chimney  Total
type run port  PMWNF* PMWNF* PMWNF~*

Cigarette | 1 2 26.31 4.90 31.2
| 6 27.25 5.17 324

2 3 27.38 5.06 324

2 7 26.31 5.31 31.6

3 1 24.79 6.08 30.9

3 S 25.84 545 31.3

4 4 28.25 4.17 324

4 8 27.55 5.13 32.7

Cigarette 2 1 3 26.52 4.40 30.9
1 7 28.55 5.67 342

2 4 26.61 4.84 31.5

2 8 28.21 5.34 33.5

3 2 28.98 6.45 354

3 6 29.15 7.01 36.2

4 1 21.71 4.80 325

4 ] 28.18 5.15 333

Cigarette 3 1 4 22.03 414 26.2
1 8 23.02 4.93 28.0

2 | 22.53 4.68 272

2 S 22.09 4.78 26.9

3 3 23.48 4.89 28.4

3 T 23.08 4.94 28.0

4 2 22.21 4.40 26.6

4 6 24 41 4.88 29.3

Cigarette 4 1 1 24.06 4.04 28.1
1 5 25.49 4.63 30.1

2 2 23.98 4.09 28.1

2 6 23.09 3.88 27.0

3 4 24.04 4.91 29.0

3 8 23.36 4.73 28.1

4 3 23.58 4.01 27.6

4 7 25.14 5.03 30.2

* All PMWNF values are in mg per cigarctte.

Table 4. Arithmetic means (x). sample standard deviations (with n = 1
degrees of freedom, SD) and coefficients of variation (CV) for total
nicotine and total PMWNF yiclds in the sidestream smoke of four
cigarette types. Yields of both nicotine and PMWNF are in mg per
cigarette

Total Total

Cigarette type nicotine PMWNF
Cigarette | 25 x 5.5 31.9
SD 0.09 0.7

cv 1.2% 2.2%
Cigarette 2 & X 5.6 334
SD 0.3 1.8

Ccv 5.7% 5.4%
Cigarette 3 R X 4.7 27.6
SD 0.2 1.0

v 4.3% 3.7%
Cigarette 4 s ws x 5.0 2K8.5
SD 0.2 1.2

(% 4.8% 4.0%

the tar are recovered by washing out smoke deposited on the
chimney. Even so, the method takes this quantity into account
without any significant loss in precision.

The experimental set-up shown in Fig. 5 should be easily
adaptable to the collection of either whole smoke or com-
pounds in the vapour phase simply by the inclusion of liquid
traps between the chimney and the rotary pump.

It should be emphasised that any measurement of side-
stream smoke is a measurement at one point in time of an
entity that is constantly changing. Hence, sidestream smoke
yields cannot be related directly to concentrations of smoke
found in the environment (ETS). As the sidestream smoke
ages and is diluted by an ambient atmosphere the relative
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Table 5. Analytical variability of the CO and CO, yields in the
sidestream smoke of two cigarette types, X and Y

co CO,
Cigarette X/ Cigarette Y/ Cigarette X/ Cigarette Y/
mg per mg per mg per mg per
Run cigarette cigarette cigarette cigarette

1 73.0 69.8 614.7 605.5

2 70.6 72.6 612.7 602.6

3 72.5 73.5 623.3 647.5

4 74.2 74.4 638.5 638.5

5 73.9 72.3 638.3 626.5

6 74.1 73.1 633.5 624.9

& 73.4 76.1 626.4 625.6

8 72.3 68.5 618.1 596.8

9 64.0 68.1 578.9 608.9

10 69.5 67.3 611.0 592.1
Mean 71.7 71.6 619.5 618.7
SD 3.1 3.0 1585 17.7
CV, % 4.6 4.2 2.8 2.9

composition and nature of the smoke will change dramatic-
ally.

Nicotine is an important example of a compound that
disappears from air at a rapid rate as it evaporates into the
vapour phase and becomes absorbed at surfaces.¢ However,
because sidestream smoke is the origin of and main contribu-
tor to ETS it is important that there is a standard method for
its analysis.

The fishtail chimney allows the application of a method for
the routine measurement of sidestream smoke. It may be
attached easily to standard smoking engines and does not
affect the combustion of the cigarette. Finally, it enables
precise and reproducible data to be acquired on a routine
basis.
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Improved Method for the Determination of the Total Glucosinolate
Content of Rapeseed by Determination of Enzymically Released

Glucose

Robert K. Heaney, E. Ann Spinks and G. Roger Fenwick
Division of Molecular Science, AFRC Institute of Food Research, Norwich Laboratory, Colney Lane,

Norwich NR4 7UA, UK

A method is described for the determination of the total glucosinolate content of rapeseed. The method is an
improvement of a previously described procedure and avoids the necessity for a defatting step. The new and
old methods are compared with each other and with a high-performance liquid chromatographic method.

Keywords: Total glucosinolates; rapeseed; glucose release

Rapeseed is an increasingly important crop grown primarily
for its oil. Production within the European Economic Com-
munity currently exceeds 3.5 million tonnes, a quarter of this
total coming from the UK. Removal of the oil from the
crushed seed leaves a residue or meal, which contains about
40% protein and hence is a valued component of animal feed
formulations.! Rapeseed meal, however, contains a group of
sulphur-containing glycosides called glucosinolates which can
undergo chemical or enzymic hydrolysis to produce a range of
products, some of which possess antinutritional properties.2
The presence of such glucosinolates therefore limits the
potential of rapeseed meal and consequently much effort has
been directed towards the reduction or removal of these
compounds from rapeseed.

The Commission of the European Communities (CEC) has
encouraged the move towards rapeseed cultivars with a low
glucosinolate content by currently offering premium payments
for loads with less than 35 umol of glucosinolates per gram of
seed (at 9% moisture content). It is further proposed that by
1991 financial support will be withdrawn for all batches of seed
having glucosinolate contents in excess of 20 pmol g—1.

Such developments have stimulated many studies into
methods of glucosinolate analysis and these can be divided
into two groups:

1. Methods that provide qualitative and quantitative data
about the glucosinolate content of a sample, e.g., gas
chromatography (GC)3-5 and high-performance liquid chro-
matography (HPLC).5-8 Development of these methods has
been supported by the CEC and a temperature-programmed
GC method is the present Official Method.? More recently,
HPLC methods have been studied by an Expert Committee of
the CEC and the conditions optimised. The resulting pro-
cedure has been submitted to the CEC as an alternative
Official Method and is currently being considered.

2. Methods that indicate only the total glucosinolate content
and provide no information about the nature or relative
proportions of the individual components. These include
“wet” methods such as the measurement of the glucose
released following hydrolysis with the enzyme myrosinase
(thioglucose glycohydrolase, E. C. 3.2.3.1)10-12 and also such
non-specific techniques as the measurement of the colour
resulting from the complexing of glucosinolates with tetra-
chloropalladate reagent.!3.14 Considerable efforts have also
been directed recently towards the study of indirect physical
methods such as near-infrared reflectance spectroscopy
(NIRS)!5-17 and X-ray fluorescence spectroscopy (XFS),18.19
as only methods such as these would be expected to meet the
demands of industry and plant breeders for rapid sample
throughput.

Two methods based on the measurement of enzymically
released glucose have been submitted to the CEC by the UK
authorities and have been provisionally accepted, subject to
certain conditions, as alternatives to the Official Method.10.12
One of these!® was originally developed for the analysis of
rapeseed meal and is no longer strictly appropriate as the
current CEC regulations require glucosinolate content to be
expressed in terms of micromoles per gram of whole seed. The
adjustment back to whole seed of a value expressed in terms of
defatted meal has inherent difficulties, as such a calculation
requires an accurate knowledge of the oil content of the seed
and of the extent of its removal during defatting. An
additional criticism of the method is that newer varieties of
rapeseed with a low total glucosinolate content possess a
relatively high proportion of 4-hydroxyindolyl glucosinolate, a
compound having relatively low stability, the extraction of
which would be better conducted under milder conditions. In
this work this method has been modified to take account of the
above factors. The original and amended methods were
compared directly and with the HPLC method developed and
agreed under the auspices of the CEC.

Experimental
Apparatus and Reagents

In addition to general laboratory equipment, a bench-top
centrifuge (e.g., MSE Centaur 2) and a rotary evaporator
(Biichi Rotavapor R110) are required. Rapeseed samples are
milled in a laboratory mill or high-speed coffee mill (e.g.,
Krups 50) ideally modified to reduce its capacity. A water-
bath or heating block (e.g., Grant BT3; Grant Instruments,
Barrington, Cambridge) is necessary and solution absorbance
values are measured with a suitable spectrophotometer (e.g.,
Perkin-Elmer 550S). The preparation of miniature ion-
exchange columns (mini-columns) of DEAE-Sephadex A-25
using Pasteur pipettes is described in detail in the Appendix.
Reagents are of analytical-reagent grade unless specified
otherwise. Methanol (700 ml) is diluted to 1000 ml with
distilled water. Pyridine acetate buffer (0.5 M, pH 5) is
prepared by diluting pyridine (40 ml) and glacial acetic acid
(30 ml) to 1000 ml with distilled water. Pyridine acetate buffer
(0.02 M, pH 5) is prepared by diluting 0.5 M buffer (40 ml) to
1000 ml with distilled water.

Myrosinase is prepared by the method of Appelqvist and
Josefsson2® and purified as described by Heaney et al.10
A myrosinase preparation is also available commercially
(Biocatalysts, Treforest Industrial Estate, Pontypridd, Mid-
Glamorgan). It is suggested that the activity of the enzyme
preparation as determined by the method of Wilkinson et al.2!
but without ascorbate, should be not less than 0.1 Unit.
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To prepare the myrosinase solution, dissolve 25 mg of
myrosinase enzyme (Biocatalysts) in 0.02 M pyridine acetate
buffer (1 ml), 250 pl of this solution being required for each
determination. Prepare a suspension of DEAE-Sephadex
A-25 (Pharmacia, Hounslow, Middlesex) by first stirring the
dry gel with an excess of 0.5 M pyridine acetate buffer. Filter
the suspension, wash it with 0.02 M pyridine acetate and finally
suspend it in the 0.02 M buffer such that the total volume is
twice that of the settled gel. Assay glucose with Glucose Kit
No. 115-A (Sigma Chemical, Poole, Dorset), the reagents
being prepared according to the manufacturer’s instructions.

Extraction of Glucosinolates

If the seed is moist it is recommended that a sample (10-20 g)
be dried overnight in a forced-air oven at 45 °C, a procedure
that facilitates the next step. Grind the seed in a laboratory
mill or coffee mill. If a coffee mill is used, the seed (5-10 g)
should be milled for 20 s, mixed and then milled for a further
10 s. As some separation of meal components occurs during
this process, the final product should be thoroughly mixed and
be fine enough to pass through a standard 30-mesh sieve. If the
result is to be expressed at a defined moisture content (e.g.,
for CEC purposes a 9% moisture content is specified) it is
recommended that an accurate moisture determination be
made on the above milled seed.

Without unnecessary delay, weigh ground seed meal (200
mg) into a clean, dry test-tube (Sovirel type) and, after
pre-heating the tube (2 min) in a water-bath or heating block
controlled at 75-76 °C, add approximately 3 ml of 70% V/V
methanol (pre-heated to boiling point), stirring the suspension
regularly for 10 min. Centrifuge the mixture and carefully
decant and save the supernatant. Repeat the extraction and
centrifugation steps twice more, heating for 5 min each time.
Combine the three extracts and remove the methanol by
rotary evaporation to give a volume of about 1 ml. Adjust the
volume of this solution to exactly 10 ml with distilled water,
mix well and freeze the solution (—18 °C) until required for
analysis (solution A).

For each determination, prepare a Sephadex mini-column
as described in the Appendix and wash the column by filling
twice with distilled water, allowing it to drain each time. The
flow through the column ceases when the water or solution
reaches the surface of the gel.

Add solution A (4 ml) to the Sephadex mini-column, taking
care to avoid disturbing the gel bed. Allow the column to drain
and wash with water (2 x 0.5 ml) followed by 0.02 M pyridine
acetate buffer (2 X 0.5 ml), allowing each addition to drain
completely. Discard all effluents. Wipe the column tip clean,
place a clean, dry vial beneath the column and add myrosinase
solution (0.25 ml) to the surface of the gel, collecting the
effluent.

After 2 h at room temperature (25 °C), elute the liberated
glucose by adding water (0.5 ml) and allowing the column to
drain fully before adding a further aliquot of water (0.5 ml).
Collect the effluent (final volume 1.25 ml) (solution B). If
necessary, solution B may be kept frozen (—18 °C) until
required for glucose assay.

Determination of Glucose

When the Glucose Kit No. 115A is used in accordance with the
manufacturer’s instructions low absorbances result and it is
recommended that the volume of test solutions and of
the standard glucose solution (1 mg ml-! of glucose) be
increased from 10 to 100 pl. A linear response is obtained up to
approximately 1.2 thg mil-! of glucose but above this
concentration there is a marked deviation from linearity. If a
glucose value higher than 1.0 mg ml-! is obtained, dilute the
original solution B and repeat the assay.
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Calculation

Let the mass of milled seed extracted be M g and the volume of
solution A applied to the Sephadex mini-column be V ml.
Then,

glucosinolates in seed (umol g—!)
_ glucose in solution B (mg ml-1) X 1.25 X 10 X 1000

M x V x 180
_ glucose in solution B (mgml-!) X 69.4
MxV

where 10 ml is the total volume of solution A, 1.25 ml is the
total volume of solution B and 180 is the relative molecular
mass of glucose.

Results and Discussion

To test the efficiency of the extraction, two samples of
rapeseed were milled as described above and 200 mg of each
weighed into separate dry tubes. The tubes and their contents
were pre-heated at 75 °C and hot 70% V/V methanol (3 ml)
was added to each. The resulting suspension was stirred
regularly (10 min), cooled and centrifuged. The supernatant
was decanted and saved and the residue was re-extracted with
70% VIV methanol (3 ml) for 5 min and then centrifuged. This
procedure was repeated a further three times with the
supernatant being saved separately each time. After removal
of excess of methanol by rotary evaporation the whole of each
extract was applied to separate DEAE-Sephadex A-25
mini-columns and the total glucosinolate content of each
extract was determined as described above. The results (Table
1) show that the removal of glucosinolates was quantitatively
achieved with three extractions.

To determine the time necessary to effect complete
on-column hydrolyses under the specified conditions, 4 g of
rapeseed were finely ground, extracted three times with
aqueous methanol (70% V/V) and, after removal of the
methanol by rotary evaporation, the volume was adjusted to
200 ml with water (equivalent to 200 mg of rapeseed in 10 ml).

Solutions of progoitrin (2.04 mg ml-!), gluconapin (1.78
mg ml-1) and glucobrassicin (2.26 mg ml-!) were prepared.

Five different times of hydrolysis were compared for each of
the following column loadings: extract (4 ml) + water (0.5
ml); extract (4 ml) + progoitrin solution (0.5 ml); extract (4
ml) + gluconapin solution (0.5 ml); and extract (4 ml) +
glucobrassicin solution (0.5 ml).

After washing, all columns were treated with the same
amount (0.25 ml) of myrosinase solution (25 mg ml-!) and
eluted with water (2 x 0.5 ml) atintervalsof1,1.5,2,3and4 h
after addition of the enzyme. The results (Table 2) indicate
that the hydrolysis of endogenous glucosinolates and added
glucosinolates is effectively complete after 1.5-2 h and it may
be concluded that, under the conditions specified, 2 h is a
sufficient time for the quantitative release of glucose from
rapeseed glucosinolates.

In the recommended procedure an improvement in sensitiv-
ity, particularly for low-glucosinolate rapeseed, is obtained by

Table 1. Effect of repeated extractions on the glucosinolate content of
two samples of rapeseed

Glucosinolate in

seed/umol g—!
Extract
(3ml) Time/min Sample A Sample B
1 10 43.94 26.48
2 5 9.97 5.47
3 5 1.72 0.94
4 5 0.13 0.13
5 S 0.03 —
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Table 2. Effect of the time of on-column hydrolysis on the measured
glucosinolate content of a rapeseed extract with and without added
glucosinolates

Glucosinolate content in seed/umol g—!

Extract
Hydrolysis  Extract Extract Extract +
time/h + water  + progoitrin + gluconapin glucobrassicin
1 20.3 47.7 483 44.6
1.5 21.5 48.9 48.8 45.8
2.0 209 49.2 48.5 46.8
3.0 20.5 489 47.3 46.0
4.0 21.3 49.0 48.5 46.4

Table 3. Effect of column loading on accuracy

Rapeseed
glucosinolate
content in seed/

Column loading/ ~ Glucose found/

ml mgml-! umol g—!
1 0.192 66.0
0.190
2 0.387 66.7
0.386
3 0.580 67.2
0.582
4 0.763 66.6
0.772

Table 4. Analysis of eight rapeseed samples for glucosinolate content using the modified method and comparison with two other methods. All

results are expressed as pmol g ! of seed at 9% moisture

Glucose release

CECHPLC
Old method Modified method method

Sample Results Mean Results Mean Results Mean

A 62.70 63.54 64.93 65.39 66.71 68.18
64.38 65.85 69.65

B 33.88 33.73 35.28 34.59 36.22 36.28
33:57 33.90 36.34

(6] 59.50 59.97 60.21 59.87 64.93 64.66
60.44 59.53 64.39

D 66.14 66.40 67.30 67.35 62.58 62.53
66.64 67.39 62.47

E 58.94 59.59 61.95 60.57 56.93 57.51
60.16 59.18 58.09

F 61.82 61.62 60.39 61.12 65.01 64.35
61.42 61.85 63.69

31.10 31.68 33.93 33.49 34.72 34.14
32.25 33.05 33.56

64.20 65.42 67.75 68.38 68.47 67.55
66.63 69.02 66.63

the addition of 4 ml of extract to the DEAE-Sephadex A-25 Appendix

mini-columns. Table 3 shows that column loadings of up to 4
ml of a normal rapeseed extract can be safely used without loss
of accuracy.

To check the reproducibility of the method, a sample of
rapeseed was analysed on ten occasions during 4 weeks. Each
analysis was performed in triplicate (including milling) and the
mean results were 60.9, 61.8, 60.8, 59.2, 60.3, 62.7,63.0,60.9,
62.8 and 59.6 umol g-!, with an over-all mean of 61.2
umol g—!. The standard deviation was 1.24 umol g—! and the
coefficient of variation was 2.03%.

Eight samples of rapeseed were analysed using the pro-
posed procedure and the results were compared with those
obtained using the original method (Table 4). The same
samples were also analysed by the HPLC procedure submitted
to the CEC. The total glucosinolate content was determined
by adding the individual glucosinolate contents.

The results in Table 4 show that there is close agreement
between the two glucose release methods, indicating that the
removal of oil prior to extraction of glucosinolates is an
unnecessary complication. Comparison of the glucose release
figures with those obtained by HPLC shows that there is
reasonable agreement.

Conclusions

Quantitative removal of oil, as recommended in the earlier
method, is a difficult step which may account to a significant
extent for the relatively poor agreement found between
laboratories using this procedure. The proposed method
eliminates this problem and, although it is possible that
procedures could be further improved or simplified, it is
considered that it is a reliable means of determining the
glucosinolate content of rapeseed.

Prepare DEAE-Sephadex A-25 mini-columns as follows.
Warm the end of a Pasteur pipette (short-form) in a flame and
insert a 2-ul Microcap pipette (Drummond Scientific Broom-
all, PA, USA) such that it protrudes approximately 1 cm.
Hold the Pasteur pipette horizontal and introduce a drop of
molten paraffin wax into the gap between the two pipettes,
allowing the wax to fill the gap. Firmly plug the bottom of the
Pasteur pipette with fine glass-wool and wash with distilled
water. Add a suspension of DEAE-Sephadex A-25 (1 ml) and
allow the column to drain. After washing with distilled water
the column is ready for use. With practice it is simple to
produce columns with reproducible flow-rates and perfor-
mance and at very low cost.

The work was carried out with financial support from MAFF.
The authors thank Miss C. Kwiatkowska and Mrs. J. A. Lewis
for technical assistance and Mr. A. P. Wilkinson for valuable
discussions.
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Part 34. Fibre Optic Glucose Biosensor With an Oxygen Optrode as

the Transducer

Wolfgang Trettnak, Marc J. P. Leiner and Otto S. Wolfbeis*
Analytical Division, Institute of Organic Chemistry, Karl-Franzens University, A-8010 Graz, Austria

A biosensor for the continuous determination of glucose is presented. Glucose oxidase was immobilised
covalently on a nylon membrane and the consumption of oxygen was measured by following, via fibre optic
bundles, the changes in the fluorescence of an oxygen-sensitive dye whose fluorescence is quenched
dynamically by molecular oxygen. The dye is dissolved in a very thin silicone membrane placed beneath the
enzyme layer. As a result of the oxidation by the enzyme a certain amount of oxygen is consumed. This
amount is indicated by the fluorescent dye. The measurements were performed in flowing air-saturated
solutions containing 0.1 m pH 7.0 phosphate buffer. The effects of the amount of immobilised enzyme and the
thickness of the indicator layer on response times (t3o = 1-6 min), analytical ranges (0.1-20 mm) and relative

signal changes (up to 26%) were investigated.

Keywords: Glucose biosensor; oxygen optrode

The determination of glucose in clinical analysis is essential for
the diagnosis of diabetic patients and for the development of
an artificial endocrine pancreas. In the microbiological and
food industries a glucose sensor is considered to be very
desirable for process control. A variety of methods for the
determination of glucose are known, of which the enzyme-
based assays are considered to be the most specific. Of these
methods, those that utilise the enzyme glucose oxidase
(GOD) are the most widespread. GOD catalyses the oxida-
tion of glucose according to the following equation:

D-Glucose + OZG—QQ p-gluconolactone + H,0, sw (1)

Glucose can be determined by measuring (a) the production of
hydrogen peroxide, (b) the production of gluconic acid, into
which p-gluconolactone is rapidly converted and which lowers
the pH of the solution or (c) the consumption of oxygen.

The first amperometric enzyme electrode using immobilised
glucose oxidase in combination with an oxygen electrode was
developed by Clark and Lyons.! These workers measured the
consumption of oxygen due to the activity of the enzyme and
developed a device that is now referred to as a “glucose
biosensor.” The system was later improved by Updike and
Hicks? who used two amperometric oxygen electrodes to
remove interferences due to variations in the levels of oxygen;
glucose oxidase was immobilised in polyacrylamide. Further
improvements were made by Mascini and co-workers34 and
by Bardeletti et al.5 by immobilising the enzyme on nylon nets
or nylon membranes.

This paper describes a fibre optic glucose sensor, based on
the same enzymatic reaction as the biocatalytic recognition
process, but which is coupled to a fibre optic oxygen
transducer. Although an optical glucose sensor (an enzyme
“optode™) has already been described by Uwira et al. 5 their
approach is somewhat impractical. These workers used
pyrenebutyric acid (PBA) as a fluorescence indicator and
glucose oxidase immobilised in a glutaraldehyde - bovine
serum albumin matrix. The most serious drawback of this type
of device is that it cannot easily be coupled to a conventional
fibre optic system because PBA has an excitation wavelength
in the UV region and this is not compatible with the
transmission characteristics of glass or plastic fibres. In

* To whom correspondence should be addressed.

addition, the indicator was not actually immobilised, but
rather dissolved in a viscous solvent; hence, it is subject to
slow wash-out because of its appreciable solubility in water;
the experimental arrangement is also fragile. A similar device,
but using an unspecified indicator dissolved in a polymer
layer, has been described by Kroneis and Marsoner.”

Experimental
Materials

Glucose oxidase (E.C. 1.1.3.4.; Type II, from Aspergillus
niger) with a specific activity of 24 000 U per gram of solid was
obtained from Sigma (Munich, FRG). The Immunodyne
immunoaffinity membrane, which was made of nylon 6-6,
having a porosity of 200 nm, a thickness of approximately 75
pm and with chemically activated carboxyl groups on the
surface, was obtained from Pall (Glen Cove, New York,
USA).

Decacyclene, which has a low solubility in silicone, was
rendered polymer-soluble by butylation according to a pub-
lished method.8 The transparent silicone pre-polymer (Elasto-
sil E43) was obtained from Wacker-Chemie (Burghausen,
Munich, FRG). All other chemicals were of analytical-reagent
grade.

Apparatus

Optical measurements were performed with an Oriel 3090
fibre optic photometer (Chelsea Instruments, London, UK)
equipped with a xenon lamp pulsed at 9 Hz. The excitation
filter was a 410-nm narrow band pass interference filter. Light
was guided through the input bundle of a bifurcated fibre optic
to the flow-through cell and the fluorescence was collected and
guided back to the photometer through the output bundle.
The emission filter was a 450-nm cut-off glass filter (Schott KV
450), which showed good transmission above 450 nm. The
light guide, consisting of a bifurcated fibre optic bundle
formed from poly(methyl methacrylate) (Faseroptik Hen-
ning, Allersburg, FRG), was 1.5 m long with an internal
diameter of 3.5 mm per single bundle (with 30 fibres per
bundle) and of 4.5 mm at the common end.

The flow-through cell was machined from stainless steel and
had a chamber volume of approximately 20 ul. The buffer and
glucose solutions were pumped through the cell at a typical
flow-rate of 1.2 ml min—1. Fig. 1 shows a cross-section through
the flow-through cell and the alignment of the fibre.
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Fig. 1. Schematic diagram of the flow-through cell and alignment of
the fibre end. FC, Flow-through chamber; O, O-ring; S, sensing
platelet; P, Plexiglas disc; SH, stainless-steel housing; and L, light
guide

Immobilisation Procedure

The immunoaffinity membrane, 2 cm in diameter, with a
thickness of approximately 75 pum and with chemically
activated carboxyl groups on its surface, was immersed in a
solution of 8 mg of glucose oxidase in 2 ml of pH 7.4
phosphate-buffered saline for periods varying from 10 min to
24 h. The membrane was then washed with 0.1 m pH 7
phosphate buffer and stored in a refrigerator at 4°C in the
same buffer containing 0.1% sodium azide as a bactericide.

Preparation of the Oxygen Sensing Layer

A 20-mg amount of solubilised decacyclene was dissolved in
1.0 ml of toluene. This solution was mixed with 1.0 g of
silicone pre-polymer, spread on to a 175-pm polyester film to a
thickness of about 20 um and then left to polymerise at 50°C
for 24 h. After evaporation of the solvent and curing of the
residue in ambient air, the thickness of the indicator layer was
approximately 10 pm. Similarly, 25 and 50 pm thick oxygen-
sensitive layers were prepared by using 2.0 mg of solubilised
decacyclene in 1.0 ml of toluene and 1.0 g of silicone. The use
of 2.0 mg of indicator per millilitre of toluene was found to be
sufficient in this instance because the thicker layers gave
adequate fluorescence even at this low concentration of dye.
Discs (20 mm) of the oxygen sensors were cut and stored in
0.1 M pH 7.0 phosphate buffer.

Assembly of the Glucose Sensor

The nylon 6-6 membrane containing the immobilised glucose
oxidase was laid on to an oxygen sensor disc and both were
placed in the flow-through cell, before being firmly attached
together by means of a rubber O-ring (see Fig. 1). A schematic
diagram of the arrangement and a representation of the
glucose-sensitive chemistry at the fibre end, together with the
diffusion processes involved, are shown in Fig. 2.

When not in use, the enzyme membranes were stored at
4°Cin 0.1 M pH 7.0 phosphate buffer containing 0.1% sodium
azide. Glucose solutions were prepared fresh daily and
air-saturated solutions in 0.1 M pH 7.0 phosphate buffer were
used. All measurements were performed at 22 + 1°C.

Results
Enzyme Membrane

The immunoaffinity membrane is made from nylon that has a
chemically pre-activated surface with a high density of
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Fig. 2. Cross-section through the sensing layer of the fibre optic
glucose sensor. PS, Plexiglas support; PF, polyester film; I, indicator
layer (decacyclene dissolved in silicone); and N, nylon membrane with
enzyme immobilised on its surface. The arrows indicate the diffusion
processes involved (Glu, glucose; and GL, gluconolactone). The
d}ilrections of the exciting light (Exc) and fluorescence (Flu) are also
shown
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Fig. 3. Stern - Volmer plot of the quenching of the fluorescence of
the glucose sensor by oxygen in aqueous solution at 22°C and at a
barometric pressure of 727 Torr (96.9 kPa). Curve A is plotted
according to equation (2); curve B is false-light-corrected according to
equation (3), with K, = 0.0026 Torr-!. The calibration points are
encircled

covalent binding sites. The immobilisation procedure is very
simple and proceeds smoothly under mild conditions, viz., the
membrane is immersed in a solution of the enzyme in a
suitable buffer (such as phosphate-buffered saline) at room
temperature. The enzyme is bound to the nylon membrane via
the chemically activated carboxyl groups and the amount of
enzyme immobilised can easily be regulated by selection of the
appropriate reaction time.

The membrane shows good porosity and possesses a high
surface area, chemical stability, mechanical resistance and
flexibility. We found that the recommended method of
immobilisation gave much more reproducible results than
those methods based on a sequence of chemical reactions. The
type of membrane described in this work has been used
successfully in amperometric enzyme electrodes.$

Choice of Indicator

Decacyclene shows a high photostability and gives a quantum
yield of 0.29 in toluene.%-10 Its excitation maximum is at 385
nm, but because it gives a broad absorption band, it can also
be excited in the visible region, for example at 410 nm, with



ANALYST, OCTOBER 1988, VOL. 113

14

x e x B
\ — & x C
1A X—x x x x D
10 . ; . . .
0 5 10 15 20 25 30

Glucose/mm

Fig. 4. Calibration graphs for four types of glucose sensor (A, B, C
and D) with different amounts of immobilised enzyme; characteristic
data for the sensors are given in Table 1. All measurements were
performed in air-saturated 0.1 M phosphate-buffered solutions at pH
7.0 and 22°C
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Fig. 5 Typical time-response curve for the glucose sensor B towards
glucose solutions passing at a flow-rate of 1.2 ml min—! at 22°C. All
solutions were air-saturated and contained 0.1 m pH 7.0 phosphate
buffer

adequate efficiency. The emission band is very broad, ranging
from ca. 450 to ca. 600 nm, with a maximum at 510 nm. This
band is due to an excimer emission and is only observed in
fairly concentrated decacyclene solutions, whereas in very
dilute solutions, the fluorescence is blue (from the monomer).

Solubilised decacyclene, in contrast to unmodified decacy-
clene, exhibits excellent solubility in solvents such as toluene
and silicone, a property that is extremely important, because
good polymer solubility is a prerequisite if thin indicator layers
(e.g., 0.01 mm) with sufficient fluorescence intensities are to
be prepared.

A Stern- Volmer plot of the quenching by oxygen of the
fluorescence of decacyclene in the glucose sensor in aqueous
solution at 22 °C and at 727 Torr (96.9 kPa) is shown in Fig. 3.
The false-light-corrected quenching constant K, is 0.0026
Torr-!. A method for the calculation of false-light-corrected
quenching constants is given in the Appendix.

Dynamic Response

Fig. 4 shows the calibration graphs obtained for four glucose
sensors having different amounts of enzyme immobilised on
the nylon membrane. The signal changes and analytical ranges
of the sensor depend mainly on the total enzyme activity in the
layer. A high enzyme activity is capable of producing and
maintaining a larger oxygen gradient across the membrane
and, therefore, giving a more distinct signal change. On the
other hand, when large amounts of enzyme are used,
saturation is soon reached, because oxygen is consumed
rapidly in the membrane. Hence, the analytical range of the
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sensor remains small, whereas with smaller amounts of
immobilised enzyme larger analytical ranges are achieved.

The response time (Fig. 5) depends on the enzyme activity
and the thickness of the indicator layer. A higher enzyme
activity gives rise to a shorter response time, and vice versa.
We ultimately used 10 pum thick indicator layers only, because
thicker indicator layers (e.g., 25 and 50 pm) resulted in
prolonged response times with no change in the shape of the
calibration graphs. Typical response times and other figures of
merit for six glucose sensors are summarised in Table 1. The
detection limit is between 0.05 and 0.1 mM glucose and the
standard deviation for 10 replicate measurements is +2.4%.
The pH dependence of the glucose probe is shown in Fig. 6; a
relatively broad pH maximum is observed, with a useful range
from pH 4 to 7.5.

Discussion

The results demonstrate that a fibre optic glucose sensor based
on an enzymatic reaction and coupled to an oxygen optrode
can be a very simple, sensitive and highly specific system. The
sensing layer consists of two parts: a nylon membrane with the
glucose oxidase enzyme immobilised on its surface and an
indicator layer of decacyclene in silicone.’

For a mathematical treatment of the response curves
various diffusion processes and kinetic parameters have to be
considered (Fig. 2). Glucose and oxygen must diffuse to the
enzyme in the nylon membrane, whereas gluconolactone
(gluconic acid) and hydrogen peroxide diffuse out of the
sensing indicator layer. In the sensing layer, an oxygen
gradient is created, which leads to a change in the fluorescence
because molecular oxygen is a dynamic quencher of the
fluorescence of decacyclene. The oxygen gradient is influ-
enced by the thickness of the nylon membrane, the diffusional
constant of oxygen, the activity of the enzyme, the pH in the
vicinity of the enzyme and the oxygen concentration in the
sample solution.

The linear ranges of the calibration graphs can be described
by using a modified form of the Stern- Volmer equation in
which an additional term, K'[glucose], is subtracted; this term
accounts for the consumption of oxygen!!:

Iyl =1+ Ky[O;] — K'[glucose] .. .. (2)

Iy and I are the fluorescence intensities of the sensor in the
absence and presence, respectively, of the oxygen quencher in
the sample solution and K, is the Stern - Volmer constant. K’
is an empirical parameter that accounts for the various
diffusion processes and the kinetics of the enzyme reaction,
which are difficult to describe mathematically. Unfortunately,
K’ is also a function of the concentration of oxygen from which
it can be deduced that an unambiguous relationship between
the glucose concentration and [ only exists if the oxygen
concentration is constant.

With regard to the lifetimes of the sensor, the sensors
showed a stable response for at least 5 months, after an initial
decrease in the relative signal change during the first week;
this is probably due to enzyme molecules that are weakly
linked to the polymeric surface leaching out. Similar observa-
tions have been reported by Mascini ez al.4

The normal blood glucose level is about 5 mm, but in
pathological cases it can increase to as high as 50 mm. To be of
use in clinical chemistry and in in vivo monitoring, an
analytical range of between 1 and 20 mwm is preferable. Such a
range is covered by this type of sensor, provided that the
appropriate amount of enzyme is immobilised (Fig. 4). A
similar analytical range is required when using glucose sensors
in biotechnology, for which glucose is one of the preferred
microbial substrates.

The system can easily be adapted for other applications by
immobilising other enzymes or by using a combination of two
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Table 1. Figures of merit for six glucose sensors with different amounts of immobilised enzyme and thicknesses of the indicator layer. All
measurements were performed in air-saturated solutions of 0.1 M phosphate buffer at pH 7.0 and with glucose concentrations of 0-25 mm. The

flow-rate was 1.2 ml min—!

Thickness of Time of enzyme

Response time

Sensor indicator layer/um immobilisation*® Analytical range/mm loot/min fof/min Washing time§/min
A 10 10 min 0.1-20.0 2.5-35 5.0-6.5 5.5-8.5
B 10 30 min 0.1-10.0 2.0-3.0 5.0-6.0 5.0-8.5
C 10 60 min 0.1-6.0 1.0-3.0 2.0-5.0 6.5-7.5
D 10 24h 0.05-3.0 1.0-3.0 1.5-5.0 6.0-7.0
E 25 10 min 0.1-20.0 3.04.0 5.5-7.5 7.0-9.0
F 50 10 min 0.1-20.0 5.5-6.0 9.5-11.5 8.5-12.5

* Time for which the nylon membrane was immersed in the enzyme solution.

+ Time after which 90% of the total signal change was reached.
1 Time after which the signal remained constant.

§ Time taken for signal to return to the base line after washing with buffer.
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Fig. 6. Determination of the pH dependence of the response of the

glucose sensor D towards a single dose of a 2 mm glucose solution.
Measurements were performed in 0.1 M phosphate buffer at 22°C in
air-saturated solutions

or more enzymes. A typical bi-enzyme system has been
incorporated in a sensor for the determination of maltose by
using the enzymes amyloglucosidase and glucose oxidase,?
with a glucose-sensing electrode acting as a transducer.

Appendix

Determination of Quenching Constants in the Presence of Stray
Light

The fluorescence intensity /, of an indicator is related to the
actual concentration of a quencher [Q], (such as oxygen) by
the Stern - Volmer equation
1()/Ix =1+ st[Q]x (3)
where I and I, are the fluorescence intensities in the absence
and presence, respectively, of a quencher Q, and K|, is the
Stern- Volmer constant. To determine I, and K, from
equation (2), a two-point calibration is required. For calibra-
tion at a zero oxygen concentration, water purged with pure
nitrogen can be used together with another solution of defined
oxygen concentration [Q],, e.g., water equilibrated with air.
In practice, we sometimes encountered difficulties in our
experimental set-up in establishing a linear relationship
between Iy/I, and the oxygen concentration [Q], (Fig. 3,
curve A). This is due to the fact that a constant level of
oxygen-independent light intensity is passing the filter system.
In some commercial instruments, such blanks, together with
the electronic and photomultiplier blanks (“noise”), can be set
manually to zero and ambient background light can be
subtracted electronically.

There are, however, some sources of error in intensity
measurements that are responsible for a constant signal
background level but cannot be removed by manual or
electronic subtraction. We will refer to this type of light as
“false light.” It can be caused by: (a) light from the xenon lamp
passing the blocking region of the interference filter; (b)
“cross talk” between the fibres of the input and output
bundles; (c) mirror-type reflection at the interface between
the light guide and the sensor support; (d) diffuse reflection;
(e) Rayleigh scattering by molecules or aggregates of mole-
cules; (f) Mie scattering by particles of colloidal size in the
sensing layers; and (g) the intrinsic background fluorescence
of the sensor material and the fibres. This false light is often
more intense than the fluorescence of the indicator itself;
when it enters the output bundle it cannot be removed entirely
by the secondary (“emission”) filter.

As a typical example, the emission filter used in this work
has a mean transmission of about 0.25% in the range 400-420
nm. Given the low intensity of the fluorescence, serious levels
of false light are encountered because 0.25% of the reflected
and scattered violet excitation light passes this filter. The use
of a cut-off wavelength higher than 450 nm or of an
interference filter as the emission (secondary) filter results in
considerable losses in signal intensity.

Another important source of false light is Raman scatter
caused by the presence of water in the enzyme layer. This
occurs at a longer wavelength than the incident exciting light
(the shift is ca. 3300 cm~—!) and can, therefore, pass the
emission filter without any losses being incurred. A final
source of false light in this work is the white light from the
excitation beam, which first passes a narrow band pass
interference filter (with transmissions of 58% at 410 nm and
0.5% at 400 and 420 nm). Although the mean transmission is
only 10-5% outside the range 400420 nm, this light passes the
emission filter with almost no loss in intensity and gives rise to
an oxygen-independent optical signal at the photomultiplier.

The intensity of this false light (/f) can be determined by
using a blank sensor containing no fluorescent indicator.
However, because of the various thicknesses of the sensors,
the sensitivity of the stray light intensity towards small
positional changes and some stretching of the sensors in the
flow-through cell, we found this approach to be of little
practical value. A more attractive approach is to determine
the false light together with K, by means of a three-point
calibration, as described below.

As the apparent value, /'y, measured by the instrument, is
composed of the “true” value I, and a certain amount of false
light, we can set I, equal to (I'y — I;) and, by analogy, I, equal
to (I'y — Ir). Equation (3) can now be rewritten! as:

o= I)II'x = I = 1 + K J[Q]s ... 4)
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I'p and I, are the intensities measured by the detector in the
absence and presence, respectively, of the quencher at a
concentration [Q],; I; is considered to be independent of the
concentration of the quencher.

Values for I; and K, were calculated from the intensity
values I'y, I’; and I';, obtained from three measurements at
three different quencher concentrations [Q];, [Q], and [Q]5,
respectively (Fig. 3, curve B):

K, =
I'([Q): — [Q1s) + I'([Q): — [Qy) + I'3([Q): — [Q)2)

[QN([Q)s = [Q12) + I QL(Q]: — [Q)s) + I'5[Q1:((Q]2 - [Qlh)

®)

and

x l’l(l + st[Q]l) — 1,3(1 + st[Q]Z)
st([Q]l i [Q]J)

In practice, for tonometered (gas-equilibrated) liquids, it is

difficult to obtain a calibration point for an absolutely

oxygen-free aqueous solution (I'g). The zero oxygen value

was, therefore, calculated preferentially from the following

equation, which can be derived from equation (4):

1’0 = 1‘1 + IIIKSV[Qh = IIst[Q]I .. . (7)

All quenching constants given in this work are corrected for
false light. ~

I
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Chloride Chemical Sensor Based on an Organic Conducting

Polypyrrole Polymer
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The potential response behaviour of a chloride doped polypyrrole (PPy) polymer film electrode to chloride ion
in solution has been examined. The effect of the polymerisation conditions on the characteristics of the
potential response and response mechanism is discussed. A chloride ion-selective electrode based on a
conducting PPy polymer film was prepared with a potential response slope of 58-60 mV (pCl-)-1 and a
detection limit of 3.5 x 10-5 m of Cl-. The optimum conditions for the preparation of the electrode were:
pyrrole (Py), 0.05-0.2 m; LiCl, 0.1-1 m; scan range for electrochemical polymerisation, 0.5-1.2 V;
polymerisation time, 10-30 min; and scan rate, 20-100 mV s-1. The chemical sensor has a fast response, a low
resistance, is easy to prepare and is not susceptible to poisoning.

Keywords: Chloride ion-selective electrode; conducting polymers; polypyrrole; chemically modified

electrode; electrochemical polymerisation

Several investigations into organic conducting polymers have
been carried out in recent years.!-¢ Much attention has been
directed towards understanding the structure and properties
of these polymers and to their possible uses as battery
materials”-# and electrochromic devices,? etc. Our aim was to
investigate the performance of a chemical sensor based on an
organic conducting polymer film. This paper describes the
stable potential response behaviour of a conducting poly-
pyrrole (PPy) polymer film electrode prepared by electro-
chemical polymerisation on glassy carbon (GC) following
doping with ions from an aqueous solution. As a result of these
investigations, a chloride chemical sensor has been developed
and information has been obtained on the interaction between
the conducting polymer and the doping ions and also on the
conducting mechanism involved.

Experimental
Reagents

Pyrrole (Py) (Fluka) was purified by distillation from CaH,
and stored under a nitrogen atmosphere at low temperature,
protected from light. LiCl and other reagents used were of
analytical-reagent grade. Doubly distilled water was used
throughout.

Electrochemical Polymerisation

The polypyrrole (PPy) polymer film was prepared on a glassy
carbon (GC) surface from an aqueous solution containing Py
and LiCl using cyclic voltammetry (CV) as described pre-
viously.10 The thickness of the film was controlled by the
polymerisation time, the number of scans made and the
applied potential during the electrochemical polymerisation
process. The electrochemical polymerisation was carried out
with a CV 47 voltammograph (BAS). A conventional single
compartment cell equipped with a platinum wire counter
electrode and a saturated KCl - calomel reference electrode
(SCE) with double salt bridges (whose external tube was filled
with a 0.1 M Na,SO, solution) was employed for the
electrochemical polymerisation. The working electrode was a
PTFE-coated GC disc electrode polished to a mirror finish
with 0.3-pm Al,O; powder.

Potential Measurement of the Film Electrode

A PPy polymer film electrode was used as the measuring
electrode with the reference electrode described above. All

potentials were measured on a Beckman ®60 pH meter versus
SCE. The electrochemical cell can be represented as follows:

Hg, Hg,Cl,, KCl (sat.) || 0.1 M Na,SO, |

Solution to be tested H GC surface
PPy
film

Results

Potential Response Behaviour of the PPy Polymer Film
Electrode to Chloride Ion

The chloride doped PPy polymer film electrode shows a stable
potential response in a solution containing Cl- ions after
preparation and immersion in a Cl- solution for a period of
time. Initially, the electrode potential drops rapidly with time,
then more slowly after 2 h and reaches a stable value after
50 h. Hence, a suitable immersion time is about 2-3 d. After
such treatment a Nernstian potential response is obtained in
chloride ion solutions of different concentrations and the slope
remains almost constant, but the response shifts to a more
negative potential and the linear range becomes larger with
increasing immersion times (see Fig. 1).

Effect of Preparation Conditions on the PPy Film Electrode
Response Behaviour

Effect of Py concentration in the electrolyte solution

Fig. 2 shows the potential response curves of PPy film
electrodes prepared in 0.1 M aqueous LiCl solutions contain-
ing various concentrations of Py. When the concentration of
Py is low, the PPy polymer film obtained is thinner and the
potential response is poor owing to the slowness of the
polymerisation reaction. Hence, Py concentrations in the
range 0.05-0.2 M were used.

Effect of Cl- doping ion concentration in the electrolyte
solution

Table 1 gives the response behaviour of PPy film electrodes
prepared in 0.05 M Py solutions containing various concentra-
tions of the Cl- doping ion. When the Cl- doping ion
concentration is less than 10-3 M, a Nernstian response is
obtained, but the slope is low and unstable and the response
disappears after 47 h. When the concentration of Cl- ions is
10-2 M, initially the potential response is almost Nernstian, but
becomes non-linear after 24 h. However, when the PPy film
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Fig. 1. Potential response of the Cl- doped PPy polymer film
electrode. Potential range, 0.5-1.2 V; polymerisation time, 20 min;
scan rate, 20 mV s—!. Solution 0.05 M Py + 0.1 m LiCl. Activation
time: A, 5;B,24;C,46.5;and D, 75 h

280 {

E/mV

120 1 2 3 a4 5 6

pCI-
Fig. 2. Effect of Py concentration on the response behaviour of the
C1- doped PPy polymer film electrode. Potential range, 0.5-1.0 V;
polymerisation time, 20 min; scan rate 20 mV s-1. Solution, 0.1 M
LiCl. Py concentration: A, 0.01; B, 0.05and C, 0.2 M

Table 1. Effect of Cl- doping ion concentration in the electrolyte
solution on the response behaviour of the PPy polymer film electrode.
The polymerisation was carried out over the potential range 0.5-1.0V
for 20 min at 20 mV s—!. Electrode area, 0.07 cm?

Concentration
of CI- doping  Activation Detection Slope/mV
No. ion/m time/h limit/m (pCl-)—?
D, 10-3 4 5.0x10-4 37
24 6.3 x10-4 23
47 Non-linear response
D, 102 4 1.0x10-3 53
24 2.5x10-3 53
47 Non-linear response
D, 10-1 4 1.6 X 10-4 60
47 1.3x10-4 60
77 3.5x10-5 60

electrode is prepared in a 10-! M Cl- solution, it gives a
good stable Nernstian response with a low detection limit (see
Table 1).

Response behaviour of PPy film electrodes prepared over
various potential scan ranges

Fig. 3 shows the response curves of PPy film electrodes
polymerised by CV over the potential ranges 0-0.5, 0.5-1.0,
1.0-1.5and 0.7-1.2 V, respectively. It can be seen that the PPy
film is not formed in the potential range 0-0.5 V, because no
potential response is observed, i.e., the electrochemical
polymerisation reaction does not take place. Also, the PPy
film electrode response becomes poor when the potential
range is greater than 1.5 V owing to destruction of the film.
The optimum scan range for electrochemical polymerisation is
ca. 0.5-1.0 V.
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Fig. 3. Effect of potential scan range of the response behaviour of
the Cl- doped PPy polymer film electrode. Solution, 0.05 M Py + 0.1
M LiCl. Polymerisation time, 20 min; scan rate, 50 mV s—!. Potential
scan range: A, 0-0.5; B, 0.5-1.0; C, 0.7-1.2; and D, 1.0-1.5V

Table 2. Effect of scan rate during polymerisation on the response
behaviour of the Cl- doped PPy polymer film electrode. Conditions:
0.05 M Py + 0.1 M LiCl; potential range, 0.5-1.2 V; polymerisation
time, 20 min

Scan rate/ Activation Detection Slope/mV

No. mVs-1 time/h limit/m (pCl-)-?
B, 20 S 3.2x10-4 58
24 1.8 x 10-4 58
75 7.9%x10-3 59
B, 50 5 2.0x 104 60
46.5 7.1x10-5 60
75 7.1 x10-5 60
B; 100 5 2.5%x10-4 60
24 1.3x 104 59
46.5 2.5%x 104 59
B, 200 5 1.6 x 104 60
24 1.6 x10—4 60
46.5 2.2x10-4 60

Effect of potential scan rate during electrochemical poly-
merisation

The response of PPy film electrodes prepared by CV at
various scan rates is shown in Table 2. Good response
characteristics are observed for PPy film electrodes prepared
in the scan rate range 20-200 mV s-1, but the response
becomes relatively poor when the scan rate is too fast, i.e.,
greater than 200 mV s—1.

Response behaviour of PPy film electrodes prepared at
various final potentials

Table 3 gives the response of PPy film electrodes polymerised
in 0.05 M Py + 0.1 M aqueous LiCl solutions over the potential
range 0.5-1.0 V by CV scanning for 20 min, then kept at
various final potentials for 5 min. The results show that all the
PPy film electrodes prepared in this way exhibit good potential
response characteristics regardless of the final potential.
Because the ionic releasing and doping processes of PPy
polymer films are different at different final potentials, the
response potentials of these PPy film electrodes are also
different—the response curves shift along the potential axis.
As can be seen from Fig. 4, the more negative the final
potential is, the more negative is the response.

Performance of a Chloride Ion-selective Electrode Based on a
PPy Polymer Film

From the above experiments, the following conditions were
selected for preparing the Cl- doped PPy polymer film
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Table 3. Response behaviour of Cl- doped PPy polymer film
electrodes prepared at various final potentials. Conditions: 0.05 m Py
+ 0.1 M LiCl; potential range 0.5-1.0 V; polymerisation time, 20 min;
and scan rate, 50 mV s~ !. Electrodes kept at the final potential for
5 min

Final Activation Detection Slope/mV
No. potential/V time/h limit/m (pCl-)-t
E, 0 2:5 1.3x10-4 62
21 7.9x10-5 60
45 6.3 x 10-5 60
75 4.5x10-3 56
E, 0.3 1 1.8 % 10-4 60
45 8.9x10-5 60
E; 0.7 1 2.5x10-4 60
21 1.3x10-4 60
45 7.9 % 10-5 60
E, 1.0 1 1.8x10-4 58
21 1.0 x 10— 58
440
360
> 280
E
[r]
200 -
120 -

1 2 3 a4 5 6
pCl-
Fig. 4. Response behaviour of the Cl- doped PPy polymer film
electrode prepared at various final potentials: A, 0;B,0.3; C,0.7; and
D, 1.0 V. Scanned over 0.5-1.0 Vin 0.05 m Py + 0.1 M LiCl for 20 min
at 50 mV s—!, then kept at the final potential for 5 min
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Fig. 5. Effect of Y‘H on the potential response of the PPy film
electrode in 10-3 M LiCl

electrodes: Py 0.05-0.2 m; LiCl 0.1-1 m; CV scan range,
0.5-1.2 V; polymerisation time, 10-30 min; and scan rate,
20-100 mV s-!. The performance characteristics of the Cl-
ion-selective electrode based on a PPy polymer film are as
follows.

Detection limit and slope

A Nernstian response for 10-1-10-4 M Cl- with a slope of
58-60 mV (pCl-)~! is obtained with a detection limit down to
3.5 x 10-5 M of Cl-. Although the detection limit is not
particularly low, it is comparable to those of most other
chloride-selective electrodes.
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Appropriate pH range

Fig. 5 shows the relationship between pH and potential; it can
be seen that the response potentials remain almost constant in
the pH range 2.5-7 in a 10-3 m CI- solution.

Selectivity

The interference effects of ten anions were studied and the
resulting selectivity coefficients are given in Table 4. It can be
seen that the potential response of the PPy film electrode is
selective; those ions which cause the most severe interference
are NO3;—, HCOO-, Br— and I-.

Study of the Response Mechanism

The good potential response characteristics of the PPy
polymer conducting material to chloride ions may be due to
the formation of an ion associate between the large PPy
cation, which has a highly conjugated structure, and the
doping ion. During electrochemical polymerisation, Py is
oxidised and polymerised to form a highly conjugated, linked
cation, with the anion in solution entering the film to give
simultaneous doping. It has been reported!¢-12 that three or
four Py groups can share a positive charge, so PPy is probably
a large, highly conjugated series of linked cations with strong
hydrophobic properties. When brought into contact with an
aqueous solution, an interface is formed between the hydro-
phobic PPy film and the aqueous solution, resulting in an
equilibrium distribution of chloride ions across the interface to
yield a film potential, so that a potential response is observed
for Cl- ions in aqueous solution. It is therefore expected that
these large conjugated cations will give different ion associates
with different anions, resulting in different properties for the
conducting polymer films. As far as the potential response
performance characteristics are concerned, the extent of this
association should lead to an order of ionic selectivity.
From the selectivity coefficients given in Table 4, the order of
selectivity found is as follows: HCOO-, NO;-
>1->10,~>Br->ClO,~>F->CH;COO~->SSA~ (5-sulpho-
salicylate) >SO,42-. The results show that the selectivity of the
film is related to the ionic radius and charge of the anion.
Anions such as NO3;~, HCOO-, Br- and I-, whose unit
charge radii are close to each other cause severe interference,
whereas ions with small unit charge radii such as F~ and SO42-
and those with large unit charge radii such as ClO,~ and 10,4~
cause slight interference. A large organic anion such as SSA-
does not interfere. This means that repulsive interactions
during polymerisation also play an important role in addition
to the association process; hence, those ions that have similar
ionic radii will mutually interfere. Therefore, it is possible to
adjust the selectivity by changing the conditions used in the
polymerisation process.

Table 5 gives the electrode potentials obtained for different
cation solutions with the same Cl- ion concentration. It can be
seen that the nature of the cation has no apparent effect on the
potential, suggesting that under the experimental conditions
used in this work, any cation present in the solution will not
take part in the polymerisation process or enter the polymer
film and will not, therefore, affect the performance of the PPy
film electrode.

The most common use of chloride ion-selective electrodes
has been as solid-state chloride electrodes.!3 Coetzee and
Freiser!4.15 have prepared a liquid membrane electrode with
an organic phase composed of Aliquat 336 S (i.e., salts of the
tricaprylylmethylammonium ion) in decan-1-ol, and James et
al.16 have prepared a PVC membrane coated wire electrode.
Compared with these liquid membrane and PVC membrane
electrodes the electrode described here has a fast response, is
easy to prepare and is not susceptible to poisoning, in contrast
to the solid-state polymer membrane prepared by Oka et al.17
Compared with the electrodes mentioned above, a notable
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Table 4. Potential selectivity coefficients, k; #*, of Cl- doped PPy
polymer film electrodes

Interfering ion k; ot Interferingion k; oot
SO2- 3.16x10-3  NO;~ .. .. >1 1
=y e 1x10-! Br- 3.98 x 10! §
CH,CO0- 6.3x10-2 = e 5.62x 10! 2
104~ 4.47 x 10! SSA- 1x10-2 )
ClO4~ 2.24 x 10! HCOO- vis >1
Table 5. Potential response of Cl- doped PPy polymer film electrode %
in various cation electrolyte solutions 4
Electrolyte Concentration/ Potentiall Concentration/ Potential/ 5
M - mV M mV :
LiCl . . 10-3 183 10-2 127 6.
NaCl 10-3 182 10-2 126
K( .. 10-3 180 10-2 124 7-
NH,CI 10-3 178 10-2 126
MgCl, 5x10-4 178 5x10-3 123 8.
CaCl, 5x10-4 178 5x10-3 125
SrCl, 5x10-4 176 5% 10-3 123 9.
BaCl, §X10~4 177 5x10-3 127
10.
11.
feature of the electrode prepared in this work is that the film
material is a conducting polymer and so the electrode 12.
resistance is very low. Further, the selectivity order of this
type of electrode towards anions is different to that of other 13.
types of electrode and can be adjusted by varying the
conditions of preparation. 1‘5‘
16.
Conclusion
17.

An organic conducting PPy polymer film, prepared by
electrochemical polymerisation in an aqueous solution con-
taining Py and Cl- ions, has been found to show a stable and
selective potential response towards Cl- ions in solution with a
detection limit of 3.5 X 10-5 M of Cl- and a slope of about
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58-60 mV (pCl-)-!. The electrode has a fast response, a low
resistance and is insoluble in organic solvents.
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Study of the Copper - Zinc Interference in Potentiometric Stripping

Analysis

José Obiols, Ricardo Devesa and Antonio Malet

Department of Analytical Chemistry, C.E.T.S. Instituto Quimico de Sarria, Barcelona, Spain

The severe mutual interference between copper and zinc which occurs when working with a mercury film
electrode in potentiometric stripping analysis has been studied. The results obtained are consistent with the
formation of 1:1, 1:2 or 1:3 Cu - Zn compounds, depending on the experimental conditions. The gallium
additions method, used for the elimination of this interference, does not give good results for solutions with a
copper content that is very much greater than that of zinc, but it is effective for copper to zinc ratios of the order
of unity or less, a situation that often occurs with environmental samples.

Keywords: Potentiometric stripping analysis; copper - zinc interference; thin film electrode; gallium additions

method

Anodic stripping voltammetry (ASV) has been widely used
for the determination of trace amounts of metals! owing to its
excellent sensitivity, which is comparable to that of atomic
absorption spectrometry (AAS), in the analysis of samples
with a high saline content. In addition, the signal obtained by
ASV is specific for labile species and, therefore, this technique
is well suited to metal speciation studies, which are becoming
increasingly important.

Potentiometric stripping analysis (PSA), a technique first
proposed by Jagner and Graneli in 19762 and which has
subsequently been applied successfully to a wide variety of
samples, possesses the same advantages as ASV. This
technique is based on the pre-concentration of a metallic
cation by electrodeposition at a controlled potential and
subsequent chemical stripping by means of an oxidising agent
added to the system; a graph of stripping potential against
time is then plotted.-5

In 1958, Kémula et al.¢ described the interfering effect
caused by the interaction of copper and zinc in the determina-
tion of these metals by ASV; this interference has subse-
quently been studied by many other workers. In contrast, the
only comparable studies involving PSA have been those
carried out by Jagner and co-workers.3.7

The studies carried out on interference effects in ASV have
demonstrated the importance of the type of electrode used.
Hence, with a hanging mercury drop electrode, interference
was only observed when very concentrated solutions were
electrolysed or when very long electrodeposition times were
used.#13 On the other hand, with mercury film electrodes
interfering effects were always observed irrespective of the
experimental conditions employed.!!-18 The effects observed
included a decrease in the stripping wave of zinc as the copper
concentration increased to give a signal that appeared at a
potential very close to that for the stripping of copper. In an
extreme situation, complete suppression of the zinc signal was
observed if the concentration of copper was sufficiently high.

Tracer studies carried out independently by Copeland
etal.12and Crosmun et al. 14 with 65Zn in the mid-1970s showed
that a decrease in the zinc signal was not due to the
electrodeposition of this metal being hindered by the presence
of copper, but rather to the formation of an intermetallic
compound in the amalgam of the working electrode with a
stripping potential very close to that of copper. Since then,
several reports have been published dealing with the most
likely nature and stoicheiometry of the intermetallic copper -
zinc compound formed in the amalgam and many stoi-
cheiometries have been suggested. Although a 1:1 Cu - Zn
compound has been proposed most often,”.!1.14.15.19 Schuman
and Woodward!! have proposed the formation of both 1:2
and 1:3 copper - zinc compounds. This suggests that the

stoicheiometry of the compound formed depends both on the
ratio of the concentration of copper to zinc in the test solution
(which will be almost the same as that in the amalgam as both
metals have very similar accumulation coefficients) and on the
absolute concentration of the two metals in the amalgam. The
latter depends on the concentration of copper and zinc in the
test solution, on the volume of mercury used for the electrode
and on those parameters that control the transport of material
to the electrode.

Owing to the complexity of the mercury - copper - zinc
system,!? attempts to remove the interference have concen-
trated on displacing the copper from its intermetallic com-
pounds with zinc by the addition of gallium, which leads to
the formation of a much more stable copper - gallium
compound.312.15.18 Other methods proposed have included
the use of a two-electrode cell, which permits the separate
deposition of each metal'” and a numerical resolution using
the standard additions method proposed by Saxberg and
Kowalski, 20 which has been applied successfully to both
ASV2l and PSA.22

This paper describes a series of experiments that are
directed towards observing the magnitude of the interfering
effect between copper and zinc that occurs in a mercury film
electrode using PSA under a variety of experimental condi-
tions. This work was also aimed at evaluating the effectiveness
of the gallium additions method in removing this interference.

Experimental
Instrumentation

A Radiometer ISS 820 potentiometric stripping analyser was
used; it was equipped with a 50-ml glass cell containing a glassy
carbon working electrode (surface area, 8§ mm2), a platinum
wire counter electrode and a standard calomel reference
electrode. Stirring was achieved mechanically by means of a
three-edged bar.

Reagents

Standard solutions of copper and zinc were prepared from
their chlorides (Merck, analytical-reagent grade) and a
standard solution of gallium from its nitrate (Merck, analytical-
reagent grade). The mercury(II) solution usedfor platingand as
an oxidising agent was prepared from its chloride (Panreac,
analytical-reagent grade) in the same medium. The hydro-
chloric acid used was of Suprapur quality (Merck) and the
water employed in the dilutions was purified with a Seta
reverse osmosis and de-ionisation system. Blank signals were
negligible in all instances.
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The nitrogen employed for de-aeration of the samples was
purified by bubbling it through two washing bottles containing
pyrogallol and concentrated sulphuric acid.

Procedure

A 20-ml volume of the acidified solution to be analysed was
placed in the glass cell, 0.4 ml of a 400 p.p.m. Hgl! solution was
added and nitrogen was passed through the solution at a rate
of about 200 ml min—! for 20 min. The bubbler was raised
above the solution, stirring was started and four plating -
stripping cycles were carried out (for 2 min at —1.1 V versus
SCE) so as to cover the working electrode with a mercury film.
After the appropriate time and voltage for electrodeposition
had been chosen (—1.05 V versus SCE for the selective
deposition of copper and —1.25 V versus SCE for the
reduction of both species), the sample signal was recorded
together with those resulting from additions made to the
sample. The additions were performed by means of a Brand
100-pl digital micropipette using solutions that were suffi-
ciently concentrated so that the increase in the volume of the
solution was negligible and aeration of the solution was not
necessary.

Results and Discussion
Stoicheiometry of the Copper - Zinc Compounds

In order to study the magnitude of the copper - zinc inter-
ference when working with a mercury film electrode in PSA, a
series of experiments were carried out in which the decrease in
the stripping signal of zinc as the concentration of copper was
increased was measured. These experiments were performed
at three zinc concentrations, viz., 10-4, 10-5 and 10-¢ m. In
the first two instances a 0.1 M HCI medium was used, whereas
in the last instance the acidity was only 0.015 M in order to
reduce the formation of hydrogen bubbles on the mercury
film, given the long electrolysis times required at this low
concentration. Also, because of the extremely short electroly-
sis times (ca. 15 s) which had to be used when working at the
higher concentrations, the stripping curves were recorded in
quadruplicate and the mean value was taken. The possibility
of increasing the stripping times by decreasing the concentra-
tion of the oxidising agent was rejected because a mercury film
with similar characteristics was required in all the experi-
ments.

Fig. 1(b) shows the graph obtained for the lowest zinc
concentration (10-6 M) in which the signal for this metal,

12

Time/s

0 0.2 0.4 0.6 0.8 1.0
Molar ratio of copper to zinc (r)

Fig. 1. Stripping time of (a) an intermetallic compound and (b) Zn
vs. the molar ratio of Cu to Zn. [Zn] = 10~ m; electrolysis time, 8 min
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expressed as a function of the molar ratio of copper to zinc (r)
in the test solution after each addition of copper, can be seen.
The linear decrease observed, leading to suppression of the
zinc signal at values of r close to unity, is consistent with the
almost exclusive formation ofa 1:1 Cu - Zn compound, which
is in agreement with results obtained by other workers using
ASV. The signal given by the intermetallic compound, the
stripping wave of which overlaps that of free copper, is shown
in Fig. 1(a); a straight line graph with a positive slope is
obtained as might be expected from Fig. 1(b).

A different response of the system is evident from Fig. 2(b),
which shows the graph obtained for 10—5 M zinc. In this
instance an initial linear decrease in the zinc signal up to a
molar ratio of copper to zinc of between 0.3 and 0.4 can be
seen, the slope of the graph suggesting the formation of a 1:2
copper - zinc compound. Subsequently, the decrease in the
slope (in absolute values) leads to the suppression of the signal
for values of r close to unity; this can be explained by the
increased formation of the 1: 1 compound relative to the 1:2
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Fig. 2. Stripping time of (a) an intermetallic compound and (b) Zn
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compound as the molar ratio of copper to zinc increases. As
regards the stripping wave of the intermetallic compound, a
decrease in the slope of the graph is observed [Fig. 2(a)] for
the same r value, which is consistent with the hypothesis
proposed earlier.

A similar experiment was performed with a 10-4 M zinc
solution. The graphs obtained in this instance are shown in
Fig. 3. The slope of the linear decrease at the beginning of the
zinc signal can be attributed to the formation of the compound
CuZn;. The fact that this signal is lost for r values close to unity
suggests that formation of the 1:1 copper - zinc compound
predominates as the copper content of the solution increases.

The appearance of significant tailing in graphs similar to
those described above is sometimes observed, as can be seen
in Fig. 4; this is particularly so when thick mercury films are
used in that a large excess of copper is then needed to achieve
complete suppression of the zinc wave. A similar phenomenon
has been observed in ASV!1.13.14 and has been attributed to
the dissociation of the intermetallic copper - zinc compound.
On the other hand, it has been shown that the magnitude of
the interference decreases as the surface to volume ratio of the
working electrode decreases. Fig. 5 shows the results obtained
for the same solution when the thickness of the mercury film is
varied.

Gallium Additions Method

The second objective of this work was to evaluate the
effectiveness of the gallium additions method in removing the
copper - zinc interference when working with a mercury film in
PSA. Hence, several experiments were carried out in which
the recovery of the zinc signal in the presence of copper was
measured as a function of the amount of gallium added. All
the experiments were performed at a constant concentration
of zinc (10-6 M), the concentration of copper being varied so as
to give values of the molar ratio of copper to zinc (r) of
between 0.1 and 5. Because of the poor reproducibility of the
technique as regards the signal produced by equal amounts of
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Fig. 4. Zinc signal evolution (R, %) as a function of the copper
concentration. Mercury film pre-formed at —0.9 V vs. SCE for 60
min. [Zn] = 10-5 m; electrolysis time, 2 min
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Fig. 5. Zinc signal evolution (R, %) as a function of the copper
concentration. Mercury film pre-formed for (A) 8, (A) 68 and (@)
128 min. [Zn] = 105 M; electrolysis time, 2 min
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metal in successive determinations, the procedure followed in
all instances was to record initially the stripping signal of the
10-6 M zinc solution, then to add the amount of copper
corresponding to the value of r required and finally to record
again the free zinc signal. This signal was recorded after each
addition of gallium had been made.

Fig. 6 shows plots of the recovery of the zinc signal for
various values of r (expressed as the percentage ratio of the
zinc signal obtained in the presence of copper after the
addition of gallium to the initial signal in the absence of
copper) versus the gallium concentration reached after each
addition. In all instances the decrease in the zinc signal due to
the addition of copper is consistent with the earlier discussion
as regards the 1:1 stoicheiometry of the copper - zinc
compound formed and its dissociation. As regards the
recovery of the signal, the results obtained are very mixed.
Hence, in solutions that are low in copper the recovery of the
zinc signal is easily achieved; however, when working with
concentrations of copper and zinc that are of the same order, it
is necessary to have a large excess of gallium in the solution in
order to obtain recoveries of about 90%, i.e., a molar ratio of
gallium to copper of about 30 is required. For solutions with a
copper concentration that is very much higher than that of
zinc, the addition of gallium only permits a partial recovery of
the zinc signal, e.g., when r = 5, the recovery is only about
50%.
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Fig. 6. Zinc signal recovery (R, %) vs. gallium concentration. Molar
ratio of Cu to Zn (r): (a) 0.1, (b) 0.5, (c% 1(A)and2 (@) and (d) 5.
[Zn] = 10-¢ m; electrolysis time, 4 min
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Fig. 7. Stripping curves for r = 2 in Fig. 6. A, Solution containing
only zinc; B, after the addition of copper; and C, after the first
addition of gallium



1532

The good results obtained when the copper concentration in
the solution is lower than that of zinc, which is the situation
found most often,!2.15 confirm the usefulness of the proposed
method for the determination of zinc under such conditions.
However, in contrast to reports in the literature, the appear-
ance of the stripping wave of free gallium does not necessarily
mean that all the zinc has been released from the intermetallic
copper - zinc compound. For example, the stripping curves for
r = 2 are shown in Fig. 7 in which the appearance of the
gallium wave can be seen (curve C), whereas the zinc signal
has not been completely recovered. Further, although the
addition of increasing amounts of gallium increases the
percentage of zinc liberated, the most notable effect of these
additions is to increase the wave of the free metal (i.e.,
gallium) itself.

In those instances in which the copper content of the
solution is higher than that of zinc, the gallium additions
method lowers the magnitude of the interference but does not
eliminate it completely; hence, other methods proposed in the
literature (cited above) should be considered even though
they are not simple or universally applicable. However, it
should be noted that in environmental studies, in which the
use of electrometric techniques such as pre-concentration
have been very important, the zinc concentrations are
generally much higher than those of copper. Therefore, the
gallium additions method should be a simple and very versatile
method for the determination of zinc in the presence of
copper. On the other hand, the formation of a 1:1 copper -
zinc compound for zinc concentrations of 10-7 m or less
suggests that it should be possible to determine zinc below this
level. This could be achieved not only by performing standard
additions of zinc in the presence of gallium, but also by the
method of Jagner and Kryger,” which involves successive
additions of copper and then obtaining the molar concentra-
tion of this metal required for the suppression of the zinc signal
by extrapolation, having previously determined the copper
content in the plating solution at an anodic potential with
respect to that required for the reduction of zinc.

el

SV b

20

14.
15.

16.
17.

19.
20.

21

22.

ANALYST, OCTOBER 1988, VOL. 113

References

Wang, J., Environ. Sci. Technol., 1982, 16, 104A.

Jagner, D., and Graneli, A., Anal. Chim. Acta, 1976, 83, 19.
Jagner, D., Josefson, M., and Westerlund, S., Anal. Chim.
Acta, 1981, 129, 153.

Jagner, D., Anal. Chem., 1978, 50, 1924.

Jagner, D., Analyst, 1982, 107, 593.

Kémula, W., Galus, Z., and Kublik, Z., Nature (London),
1958, 182, 1228.

Jagner. D., and Kryger, L., Anal. Chim. Acta, 1975, 80, 255.
Lazar, B., Nishri, A., and Ben-Yaakov, S., J. Electroanal.
Chem., 1981, 125, 295.

Chau, Y. K., and Lum-Shue-Cham, K., Water Res., 1974, 8,
383.

Ben-Bassat, A. H. L., Blinderman, J. M., Saloman, A., and
Wakshal, E., Anal. Chem., 1975, 47, 534.

Shuman, M. S., and Woodward, G. P., Jr., Anal. Chem., 1976,
48, 1979.

Copeland, T. R., Osteryoung, R. A., and Skogerboe, R. K.,
Anal. Chem., 1974, 46, 2093.

Wise, J. A., Roston, D. A., and Heineman, W. R., Anal.
Chim. Acta, 1983, 154, 95.

Crosmun, S. T., Dean, J. A., and Stokely, J. R., Anal. Chim.
Acta, 1975, 75, 421.

Abdullah, M. 1., Reusch, B., and Kilmex, R., Anal. Chim.
Acta, 1976, 84, 307.

Gardiner, J., and Stiff, M. J., Water Res., 1975, 9, 517.
Roston, D. A., Brooks, E. E., and Heineman, W. R., Anal.
Chem., 1979, 51, 1728.

Neiman, E. Ya., Petrova, L. G., Ignatov, V. 1., and Dolgo-
polova, G. M., Anal. Chim. Acta, 1980, 113, 277.

Galus, Z., CRC Crit. Rev. Anal. Chem., 1974, 4, 359.
Saxberg, Bo. E. H., and Kowalski, B. R., Anal. Chem., 1979,
51, 1031.

Gerlach, R. W, and Kowalski, B. R., Anal. Chim. Acta, 1982,
134, 119.

Hoyer, B., and Kryger, L., Anal. Chim. Acta, 1985, 167, 11.

Paper A7/419
Received October 12th, 1987
Accepted June 14th, 1988



ANALYST, OCTOBER 1988, VOL. 113

1533

Medium Effects in the Stripping Voltammetry of Mercury

H. Gunasingham, K. P. Ang and C. C. Ngo
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The effect of the stripping medium on the stripping voltammetry of monolayer mercury films has been
studied using a wall-jet electrode in conjunction with flow injection. A suitable methodology is proposed
which allows the obviation of adsorption effects in the determination of trace levels of mercury. This approach

can be used in routine analysis.

Keywords: Stripping voltammetry; monolayer mercury films; medium effects; wall-jet electrode; flow

injection

Mercury-film electrodes (MFEs) have been the subject of
intense interest as regards their application to stripping
voltammetry, both for the determination of trace levels of
mercury'- and for the determination of heavy metals that
form amalgams with mercury.>-7 More recently, these elec-
trodes have been applied to organic analysis.8.9 Of the various
electrode materials that have been employed for MFEs, glassy
carbon has been the most widely used, primarily because of its
larger cathodic potential range, relative stability and lesser
susceptibility to poisoning.!0-12

Studies on the nature of thin mercury films formed on glassy
carbon electrodes have been carried out using cathodic linear
sweep voltammetry,!3 direct current anodic stripping voltam-
metry,!4-19 optical microscopy,! spectroelectrochemistry,20
flameless atomic absorption spectrometry,2!-22 potentiometric
stripping analysis,2? alternating current voltammetry!¢ and
oscillographic polarography.24

Stulikova!S has shown that mercury is deposited on glassy
carbon as fine droplets, the size of which depends on the
plating potential. This finding has been supported by the work
of Yoshida and Kihara?! and Yoshida22 who found that the
mercury film is metallic and, in contrast to platinum, a
strongly adsorbed film does not form on the electrode surface,
even at the monolayer level. Johnson25 has found that when
trace levels of metals, such as silver, are co-deposited with
mercury, a continuous thin film is produced, whereas droplets
are formed in the absence of the trace metal. Also, Batley and
Florence!4 have shown that a thin-film approximation is valid
for very thin films (less than 0.5 um).

Most of the work reported so far has been carried out with
discrete solutions, primarily using a rotating disc electrode. In
a previous paper, however, we described the use of a wall-jet
electrode (WJE) as a continuous monitoring detector for such
studies.!® The experimental results correlated well with the
theoretical values, based on a thin-layer approximation, for
the irreversible stripping of a monolayer mercury film into a
flowing HNO; - KNOj solution.

One of the advantages of the WIJE is that, when used in
conjunction with flow injection, it allows fine control of the
pre-electrolysis and stripping steps, which can be performed in
different media.”.!8 Of particular interest is the ability to carry
out the stripping step in a flowing solution. In this instance,
whereas the stripping peak current is still well defined
theoretically, the flowing solution diminishes the concentra-
tion effects that arise for stationary solutions.2¢ The other
advantage is that, by the use of microprocessor control, it is
feasible to measure accurately and rapidly the stripping
profiles of films whose thickness is of the order of a monolayer
or less. Sample changing is also simplified and requires
minimal operator intervention.

In this paper we examine the effect of different plating and
stripping media on the stripping peak current. The results are
explained in terms of an irreversible or reversible stripping
process.

Experimental

The wall-jet cell used in this work has been described
previously.18 The most noteworthy feature of this cell design is
its large geometric cell volume. The working electrode was a
5.2-mm glassy carbon electrode, which was polished to a
mirror finish with 1-um diamond paste followed by 0.05-um
alumina. The reference electrode was a Ag - AgCl electrode
(saturated KCl), and the counter electrode was a 5-mm
platinum disc. The inlet diameter was 0.33 mm.

Experimental Set-up

Fig. 1 is a schematic diagram of the experimental set-up. In
contrast to earlier work, a six-port stream selection valve
(Rheodyne, Model 5010) was used together with a pneumatic-
ally actuated four-way injection valve (Rheodyne, Model
5020). The latter was used to inject the mercury sample during
the pre-electrolysis step. Sample injection and control of the
potentiostat (PAR 174A) sequencing (initial, scan and hold
cycles) were carried out automatically using an Apple Ile
computer. This enabled the plating and stripping of the
mercury film to be controlled with great accuracy.

Reagents

All chemicals were of analytical-reagent grade and were used
without further purification. Mercury solutions were prepared
by dissolving the required amount of triply distilled mercury in
concentrated nitric acid and diluting with distilled, de-ionised
water. Solutions were purged with oxygen-free nitrogen for 15
min before use. Nitrogen was bubbled through the solution
reservoirs throughout each run.

Results and Discussion

In our previous work it was shown that the theory of the
stripping of mercury films at a WJE can be described using a
thin-layer approximation, even though the stripping process is

Applelle |——--PAR| Pulse
[ ——"1174A| damper
Six- T
way valve !
L —
Wall-jet
electrode
Peristaltic
Hg2+ - KNO3-HNO; pump

Fig. 1. Schematic diagram of the experimental set-up
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carried out in a flowing electrolyte solution.!8 For a reversible
process, the stripping current (i,) is given by

0.35n,n, F2rt D3y =S12Y3i4g— 12X /4

ip= BT (M

and for an irreversible process, the peak current (i) is given by

. 0.5511n,an F2rtC D23y —SN2Y3/4g =12 X314 )
i RT s
where v is the kinematic viscosity, V the volume flow-rate, a
the inlet diameter, X the electrode radius, n, and n, are the
number of electrons in the plating and stripping steps,
respectively, and « is the transfer coefficient. All the other
terms have their usual meanings. For a KNO; - HNO;
stripping solution, it was found that the stripping of a
monolayer mercury film is an irreversible process in which an,
varies between 0.5 and 0.75.

Effect of Stripping Medium

In order to study the effect of different stripping media, the
mercury film was plated from a 0.1 M HNO; - 0.005 M KNO;
solution. This is a suitable medium because the plating step is
well defined by the limiting current equation for the wall-jet
electrode at low mercury concentrations.” Each analytical
stripping scan in a particular medium was followed by a
reference scan carried outin 0.1 M KNO; - 0.005 M HNOj3. The
reference scan was used to assess the state of the electrode,
particularly with regard to electrode poisoning, and whether
complete stripping of the mercury film was being achieved
during the analytical scan. The entire sequence of analytical
and reference scans was controlled by the microcomputer.
Table 1 gives the values of the peak current (an,) [calculated
from equation (2)] and the peak potential (E,) for the
different stripping media examined. With the exception of the

Table 1. Effect of stripping medium on the stripping voltammetry of
mercury. Deposition time (f4,), 20 s; stripping flow-rate, 2.38
ml min~—1; scan rate, 20 mV s~1; and Cyy, 4 X 10-5Min 0.1 M KNO; -
0.005 M HNO;

Stripping medium ip ang E,

HNO; - KNO;

(0.005m-0.1Mm) 154+04 0.6 0.48
Na,SO, - HNO;

(0.1m-0.1m) 17.8+0.5 0.7 0.44
EDTA - HNO;

(0.1M-0.1m) 22+0.2 0.86 0.16
KCI - HNO,

(0.1M-0.005 M) 22%0.5 —* 0.16
KBr - HNO,

(0.1m-0.1m) 32+0.5 Reversible 0.06
KI - HNO;3

(0.1M-0.1m) 32+0.5 Reversible  —0.2
KSCN - KNO;

(0.1m-0.1M) 31.5+0.5 Reversible 0.04

* Stripping process complicated by the formation of HgCl, and
Hg,Cl,.

Table 2. Dependence of mercury stripping efficiency on the potential
scan rate. [Hg2+], 4 x 10-5 M; deposition time, 20 s; deposition
flow-rate, 2.32 ml min—1; deposition potential, —1.0 V; and stripping
electrolyte, KNO; (0.1 m) - HCI (0.005 m). Efficiency calculated on
the basis of a one-electron reaction using equation (1)

Stripping efficiency, %

Scanrate/mVs-! Iodide Chloride
2 = 190 204
5 220 174
10 212 140
20 170 96
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bromide, iodide and thiocyanate media, the stripping process
is irreversible with values of n, varying from 0.5 to 0.85. The
stripping current, i,, obtained for the thiocyanate medium
agreed with the theoretical value calculated from equation (1).
For the chloride medium, calculation of the value of ny is
complicated by the fact that both HgCl, and Hg,Cl, can be
formed, depending on the stripping scan rate and the
concentration of chloride in the stripping solution. Bilewicz
et al.19 showed that high chloride concentrations promote the
formation of HgCl, and its complexes.

Table 2 shows the dependence of the mercury stripping
efficiency on the stripping scan rate (calculated for a one-
electron process). The near 200% efficiency obtained at slow
scan rates indicates that the stripping process actually involves
two electrons. By analogy with the work of Bilewicz et al. ,19 it
is reasonable to assume that at slower scan rates sufficient
chloride is admitted by the convective diffusion conditions of
the wall jet to promote the formation of HgCl,. As the scan
rate increases, the efficiency decreases and, therefore, it can
be assumed that both HgCl, and Hg,Cl, are being formed. It is
interesting to note that the efficiency obtained for the bromide
and iodide media does not vary significantly with the scan rate,
further supporting the view that the stripping process in these
media is predominantly a two-electron process.

Effect of Electrode Pre-treatment

Much work has been carried out on the effect of electrode
pre-treatment on the response of glassy carbon elec-
trodes.27-31 We have found that, provided the glassy carbon
surface is polished to a scratch-free mirror finish, the use of
different polishing procedures (including polishing with dia-
mond paste and alumina on a glass plate) has only a small
effect on the stripping peak current. Also, the electrode is less
susceptible to de-activation after prolonged use, in contrast to
the hexacyanoferrate(III) - hexacyanoferrate(II) system. This
is consistent with the general supposition that mercury films
do not interact strongly with glassy carbon surfaces.

One of the interesting aspects of this work is that the
nominal electrode area shows good agreement with the actual
active surface area in the calculation of the theoretical peak
current. For the chloride, bromide and thiocyanate media, the
experimental value differs by less than 10% from the
theoretical value for a reversible stripping process. Even if this
difference is attributed to surface roughness, the assumption is
that the mercury is fairly evenly deposited on the glassy carbon
surface. However, it should be noted that this assumption only
holds for films whose thickness is of the order of a monolayer.
As the film becomes thicker, the use of the nominal surface
area is less valid.

In general, potential pre-treatment by cycling between
negative and positive potentials, as suggested by Engstrom30
and Engstrom and Strasser,3! does not improve the reversibil-
ity of the stripping process. However, the electrode has to be
pre-treated with chromic acid, otherwise a small second peak
at +0.58 V occurs. This peak correlates with the Hg(OH),
peak found under dilute acidic conditions in the study of the
effect of pH, described below. Presumably, this is because
acidification of the electrode surface decreases the tendency of
the mercury that is in contact with the electrode to hydrolyse.

Effect of pH

Whereas varying the pH appears to have little influence on the
plating step, studies carried out using acetate buffers as the
stripping solutions showed that the peak potential changed by
about 31 mV pH-1in the pH range 3-6. This slope is indicative
of an irreversible stripping process in the acetate buffer.
However, the peak current is little affected by the pH of the
stripping solution.
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EN versus Ag - AgCI
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Fig. 2. Replating of adsorbed Hg,Cl, in nitrate medium. Nitrate
medium: KNO, (A-G) 0.1 m plus HNO;, (A) 1 X 10-2,(B) 1 x 10-3,
(C)5x10-4,(D)1 x 10-4,(E) 5 x 10-5,(F) 1 X 10~5 and (G) 5 x
10-6 M. The waiting time is the length of time for which the electrode is
held at +0.2 V in the nitrate medium following the stripping run in the
chloride medium. See text for details

Peak current/pA
3

5 x 10-2

6 x 10-4
Concentration of HNOs/m

5 x 10-8

Fig. 3. Effect of acid concentration on the mercury stripping
voltammogram. E4., , —1.0 V; scan rate, 20 mV s—1; C, 4 x 10-5 m;
laep.» 20 53 and V, 2.58 ml min—!
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Fig. 4. Effect of acid concentration on the stripping peak current.
Conditions as in Fig. 3

In very dilute acidic solutions, concentration effects are
observed, owing to the formation of Hg(OH),. Fig. 2 shows
the occurrence of a second peak at around +0.58 V when the
HNO; concentration drops below 0.005 M. This second peak
increases with decreasing acid concentration, whereas the
usual peak at +0.48 V decreases. This effect can be seen more
clearly in Fig. 3, which shows the change in peak current with
varying acid concentrations.

In Situ Cleaning of Adsorbates

The adsorption of mercury compounds on the electrode
surface is one of the fundamental difficulties associated with
its routine determination by stripping voltammetry.
Invariably, adsorption leads to blocking of the active surface
of the electrodes, causing a decrease in the analytical current.
It can also lead to erratic results and loss of precision.

Clearly, it is unsatisfactory to have to remove the electrode
periodically in order to repolish the surface. Apart from the
tediousness of the operation, repolishing the electrode can
also alter its operating characteristics.

To demonstrate that adsorption occurs, a monolayer
mercury film was plated and the potential was then scanned in
a chloride medium to obtain a mercury stripping peak at
+0.15 V. The scan was stopped at +0.2 V and the stripping
medium was changed to HNOj; - KNOj3. Then, after a waiting
time, the scan was continued to +0.7 V. A second stripping
peak was obtained at +0.48 V in the nitrate medium, the size
of this peak depending on the length of the waiting time.

Fig. 4 shows a graph of the ratio of the peak current
obtained in a nitrate medium (at +0.48 V) to that obtainedin a
chloride medium (at +0.15 V) against the waiting time. The
ratio increases with increasing waiting time, indicating that
more mercury is being replated and that mercury, stripped as
Hg,Cl,, remains on the electrode surface long enough to be
replated in a nitrate medium.

Although the above experiment illustrates the problem of
adsorption, it also reveals how this problem can be overcome.
For the Hg,Cl, adsorbate, it was found that, by using a nitric
acid cleaning step between analyses, it was possible to obviate
completely the adsorption so that the glassy carbon electrode
showed no memory effects. Nitric acid can also be used to
remove phosphate and EDTA adsorbates.

Sensitivity

The use of the WJE results in a highly sensitive technique
for the determination of mercury. Thiocyanate is the best
stripping medium as it favours a two-electron stripping process
and minimises adsorption. However, the plating step is best
performed in an acidic medium, e.g., dilute nitric acid.

It has been shown that, with the WIJE, it is possible to
determine monolayer amounts of mercury. In the direct
current mode, detection limits below 10-7 M are feasible, and
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in the differential-pulse mode the detection limit is below
10-8 M. These detection limits compare favourably with those
reported in the literature.2 In general, the precision of the
method is less than 3%.

The award of a University research grant and a postgraduate
scholarship to C. C. Ngo is gratefully acknowledged.
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Transient Responses of Glass Electrodes in Dilute Solutions and

Freshwaters

William Davison and Terence R. Harbinson

The Freshwater Biological Association, The Ferry House, Ambleside, Cumbria LA22 OLP, UK

Glass electrodes respond slowly in dilute, nearly neutral solutions (/ = 0.1-1 mmol dm-3, pH 6-9) of either
natural lake water or simple inorganic salts, taking ca. 10 min to equilibrate irrespective of whether the
solution is flowing or static. Although buffer capacity and ionic strength influence the response, they are not
critical factors. The transient effect is associated with low concentrations of cations. There was no great
difference in response for the different cations tested, but the sluggishness appeared to increase in the order
K+ = Ca2+ < Na+ = Mg2+ < NH4*. The time dependence of the response is consistent with it being due to a
diffusional exchange process. Glass electrodes are inappropriate pH sensors for the determination of the pH
of dilute neutral solutions by flow injection analysis.

Keywords: Dilute solutions; freshwater; glass electrode; response time; flow injection

The considerable attention recently devoted to the measure-
ment of pH in dilute solutions has been stimulated by the
phenomenon of acid rain and so work has concentrated on
dilute acidic solutions.!-¢ Advances in understanding, partic-
ularly with regard to problems associated with liquid junc-
tions,!4.7 have led to recommendations that dilute acids could
be used as standards.2.3.6

Work on dilute solutions of nearly neutral pH has been
more limited. Problems encountered in measuring the pH of
dilute lake waters (pH 5.5-8.0) have led to suggestions that
the pH measured by commercial glass electrodes is so
unreliable that it is better to calculate the pH from measured
components of the CO, - H,O system.®® However, some
laboratories!®-12 have accurately determined the pH of dilute
solutions of neutral buffers and shown that it is possible to
obtain high-quality data. Conversely, similar measurements
by other workers34 have resulted in large errors, and the
determination of the second dissociation constant of 10-3
mol kg~! phosphoric acid from pH titrations has only really
been successful when an experimental free diffusion junction
has been used.!9.13 Whereas some of the inconsistency is
probably associated with the use of electrodes with unsatisfac-
tory performance, often attributable to an inappropriate or
malfunctioning liquid junction, there may also be fundamen-
tal reasons for the discrepancies.

In recent work that considered the use of flow injection
technology for the accurate measurement of pH, we observed
that the electrode response was markedly worse in soft waters
at pH ca. 7 than in dilute acids or acidic natural waters. We
report here the results of an investigation of transient effects in
dilute solutions.

Experimental
Equipment and Reagents

All solutions were prepared from AnalaR reagents. Salts for
buffers were dried according to the recommendations of
Bates.!4 Artificial lake water, prepared by combining salt
solutions and then equilibrating with air, had a nearly neutral
pH, an alkalinity of 500 pequiv. 1-! and the following
composition; Na+, 300; Ca2+, 288; K+, 60; Mg2+, 60; NH,+,
25; Cl—, 350; SO,42-, 90; and NO3~, 50 uM. Filtered lake water
was taken from Windermere,!5 which typically has a nearly
neutral pH, an alkalinity of 220 pequiv. 1-! and the following
composition: Na+, 200; Ca2+, 150; K+, 10; Mg2+, 75; Cl-,
240; SO42-, 85; and NO;3—, 30 puMm. Acid stream water from
Mosedale (pH ca. 5)*is dominated by the following ions: Na+,
150; Ca2+, 25; Mg2+, 25; Cl-, 150; and SO42- 50 pM.

Potential differences were measured using a high-im-
pedance buffer amplifier simultaneously linked to a chart
recorder and a digital multimeter which could discriminate to
1uv.

Procedure

Most measurements were made using a flow cell, based on the
design of Howson et al.,1¢ but having a much smaller sample
chamber (residual volume of 0.1 ml). The small, glass pH
electrode (3-mm diameter), equipped with a screw thread and
seal, was supplied by Pharmacia. A reference electrode
(Radiometer K4112, calomel - saturated KCl) was sealed into
a chamber containing saturated KCI. Two tubes were connec-
ted to the chamber: one led to a T-connection with the flowing
sample stream, 1 cm downstream from the glass electrode, and
the other to a motorised syringe, which continuously fed (0.2
ml min—!) the KCI bridge solution to the liquid junction
formed at the T-piece. Such a junction has been systematically
evaluated!” and shown to perform well.

A carrier solution of either 0.1 mmol dm-3 HCl + 0.4
mmol dm-3 KCl (pH 4.0) or 0.5 mmol dm—3 Na,HPO, + 0.5
mmol dm-3 KH,PO, (pH 7.1) was gravity fed through the cell
at 3.8 ml min—!. The low pH carrier solution was selected from
various candidates as the one which exhibited the lowest
long-term drift (Table 1). Test solutions were injected into this
stream using a 26-ml sample loop. Hence the arrangement
resembled that used in simple flow injection analysis (Fig. 1),
with 0.8-mm bore tubing and a volume between the point of
injection and the liquid junction of 0.142 ml. With such a large
sample loop dispersion effects should be negligible.!8 Injec-
tion of 0.025 mol dm-3 KH,PO, - 0.025 mol dm—3 Na,HPO,
into the low pH carrier stream operating at different flow-rates
showed that with a flow-rate of 3.8 ml min—! a drift of 0.01
pH min-! is achieved in 2 min (Fig. 2).

Table 1. Long-term drift in the flow injection assembly for various
carrier solutions, calculated from the maximum excursion in
measured potential in a 4-h period. The amplitude of the
high-frequency noise exhibited by the pen ¢race is also given

Drift/  Noise/
Solution pHh-! mV
Distilled H,O 2l B o 5 wet osm D +4
0.01 mmol dm—3 H,SO, .. 0.087 +1
0.1lmmoldm-3KCl .. .. .. .. 0.055 +0.25
0.1 mmol dm~-3 HCI - 0.4 mmol dm-3 KCl 0.036 +0.05
0.1 mmol dm-3 potassium hydrogen phthalate 0.066 +0.5
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Fig. 1. Arrangement for pH measurement using a flow injection

assembly. Carrier solution, C, is fed by gravity to injection valve, I.
The flow cell, F, is equipped with pH and reference (R) electrodes.
Bridge electrolyte, B.E., is continuously supplied from a syringe
pump, P, to connect the reference electrode to the solution stream by
liquid junction, J. W is waste
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Fig. 2. Time dependence of the pH drift EFH min-'), which is the
slope of the pH versus time graph, for four different flow-rates when
standard strength pH 6.88 phosphate buffer is injected into a carrier
solution of 0. mmol dm-3 HCI + 0.4 mmol dm—3 KCl. Sample
flow-rate: A, 0.5; B, 1.8; C, 2.8; and D, 3.8 ml min—!

Measurements were also made using various combination
electrodes inserted into a small plastic beaker fitted with a
stirrer bar, an inlet port and a cover to minimise gaseous
exchange (Fig. 3). The electrode was pre-equilibrated with the
carrier solution, then the system was rapidly flushed by
injecting the test solution using a syringe; the solution
overflowed through the small gap between the electrode and
the cover.

Conventional dip-mode measurements in a beaker used a
reference electrode equipped with a previously described free
diffusion junction.13

All measurements were thermostated at 20 = 0.1°C.

Results and Discussion

Typical recorder traces obtained by injecting various solutions
into the flow injection assembly are shown in Fig. 4. Solutions
of natural and artificial, nearly neutral lake water responded
much more slowly than the rest. After 4 min the measured
drift of 0.07 pH min—! was one order of magnitude higher than
that observed for the other solutions. Distilled water gave a
rapid response, quickly establishing a plateau value, and
demonstrating that within 1 min there is no appreciable
modification of the pH by mixing with the carrier solution.
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Fig. 3. Assembly for rapidly exchanging solutions for conventional
electrodes. The electrode, E, is inserted into a small, capped plastic
container, C, containing a stirrer bar, B, and connected via a tap, T, to
afs;gin}gej S,l for injecting the sample. Syringe volume, 50 ml; volume
of C,2-3 m|

50 mV
B

4 min
5 c D
=
o
o
-

Time —

Fig.4. Recorder traces illustrating injection of various solutions into
the flow injection assembly. Injected solutions: (A) NBS pH 6.88
phosphate buffer; (B) solution A diluted 50x; (C) Windermere lake
water; (D) artificial lake water; (E) 0.1 mmol dm—3 HCI; (F) distilled
water; and (G) Mosedale stream water (pH 5.4). Except for E the
carrier stream was 0.1 mmol dm -3 HCI + 0.4 mmol dm~3 KCI. The
carrier for E was solution B

Phosphate buffer solution (pH 6.88) also gave a rapid
response, both at normal strength and when diluted 50-fold.
Failure of an acid stream sample (Mosedale, pH 5.4) to show a
similar curvature to that observed for neutral Windermere
water could have been associated with the smaller pH change
from the pH 4 carrier solution. However, there was a rapid
change of more than 3 pH when dilute phosphate buffer was
added, and when the dilute phosphate solution was used as the
carrier solution and 0.1 mol dm-3 hydrochloric acid was
injected the response was similarly rapid. That the effect was
not associated with the carrier solution was shown by injecting
lake water into a stream of distilled water. The response curve
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had the same rounded shape as that obtained using the dilute
acid carrier solution.

The solutions of natural and artificial lake water were air
equilibrated before measurement and so exchange of CO,
should be minimal, especially in a sealed system. Solutions
with different initial partial pressures of CO, gave the same
response and confirmed that CO, exchange was not a
problem.

Buffer capacity may be important in determining the
response. That it is not the sole factor is illustrated by the good
response for distilled water (Fig. 4).

To test whether the sluggish response was associated with
the glass electrode or the liquid junction, measurements were
made in a beaker with solutions of artificial lake water and
distilled water. A dip-mode free diffusion junctionl3 was
formed in the solution in the beaker and allowed to stabilise,
then the glass electrode from the flow cell was immersed while
monitoring the response. A similar sluggish response to that
observed for the flow cell was recorded for artificial lake water
whereas distilled water gave a much flatter signal (Fig. 5).
When the electrode was pre-equilibrated and the liquid
junction re-formed, the response was immediately flat and
stable for both solutions, showing that the poor response in
artificial lake water was associated with the glass electrode.

There was a possibility that the observed effect was unique
to the Pharmacia electrode, so measurements were made on
artificial lake water, dilute phosphate buffer and distilled
water using Amagruss, Russell, Radiometer and Orion Ross
combination electrodes. They were fitted into a specially
constructed assembly (Fig. 3) and the solution was rapidly
exchanged. The observed responses were similar to those
shown in Fig. 4. When a Corning glass electrode and the
Pharmacia electrode from the flow cell were similarly tested,
by additionally inserting a Radiometer K4112 reference
electrode into the electrode chamber, the same phenomenon
of a slow response in artificial lake water and a rapid response
in distilled water and dilute buffer was observed.

Having established that in certain nearly neutral solutions of
low ionic strength there is a transient effect common to glass
electrodes, we tried to characterise the nature of the effect. As
it is observable both in simple synthetic solutions and in
natural waters it cannot be associated with organic com-
ponents, such as humic acids, in the water.

Potential —
(o]

= | P

Time —

Fig. 5. Response of Pharmacia glass electrode immersed in (A) and
(B) artificial lake water and (C) and (D) distilled water contained in a
beaker. The reference electrode used a free diffusion junction. (A)
and (C), glass electrode inserted after pre-stabilisation of the junction;
(B) and (D), junction re-formed after pre-stabilisation of the glass
electrode
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Various salt solutions with an ionic strength of 1 mmol dm-3
were prepared. Except for KHCO; they were adjusted to pH 7
by adding small aliquots of their common acid or base while
bubbling with argon to remove CO,. Solutions of KHCO;
were adjusted to pH 7 by varying the ratio of CO, to Arin a
gas mixture. The resulting solution was transferred by syringe
into the injection assembly (Fig. 3) fitted with a Russell
combination electrode designed for measuring low ionic
strength solutions. In each instance the response was similar to
that obtained for synthetic lake water.

Previous workers!9-20 have shown that response curves from
glass electrodes can be linearised by plotting log(|E.. —
E|/E.) against 8. Figs. 6 and 7 show such plots for the various
solutions tested, E,, being taken as the value at 8 min. The
slope of this plot is a measure of the speed of response. For
five of the solutions the plots could be reasonably fitted by
straight lines with similar slopes (Fig. 6). Sodium chloride gave
a slightly higher slope, indicating a slower response, and the
slope for NH,CI was higher still (Fig. 7). The only obvious
non-linear response was for MgCl,. These results indicate that
it is the cation rather than the anion in solution which has the
major influence on response time.

The reasonable linearity of most of the data suggests that
the observed effect may be due to a diffusion process.1?
Perhaps on exchanging solutions the fresh cations have to
establish a new equilibrium with exchange sites on the glass.
This exchange will occur more rapidly when the glass surface is
exposed to higher concentrations of the new cation. The more
specific mechanism suggested by Kennedy2! whereby protons
are released into the hydration layer on the initial adsorption
of metal ions is also consistent with the results. That the effect
is not simply associated with the general ionic strength of the
solution was shown by adding NaCl to a 0.2 mmol dm-3
solution of KHCO;. Increasing the concentration of NaCl to
0.1 mol dm—3 changed the shape of the potential - time curve
slightly, consistent with Figs. 6 and 7, but the response was still
sluggish. Surprisingly, in view of the good response observed
with distilled water, there was also little change in the
response when the concentration of KHCO; was reduced to
0.01 mmol dm-3.

Changing the pH of solutions of KHCO; by bubbling with
gas mixtures with various ratios of CO, to Ar showed that the

KHCO;
KNO;
KCiI
K2S04
=
w
w
uf CaCl,
=S
)
- |
ol— L
1 2 3

t/mint

Fig. 6. Linearisation of response curves as log(|E.. — E|/E..) versus
f %minQ) for various simple solutions (/ = 1 mmol dm—3; pH = 7.0 +
0.3)



1540
,20 F
=5
w
=
‘X
u
=3
=]
-
-1.0p
1 2
#/min?
Fig. 7. Linearisation of response curves as log(|E. — EJ|/E.)
versus #: (min?) for various simple solutions (/ = 1 mmol dm—3; pH =

7.0 +0.3)

response was slowest in solutions with a pH near 8. More
exchangeable sites may be available at nearly neutral pH
where OH- and H+ ions are less dominant. Alternatively, the
effect may be simply related to the buffer capacity, which is at
a minimum at pH 8 in dilute hydrogen carbonate solutions.22

Conclusion

The glass electrode responds slowly in nearly neutral, poorly
buffered solutions, but if sufficient time is allowed (ca. 10 min)
an equilibrium pH will be achieved. The sluggish response is
not solely related to buffer capacity because there is a good
response in distilled water, and the ionic strength does not
appear to be a critical factor. It is associated with low
concentrations of cations and the shape of the response curve
indicates that a diffusional exchange process may be operat-
ing. There was no great difference in the effect for the
different cations tested but it increased in the order K+ =
Ca2+ < Nat+ = Mg2+ < NH,+. The distinction between the
various cations may depend on the solution used to pre-
equilibrate the electrode, which in this instance was dilute HC]
- KCI. Kennedy?! has observed a similar transient effect with
initial excursions of ca. 0.2 pH and a response of ca. 10 min
when dilute solutions (20 umol dm-3) of Ca2+, Ni2+, Co2+,
Mn2+, Zn2+, Cd2+ and Hg2+ are introduced into a flowing
stream.

Such an effect has profound implications for the measure-
ment of pH in neutral dilute solutions such as freshwaters.
Previous observations of slow response times®-14.23 have been
attributed to re-equilibrium by CO, or to solution memory
effects, especially when the previous solution was a standard
strength buffer. Both of these possible causes have been
eliminated in this work, which has demonstrated that there is
an inherent problem associated with low concentrations of
cations and equilibrium at the glass electrode. Accurate
measurements in dilute solutions can only be made if sufficient
time (ca. 10 min) is allowed for a true equilibrium to be
established.

These conclusions imply that it may be inappropriate to
determine the pH of dilute neutral solutions by using glass
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electrodes in flow injection analysis. Such a technique uses
precise hydraulic control to make use of measurements that
have not yet achieved equilibrium. However, if the sensor
response is sluggish and variable from solution to solution,
depending on its composition, the procedure fails. Problems
using such a system for determining soil pH have been
noted?4 and to some extent overcome by matching the buffer
capacity of standards to soil solutions. A glass electrode
worked well in a flowing system for the rapid determination of
acidic rain water samples but the calibration graph was
non-linear in the most neutral pH range considered, 4-5,2
presumably due to the onset of poor response. It is possible
that PVC-based pH-sensitive electrodes may not suffer from
the same transient interference effects and so they may be
more suitable than glass electrodes for use in flow injection
analysis.26:27

We thank Arthur Covington for his continued encouragement
and Colin Woof for technical assistance. The Surface Water
Acidification Programme of the Royal Society provided
financial support.
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Flow Injection Amperometric Detection Based on lon Transfer Across
a Water - Solidified Nitrobenzene Interface for the Determination of

Tetracycline and Terramycin

Huamin Ji and Erkang Wang*

Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun, Jilin 130021,

People’s Republic of China

An accurate, convenient and fast method is described for the determination of tetracycline and terramycin in
drugs by flow injection amperometric detection based on ion transfer across a water - nitrobenzene interface
solidified with poly(vinyl chloride) and agar. When a constant potential is applied both antibiotics transfer
across the interface, the process being facilitated by protons, with a linear current response for 2-200 um
solutions of tetracycline and 5-300 pum solutions of terramycin. The coefficients of variation for 22 replicate
injections of 0.2 mm solutions of tetracycline and terramycin are 1.2 and 2.5%, respectively. The results
obtained are in good agreement with those given by a biological assay (the relative standard deviation is less
than 1%). A total of 60 samples could be determined in 1 h.

Keywords: Tetracycline and terramycin determination; flow injection analysis; amperometric detection; ion

transfer; water - solidified nitrobenzene interface

Since its introduction by Nagy ez al.,! flow injection analysis
(FIA) has attracted considerable interest as a method for fast,
repetitive and reproducible analysis.2? Apart from the detec-
tion mode of electroanalysis,*5 other methods such as
absorbance,® fluorescence? and luminescence® have been
employed for detection in FIA. Amperometric detection in
conjunction with FIA and liquid chromatography (LC - EC)
has been widely used for the determination of electroactive
substances.?-!!

Tetracyclines are widely used antibiotics that are routinely
determined by means of antimicrobial assay,!2 although other
methods such as fluorimetry!? and spectrophotometry!4 have
also been reported. However, the biological assay is very
complicated and time consuming. Voltammetry at the inter-
face of two immiscible electrolyte solutions has been used by
Kozlov and Korytal!s for the determination of tetracyclines.
We have previously described the determination of terramy-
cin and erythromycin using cyclic voltammetry and chrono-
potentiometry with cyclic linear current scanning at a water -
nitrobenzene interface.!6-18

A preliminary study of ion transfer across a polymer gel -
liquid interface and its use as a voltammetric detector for a
flow system has been reported by Marecek ez al.!® This paper
describes a thin-layer amperometric detector based on ion
transfer across a water - solidified nitrobenzene (W/SNb)
interface. The transfer process and its application to the
determination of tetracycline (TC) and terramycin [oxy-
tetracycline (OT)] have been investigated using FIA; an
accurate, fast and convenient method has been developed.

Experimental
Apparatus

Fig. 1 shows a three-electrode thin-layer flow-through cell
that is similar to a conventional amperometric detector.? The
reference and auxiliary electrodes were positioned down-
stream of the mobile aqueous phase. The solidified nitroben-
zene phase consists of part of the working electrode with an
interface area of 7.07 mm2. The Ag - AgCl electrode was
placed in an aqueous solution solidified by the addition of agar
containing a 0.05 M tetrabutylammonium chloride (TBACI)

* To whom correspondence should be addressed.

solution and was brought into contact with the solidified
nitrobenzene (PhNO,) phase by using a 0.05 M tetrabutylam-
monium tetraphenylborate (TBATPB) solution as the sup-
porting electrolyte. In this way the Ag - AgCl electrode served
as both reference and auxiliary electrodes for the PhNO,
phase and was connected to the terminal of the working
electrode in the three-electrode potentiostat. The potentiostat
used as the detector controller was laboratory-built!? and the
flow injection peaks were recorded on a Model LZX-204
recorder (Dahua, Instrument Factory, Shanghai). The flow
injection system consisted of a JASCO LCP-350 pump and a
laboratory-made injection valve with a 20-pl sample loop. All
measurements were made at laboratory temperature (20 2
@)

Reagents

A solution of 0.1 M KH,PO,4 and 1 mM EDTA was used as the
mobile phase and the pH was adjusted with H;PO, or KOH.
Nitrobenzene was used after purification by extraction. The
other reagents were used as received. The solidified nitroben-
zene phase was prepared according to the method of Marecek
et al.1® National standards of tetracycline and terramycin were
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Fig. 1. Schematic diagram of the thin-layer flow-through cell. 1,
Solution inlet; 2, 0.05 M TBATPB (PhNO,) + PVC + agar; 3,0.05m
TBACI (H,0) + agar; 4, Ag - AgCl, working electrode; 5, Ag - AgCl
+ 0.05 M TBACI, reference electrode; 6, solution outlet, auxiliary
electrode; 7, PTFE gasket (100 pm); and 8, PTFE cell bodies
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used and the antibiotic samples were kindly donated by the
Jilin Institute of Pharmaceutical Inspection, Jilin, China. All
aqueous solutions were prepared in doubly distilled water.

Analysis of Samples

A buffer solution consisting of 0.1 M KH,PO, and 1 mM EDTA
(pH 2.0) was used as the mobile phase in the analysis of the
samples. A 0.100-g amount of the sample or TC and OT
standard was dissolved in 10 ml of 0.1 M HCI, diluted to 25 ml
with water and further diluted 100-fold with the mobile phase
(the final concentration is ca. 0.2 mm). Using a flow-rate of 0.5
ml min-! and a potential of 0.430 V, 20 ul of the sample or
standard solution were injected after the base line had been
allowed to stabilise for 40 min. The amount of TC and OT in
the antibiotic samples was calculated by comparing the peak
heights given by the sample and standard. By using this
procedure, 60 samples could be determined in 1 h. An aliquot
of the standard solution was injected every 10 min in order to
check the accuracy of the measurements.

Results and Discussion
Response Characteristics

Tetracyclines are zwitterions. Hence, the amino group of
tetracycline can accept a proton (pK, = 3.3) to give a
protonated tetracycline complex which has a polycyclic
structure (Fig. 2) with hydrophobic properties. When a
potential is applied to the W/SNb system, the protonated
cations can be transferred across the interface. Fig. 3 shows
flow injection peaks for TC and OT at an applied potential of
0.40 V, which corresponds to the current required for transfer
of the cations from the mobile aqueous phase to the solidified
nitrobenzene phase. As can be seen from Fig. 3, the peaks are
sharp and, therefore, easy to measure. The peak currents are
45.5 and 9.5 nA for TC and OT, respectively.

The equation describing the current response of the
thin-layer amperometric detector can be written as20

i = 1.4InFC(DA/bYUM N ¢))

where A is the electrode area and b is the height of the thin
layer. It can be seen that the current is directly related to the

RH(CH,),

Ry g, CHs Ry
1

R R, Ra Rq
OH H OH

OH OH OH  oxytetracycline
Fig. 2. Structure of TC and OT

tetracycline

25 nA
5 2 min
5
s}
A B
Time

Fig. 3. Flow injection peaks for (A) 0.2 mm TC and (B) OT. Mobile
phase, 0.1 M KH,PO, + 1 mm EDTA, pH 2.0; Potential, 0.40 V
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concentration of the analyte (C), the diffusion coefficient (D)
and the bulk flow-rate (U) for a given flow cell. The
theoretical logarithmic dependence of the current on the
flow-rate is }; this result was also obtained when a glassy
carbon electrode was used.! With the W/SNb interface
detector, it was found that the current decreased from 114 to
100 nA for TC and from 38 to 35 nA for OT at flow-rates
varying from 0.3 to 1.2 ml min-!. A similar effect has also
been observed for both tetramethylammonium (TMA) and
ReO,~ ions and for acetylcholine (ACh) at the same
interface.2! The glassy carbon electrode detector coated with
polymers such as Nafion! or polyvinylpyridine?? shows a
similar flow-rate dependence to that of the W/SNb interface
detector. It was concluded?! that mass transport is controlled
by the diffusion of analytes in the polymer film. Hence, by
analogy, it is reasonable to assume that the response current
for TC and OT at the W/SNb interface is also controlled by
diffusion of the analytes in the solidified nitrobenzene phase
rather than in the aqueous solution. This is in contrast to the
results obtained for voltammetry at a water - nitrobenzene
(W/NDb) interface.16

The effect of the applied potential on the response current
(hydrodynamic voltammogram) for TC and OT is shown in
Fig. 4. When the applied potential is less positive than 0.10 V,
no response is observed. Both compounds reach their
maximum response at 0.45 V and a peak current is observed
(Fig. 4) that is probably due to the interaction of the analytes
with the electrolyte (TBATPB) in the nitrobenzene phase at a
more positive potential. The optimum potential was found to
be in the range 0.40-0.45 V for analytical application. The
similar shape of the hydrodynamic voltammograms shown in
Fig. 4 suggests that TC and OT have similar transfer
characteristics at the W/SNb interface. However, a much
larger peak was observed for TC than for OT (Fig. 3),
indicating that the diffusion behaviour of the analytes in the
solifidied nitrobenzene phase is markedly different; this was
not apparent from voltammetry at a W/Nb interface.

As reported previously, 6 the shape of the voltammograms
is affected considerably by the pH of the aqueous phase. This
dependence is due to the fact that tetracyclines are zwitterions
and so only the cations are able to transfer across the interface.
Similar results were obtained with the flow-through detector,
as shown in Fig. 5. The current response shows little variation
in the (protonated) pH range 1-2.5 for OT and 2-4.5 for TC.
The peaks diminish when the pH of the mobile aqueous phase
is greater than 6 and 4.5 for TC and OT, respectively, showing
that deprotonation of the cations is occurring.

Analytical Applications

Preliminary experiments have shown that the W/SNb inter-
face detector described here can be used continuously for at
least 1 week, with only a gradual decrease in the response due
to the loss of electrolyte in the solidified nitrobenzene phase.
Using a pH 2.0 phosphate buffer as the mobile phase and an
applied potential of 0.40 V, the coefficients of variation for 22

(a) (b)

40 20
< <
c c
2 2

20 10

o,
0 " . 0 s .
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Fig. 4. Hydrodynamic voltammograms of (#) TC and (b) OT.
Conditions as in Fig. 3
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Fig. 5. Influence of pH of the mobile phase on the response of (a)
TC and (b) OT. Conditions as in Fig. 3

replicate injections of 0.2 mm TC and OT were 1.2 and 2.5%,
respectively.

A linear response was found in the concentration range
2-200 um TC and 5-300 um OT with regression equations
i(nA) = 0.184Cryc +0.06, r = 0.9995 and i(nA) = 0.112Cot +
0.07, r = 0.9990, respectively. The detection limit is ca. 20 ng
for TC and 50 ng for OT. When the concentration is such that
a response current greater than 100 nA is produced, linearity
is lost owing to the resulting high resistance in the solidified
nitrobenzene phase.

The above experiment demonstrates that the W/SNb
interface detector can be used for the determination of TC and
OT. Therefore, the TC and OT contents in antibiotic samples
can be determined using FIA with amperometric detection.
Table 1 shows the results obtained, which are in good
agreement with those given by a biological assay, the relative
standard deviation being less than 1%. The proposed method
is simpler and more accurate than that using a water -
nitrobenzene interface!5-16 and demonstrates the advantages
of FIA.

In conclusion, FIA with amperometric detection, based on
ion transfer across a water - solidified nitrobenzene interface,
is an effective method for the determination of tetracycline
and terramycin in drugs. The method can be extended to other
substances that are able to transfer across the interface, such
as chlortetracycline and erythromycin. In conjunction with
liquid chromatography, it could become an accurate and
effective method for the study of biological processes.
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Table 1. Determination of TC and OT in several drugs

Relative
FIA-EC/  Biological assay/  standard
Sample ugmg~! ugmg-! deviation, % *

TCB807035A 892+8 889 +0.3
TC970309A 921+16 928 —~0.7
OT 840551 844 +3 845 -0.1
OT 84031 . . 884 +5 877 +0.8
OT 84033 . . 879+ 10 875 +0.5

* Our results were compared with those given by a microbiological
assay performed by the Jilin Institute of Pharmaceutical Inspection,
China.

This project was supported by the National Natural Science
Foundation of China.
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Determination of Trace Amounts of Aluminium in Tap Water by
Spectrophotometry After Collection on a Membrane Filter Using

Chrome Azurol S and Zephiramine

Kunio Ohzeki, Takashi Uno, Isoshi Nukatsuka and Ryoei Ishida
Department of Chemistry, Faculty of Science, Hirosaki University, 036 Hirosaki, Japan

A sensitive and selective spectrophotometric method for the determination of aluminium(lll) using Chrome
Azurol S and Zephiramine is described. The ion-pair precipitate formed between Zephiramine and
perchlorate ions is effective for the enrichment of aluminium(lll) on a membrane filter as its ternary complex
with Chrome Azurol S and Zephiramine. The solid-state absorbance of the complex on the membrane filter is
measured at 640 and 700 nm against a blank thin layer and the difference is calculated. Although the
calibration graph does not obey Beer’s law good reproducibility is observed, the relative standard deviation
for 0.10 pug of aluminium(lll) in a 20-ml sample volume being 3.1% (n = 5). A ligand buffer solution, composed
of trans-cyclohexane-1,2-diaminetetraacetic acid and an excess of zinc(ll), is effective for masking
interferences from foreign ions, particularly iron(lll). The method has been applied to the determination of

aluminium in tap water.

Keywords: Aluminium determination; ion-pair precipitate; spectrophotometry; membrane filter; tap water

The sensitivity of the spectrophotometric determination of a
metal ion with a triphenylmethane dye, such as Catechol
Violet (CV), Chrome Azurol S (CAS) and Eriochrome
Cyanine R (ECR), can be increased by the presence of a
cationic surfactant such as cetylpyridinium (CP) chloride,
cetyltrimethylammonium (CTA) chloride and Zephiramine
(Zeph).! The effects of cationic surfactants on these sensitised
systems have been reviewed.2 For the determination of
aluminium(III), methods based on CAS - CTA,3CV - CTA 4
CAS - Zeph,5 ECR - Zeph® and CAS - CP7 have been
reported. The ECR - CTA method has been used in conjunc-
tion with flow injection analysis.®

We have been concerned with increasing the sensitivity of
spectrophotometry for the determination of trace amounts of
metals by selective enrichment of the metal as a coloured
species on a thin layer of ion-exhange resin®-!3 or a membrane
filter.14.15 The coloured species is concentrated as a circular
thin layer and determined directly by spectrophotometry or
densitometry. The aim of this work was to develop a sensitive
and selective method for the spectrophotometric determina-
tion of aluminium(III) using CAS and Zephiramine. The
sensitivity of the method is enhanced by the enrichment of
aluminium(III) on a membrane filter as its ternary complex
with CAS and Zephiramine. The selectivity of the method is
increased by using a ligand buffer solution!5.16 composed of
trans-cyclohexane-1, 2-diaminetetraacetic acid (CyDTA) and
an excess of zinc(II). The proposed method was applied to the
determination of aluminium in a tap water sample at the ug -1
level.

Experimental
Apparatus

A Hitachi 150-20 spectrophotometer was used for measuring
the absorbance of the aluminium(III) - CAS - Zeph complex
fixed on the membrane filter. A Hitachi-Horiba Type M-7y
pH meter was used for the measurement of pH. A Toyo
KG-25 filter holder, with a Toyo membrane filter of cellulose
nitrate (0.2 um pore size), was used for collecting the ternary
complex together with the Zephiramine - perchlorate ion-pair
precipitate by filtration under suction. A Yamato Model
WAR Auto Still was employed to purify the water used; water
was first passed through a semi-permeable membrane and
then distilled. Disposable polypropylene beakers (Despo-cup,

Iuchi, Japan) were used as received. PTFE beakers were
immersed overnight in 2 M nitric acid before use.

Reagents

All reagents used were of analytical-reagent grade. Per-
meated, distilled water was further distilled once before use.

Aluminium(IIl) standard solution, 1000 p.p.m., pH 1.
Prepared by dissolving 17.5827 g of aluminium(III) potassium
sulphate dodecahydrate, AIK(SO,),-12H,O, in dilute
hydrochloric acid and diluting to 1000 ml. A working solution
containing 1.00 pg ml-! of aluminium(III) was prepared by
appropriate dilution of the stock solution, maintaining a pH of
1

Chrome Azurol S solution, 1.0 mm. CAS was obtained from
Dojindo (Kumamoto, Japan) and used as received.

CyDTA solution, 50 mMm, pH ca. 6. Prepared by dissolving
trans-cyclohexane-1,2-diaminetetraacetic acid monohydrate
(CyDTA, Dojindo) in water containing sodium hydroxide.

Zinc(II) - CyDTA solution, pH 4.0. Prepared by mixing 100
ml of a 50 mmM CyDTA solution with 100 ml of a 250 mm
zinc(II) nitrate solution. The pH was adjusted by the addition
of ca. 0.8 ml of 10 M sodium hydroxide solution.

Zephiramine solution, 10 mM. Prepared by dissolving
tetradecyldimethylbenzylammonium  chloride  dihydrate
(Dotite Zephiramine, Dojindo) in water containing 1.0 mm
CyDTA.

Sodium perchlorate solution, 3.0 M. Prepared by dissolving
sodium perchlorate monohydrate in water containing 1.0 mm
CyDTA.

Ammonium acetate solution, 2.0 M. Prepared by dissolving
ammonium acetate in water containing 1.0 mm CyDTA.

General Procedure

A 20-ml aliquot of an acidified sample solution (pH ca. 2)
containing 0.20 ug of aluminium(III) was placed in a 150-ml
polypropylene beaker and 2 ml of the zinc(II) - CyDTA
solution were added. The pH of the resulting solution was
about 2.5. The mixture was allowed to stand for 10 min after
which time 2 ml of ammonium acetate solution were added to
adjust the pH of the solution to about 6. Then, 0.25 ml of
CAS, 1 ml of sodium perchlorate and 2 ml of Zephiramine
solutions were added successively. The whole was mixed well
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by swirling and then allowed to stand for about 15 min. The
aluminium(III) - CAS - Zeph complex together with the
Zephiramine - perchlorate ion-pair precipitate was collected
on a membrane filter of 0.2 um pore size (for economy, a
membrane filter of 47 mm i.d. was divided into two halves and
each half was used) by filtration under suction. Hence, the
ternary complex was concentrated on the membrane filter as a
circular thin layer 17 mm in diameter. The membrane filter
was stored wet for about 15 min on a filter-paper impregnated
with water. A blank thin layer was prepared using the same
procedure except that no aluminium(III) was added. The wet
membrane filter holding the AI(III) - CAS - Zeph complex
was placed on a glass plate attached to the sample-side window
of the detector of the spectrophotometer, and the wet
membrane filter holding the blank thin layer was placed on a
glass plate attached to the reference-side window. The
absorbances were measured at 640 and 700 nm, and the
difference was calculated.

Determination of the Solubility Product of the Ion-pair
Precipitate Formed Between Zephiramine and Perchlorate
Ions

A 10 mm Zephiramine solution (f = 1.16) was prepared by
dissolving the Dotite reagent in water. A 25 mM perchlorate
solution (f = 0.998) was prepared by dissolving sodium
perchlorate monohydrate in water and the factor was deter-
mined gravimetrically by using tetraphenylphosphonium
chloride as precipitant.!7 The procedure for the determination
of the solubility product was as follows. A suitable volume of
the 10 mm Zephiramine solution was placed in a 100-ml
calibrated flask and 20 ml of a 1.00 M sodium chloride solution
were added to adjust the ionic strength. The mixture was
diluted to about 90 ml with water and an aliquot of the 25 mm
sodium perchlorate solution was added so that the concentra-
tion of NaClO, in the solution was the same as that of
Zephiramine. The mixture was made up to the mark with
water. The ionic strength of the resulting solution was 0.2 and
the initial concentrations of Zephiramine and perchlorate ions
were both about 0.1 mm (see Table 1). The whole was mixed
well, left to stand for 10 min in a water-bath at 20 + 0.1 °C and
then filtered through a membrane filter of 0.65 um pore size.
The first 40-ml portion of the filtrate was discarded and the
next 5-ml portion was analysed for Zephiramine using the
reported method.!4

Determination of Total Aluminium in Tap Water

A tap water sample was taken after running the water for more
than 1 h. A 5-ml aliquot of the tap water sample was placed in
a 100-ml PTFE beaker and 1 ml of 0.1 m hydrochloric acid was
added. The solution was covered with a PTFE watch-glass and
heated on a hot-plate at about 65 °C for 30 min. After cooling,
the solution was diluted to about 20 ml with water. The
determination of aluminium was then carried out as described
under General Procedure.

Determination of Filtrable Aluminium in Tap Water

A 400-ml portion of a tap water sample was filtered, with the
aid of a plastic filter holder, through a membrane filter of 0.45
um pore size under suction. Then, 100-ml portions of the
filtrate were taken successively and a 5-ml aliquot of each
100-ml fraction was analysed as described under Determina-
tion of Total Aluminium in Tap Water.

Results and Discussion
Extraction of the Ternary Complex on a Membrane Filter

The solubility product of the [Zeph+][ClO,~] ion-pair precipi-
tate was found to be 1.76 X 10-9 as shown in Table 1.
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Table 1. Results of the determination of the solubility product of the
ion-pair precipitate formed between Zephiramine and perchlorate
ions. Ionic strength, 0.2; temperature, 20 °C

Initial
concentration of

Zephiramine and Zephiramine found

perchlorate ions in solution Solubility
/umol 1-! /pmol 1! product
80.4 44.5 1.98 x 109
104.0 40.4 1.63 x 10-¢
116.0 41.0 1.68 x 10-9
Mean: 1.76 x 10-¢
Standard deviation: £0.19 X 10-*
A
8
5 05
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2
a
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0 05 1.0 15
Volume of 3 m NaClO,4 added/ml|
Fig. 1. Effect of perchlorate ion on the extraction of aluminium(III)

as the Al - CAS - Zeph complex from solution on a membrane filter.
Except for the amounts of sodium perchlorate, the other conditions
were the same as those given under General Procedure. A, Sample
thin layer vs. blank thin Fayer; and B, blank thin layer vs. membrane
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Fig. 2. Absorption spectra of the Al - CAS - Zeph complex in a thin
layer of an ion-pair precipitate of Zephiramine and perchlorate ions.
Thin layers were prepared as described under General Procedure. A,
Sample thin layer containing 0.20 pg of aluminium vs. membrane
filter; B, blank thin layer vs. membrane filter; and C, sample thin layer
vs. blank thin layer

Therefore, it was expected that in the presence of a large
excess of perchlorate ion (with respect to Zephiramine)
almost all the Zephiramine ions, except for those involved in
the formation of the aluminium(III) - CAS - Zeph complex,
would be precipitated quantitatively. It was further expected
that the ternary aluminium(III) - CAS - Zephiramine complex
would be co-precipitated with the Zephiramine - perchlorate
ion-pair precipitate and concentrated on the membrane filter
by filtration. Perchlorate ion was found to have a significant
effect on the extraction of the ternary complex, as shown in
Fig. 1. The recovery of the complex on the membrane filter
increased with increasing amounts of perchlorate ion added
and reached a maximum at a molar ratio of perchlorate to
Zephiramine ions ranging from 75 to 150. On the other hand,
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Fig. 3. Effect of Zephiramine on the extraction of aluminium(III) as

the Al - CAS - Zeph complex on a membrane filter. Except for the

amounts of Zephiramine, the other conditions were the same as those

given under General Procedure. A, Sample thin layer vs. blank thin

layer; and B, blank thin layer vs. membrane filter

the blank value initially increased and then decreased with
increasing amounts of perchlorate ion, as shown in Fig. 1. The
decrease in the blank value was probably due to the
competition between the CAS anion and the perchlorate ion
for the Zephiramine cation. The ternary complex together
with the ion-pair precipitate could be collected effectively
using membrane filters with pore sizes in the range 0.20-0.65
um.

The absorption spectrum of the ternary complex fixed on a
membrane filter had a maximum at 640 nm as shown in Fig. 2.
As the composition of the aluminium(III) - CAS - CTA
ternary complex is reported to be 1:2:4,6 the same composi-
tion could be expected for the aluminium(III) - CAS - Zeph
complex.

Effect of Zephiramine

The effect of Zephiramine on the extraction of aluminium-
(III) as the Allll - CAS - Zeph complex was studied by adding
various amounts of Zephiramine in the presence of a large
excess of perchlorate ion. The absorbance of the thin layer on
the membrane filter was increased as increasing amounts of
Zephiramine were added, as shown in Fig. 3. The sharp
increase in the absorbance was mainly due to an increase in the
recovery of aluminium as the ternary complex, which in turn
was due to the increasing amounts of Zephiramine added. The
addition of large amounts of Zephiramine resulted in only a
gradual increase in the absorbance mainly because of an
increase in the effective optical path-length as the thickness of
the thin layer of the precipitate increased.

Effect of pH

The dependence of the absorbance on the pH of the medium
was examined (Fig. 4). The pH was adjusted with the use of
1 M acetic acid, 1 M ammonium acetate solution and 1 M
ammonia. After extraction of the Allll - CAS - Zeph complex,
as described under General Procedure, the pH of the filtrate
was measured. The maximum absorbance of the ternary
complex was obtained in the pH range 5.6-6.5, whereas the
blank value was almost constant in the pH range studied.

Effect of CAS

A maximum and constant absorbance for 7.4 nmol of
aluminium was obtained in the presence of a 27-fold molar
excess of CAS over aluminium, as shown in Fig. 5. The blank
absorbance, however, gradually increased with increasing
CAS concentration.

Ligand Buffer Solution

In nature, aluminium almost always occurs as compounds with
iron. As iron(III) can also form a ternary complex with CAS
and Zephiramine, which interferes in the determination of
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Fig. 4. Effect of pH on the extraction of aluminium(III) as the Al -
CAS - Zeph complex on a membrane filter. Except for the solution
EH, the other conditions were the same as those given under General

rocedure. A, Sample thin layer vs. blank thin layer; and B, blank
thin layer vs. membrane filter
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Fig. 5. Effect of CAS on the extraction of aluminium(III) as the Al -
CAS - Zeph complex on a membrane filter. Except for the amounts of
CAS, the other conditions were the same as those given under
General Procedure. A, Sample thin layer vs. blank thin layer; and B,
blank thin layer vs. membrane filter
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Fig. 6. Effect of zinc(II) on the complexation of aluminium(III) and
iron(IIT) with CyDTA and EDTA. 1, Al''- CyDTA; 2, Alll-EDTA;
3, Felll - CyDTA; and 4, Fe!l - EDTA. Cz, and Cy denote the total
concentrations of zinc(II) and CyDTA or EDTA, respectively. The
total concentration of each ion, Cy, is assumed to be much less than
the total concentration of either CyYDTA or EDTA

aluminium,! it is necessary to mask the effect of iron before
aluminium can be determined satisfactorily. 1,10-Phenan-
throline®.8 and 2,2'-bipyridyl” have been used for this purpose;
however, the masking of interferents as small or non-coloured
species is preferable. In this work a ligand buffer solution
composed of CyDTA and an excess of zinc(I) was examined
to test its effectiveness in masking iron(III).

The logarithmic values of the stability constants of the
binary CyDTA complexes with aluminium(III), zinc(IT) and
iron(III) are reported to be 17.6, 18.7 and 29.3, respectively.18
From these values it is expected that, in the presence of an
excess of zinc(II) over CyDTA, the formation of a CyDTA
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Fig.7. Effect of zinc(II) on the formation of the Al- CAS - Zeph and

Felll - CAS - Zeph complexes in the presence of CyDTA. A,
Aluminium(III), 0.20 pg; and B, iron(III), 20 pg; CyDTA, 50 umol.
Except for the amounts of zinc(II), the other conditions were the same
as those given under General Procedure

—

0.5

Absorbance

8 10

0

Czn/Cetoa
Fig.8. Effect of zinc(II) on the formation of the Al- CAS - Zeph and

Felll - CAS - Zeph complexes in the presence of EDTA. A,
Aluminium(III), 0.20 pg; and B, iron(III), 20 pg; EDTA, 50 pmol
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Fig. 9. Effect of a ligand buffer solution for masking the effect of
iron(III). A, In the presence of 0.20 pg of aluminium(III); and B, in

the absence of aluminium(III). Other conditions were the same as
those given under General Procedure

complex with aluminium(III) will be suppressed, whereas
iron(III) will be complexed quantitatively with CyDTA. On
the basis of theoretical considerations of the actions of the
ligand buffer solution,!5.16 it was predicted that a five-fold
excess of zinc(Il) over the total concentration of CyDTA
would be required to satisfy the above conditions (see Fig. 6).
If the excess of zinc(IT) does not affect the determination of
aluminium(III) with CAS, if the rate of formation of the
iron(III) - CyDTA binary complex is reasonably fast and if the
complex once formed does not react with CAS, then it should
be possible to determine aluminium(III) without interference
from iron(III). For comparison, the effect of zinc(II) on the
formation of EDTA complexes is also illustrated in Fig. 6.

Effect of CyDTA and Zinc(II)

The effect of CyDTA and zinc(II) on the formation of the
aluminium(III) - CAS - Zephiramine ternary complex was
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Fig. 10. Calibration graph for the determination of aluminium.
Error bars indicate 95"/5 confidence limits (n = 5)
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Fig. 11.  Effect of heating time on the determination of aluminium in
a tap water sample. Sample volumes: A, 10.0; and B, 5.0 ml. Heating
temperature, ca. 65 °C

studied by adding a fixed amount of CyDTA to solutions
containing a constant amount of aluminium(III) or iron(III)
and various amounts of zinc(II). When the molar ratio of
zinc(IT) to CyDTA was less than 1, aluminium(III) complexed
with CyDTA and formation of the ternary complex with CAS
and Zephiramine was completely suppressed, as shown in Fig.
7. However, when the molar ratio of zinc(II) to CyDTA was
increased beyond 4, the colour of the Alll - CAS - Zeph
complex reached a maximum and remained constant, whereas
the formation of the corresponding iron(III) ternary complex
was largely suppressed. When CyDTA was added before the
addition of an excess of zinc(II), the colour development of
the Al - CAS - Zeph complex was slow and did not reach a
maximum even after 30 min.

The effect of EDTA was also examined for comparison
purposes (Fig. 8). It was found that EDTA was not effective in
masking iron(III) and that the formation of the Allll - CAS -
Zeph complex was not affected by EDTA in the presence of
more than a four-fold excess of zinc(II) over EDTA. These
results seem to conflict with the theoretical prediction given by
Fig. 6. This discrepancy is probably due to the slow rate of
formation of the iron(IIl) - and aluminium(IIl) - EDTA
complexes.!?

Effect of Iron(III)

The standing time required to eliminate the interfering effect
of iron(IIT) was examined with the use of a ligand buffer
solution composed of 25 mm CyDTA and 125 mM zinc(II).
When 2 ml of the ligand buffer solution were added to a 20-ml
sample aliquot, the maximum masking effect was attained
after a standing time of more than 10 min, and up to 10 pg of
iron(III) could be masked successfully, as shown in Fig. 9.
Although large amounts of iron(III) could not be masked
satisfactorily, it was still possible to determine 0.2 pg of
aluminium(III) in the presence of up to a 100-fold excess of
iron(III).
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Effect of Sample Volume

The recovery of aluminium(III) as its ternary complex with
CAS and Zephiramine was investigated using different sample
volumes. The absorbance of a thin layer prepared from a
solution containing 0.2 ug of aluminium(III) increased almost
linearly from 0.705 to 0.750 absorbance units with increasing
sample volumes over the range 10-30 ml. The volume of the
sample was, therefore, adjusted to 20 ml before the addition
of the ligand buffer solution.

Effect of Temperature

The effect of the temperature of the reaction mixture on the
determination of aluminium(III) as the ternary complex was
examined. The absorbance of a thin layer prepared from a
solution containing 0.2 pg of aluminium(IIT) decreased as the

Table 2. Effect of foreign ions on the determination of
aluminium(III). A", 0.2 pug; sample volume, 20 ml. Reagents added:
Zn" (125 mm) - CyDTA (25 mm), 2 ml; ammonium acetate, 2 M, 2 ml;
CAS, 1 mm, 0.25 ml; sodium perchlorate, 3 M, 1 ml; and Zephiramine,
10 mm, 2 ml

Tolerance ratio

t0 0.2 ug of Relative
ITon Added as aluminium(IlT)  error, %*

Lt .. ¢ HG 50 +2.3
KEY o wa KC 50 +32
Bell! .. .. BeCl, 0.5 +34.5
0.1 +9.5

Mgt .. . MgClL, 12 000 +0.9
Ca* .. .. CaCl, 20 000 +3.2
Bm .. .. H;BO; 50 +2.5
SiV. .. .. Na,SiO; 50 +0.5
PY .. .. (NH,),HPO, 50 +4.2
TiY <. s Ti(SQL)s 50 —3.5
VvV .. .. NH,VO, 50 -1.8
Crv1 .. .. Ky.Cr,0, 50 +0.9
Crit . KyCra(SO4)s 10 =58
S -1.6

Mn" .. .. MnCl, 50 -0.4
Fel" .. .. (NH,),Fe(SO,), 1 —24.2
25% +1.0

Con .. .. CoCl, 50 +1.2
Nitt .. .. NiCl, 50 —0.1
Cu” .. .. CuSO, 50 +0.1
Ga .. .. Ga(NOs); 50 +0.2
Gelv .. .. K;GeO; 50 +2.6
AsV .. .. NaHAsO, 50 +4.4
Asll .. NaAsO, 50 -1.7
MoVt .. (NH,)¢Mo0,0,,4 50 +3.2
Rh1 | Rh(NO,), 10 =22.3
1 -0.6

Pd" .. .. PdCL 50 +0.8
Cdt .. .. CdCl, 50 +1.0
Intt . .. In(NOs), 50 +0.1
Sn" .. .. SnCl, 50 -0.4
Sbitt ... SbCl, 50 =3i5
Py .. .. HPiCl, 50 +1.8
Hg" .. .. HgClL 50 +0.5
T .. .. TINO,; 50 +2.6
Pb .. .. Pb(NOs), 50 +4.4
E= ¢ i Nab 50 —35.9
25 =71

10 =35

* Calculated using the equation

A—Agurs 100
—— x0.050+0.175)}-0.200 | x ——
Ag.22s = Aoazs 0.200

where A is the net absorbance observed in the presence of each
foreign ion and A, 255 and A, ;5 are the net absorbances for 0.225 and
0.175 pg of aluminium(I1I), respectively; these values were 0.798 and
0.656, respectively, based on the calibration graph.

T A 25-pl aliquot of 3% hydrogen peroxide was added.
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temperature of the solution increased; the absorbances were
0.860 at 12°C, 0.769 at 15 °C, 0.737 at 18 °C and 0.705 at 23 °C.
Consequently, a low and constant temperature should be
employed for the determination of aluminium(III). However,
for simplicity, the whole procedure was carried out at room
temperature, which gave solution temperatures in the range
18-20 °C.

Colour Stability

The stability of the colour of the Alll - CAS - Zeph complex
was studied for various standing times after the addition of
Zephiramine. The maximum absorbance was attained after 12
min and the colour was stable for up to 60 min. The colour of
the ternary complex when fixed on the membrane filter was
also stable for at least 60 min provided that the filter was kept
wet with water.

Calibration Graph

A calibration graph for the determination of aluminium(III)
was prepared as described under General Procedure. As the
solid-phase absorbance observed here was due to both
absorption and scattering of light, the graph did not obey
Beer’s law, as shown in Fig. 10. The relative standard
deviation was 3.1% (n = 5) and 2.4% (n = 5) for 0.10 and 0.20
ug of aluminium, respectively. The mean and standard
deviation of the blank absorbance measured against a
membrane filter was 0.173 £ 0.007 absorbance units (n = 32),
and the limit of detection, based on three times the standard
deviation of the blank, was found to be 0.004 pg of
aluminium(III). A semi-quantitative determination of alumi-
nium at the ng ml-! level could easily be carried out with the
naked eye by observing the differences in the colour of the
Al - CAS - Zeph complex fixed on a membrane filter.

Table 3. Determination of aluminium in tap water

Water Amount Aluminium(III) Aluminium in

sample* taken/ml  added/ug Absorbancet tap water, p.p.b.
1 5.0 — 0.189 8.2
5.0 — 0.191 83
5.0 — 0.185 8.0
10.0 — 0.354 83
100 . — 0.346 8.1
Mean: 8.16
SD: £0.11
2 5.0 — 0.210 9.2
5.0 0.10 0.566 9.1
7.5 — 0.278 8.5
73 0.10 0.613 8.1
Mean: 8.72
SD: +0.52
3 5.0 — 0.189 8.2
5.0 0.10 0.550 8.1
7.5 — 0.264 8.0
7.5 0.10 0.594 73
10.0 — 0.334 7.8
10.0 0.10 0.670 8.0
Mean: 7.90
SD: +0.32
4 5.0 — 0.188 8.2
5.0 0.10 0.566 9.1
75 — 0.274 83
73 0.10 0.601 7.6
Mean: 8.30
SD: £0.62

* Samples were taken on four different days.
t Absorbance was measured against a reagent blank in the range
640-700 nm.




1550

Effect of Foreign Ions

The effect of foreign ions, other than iron(III), was studied
(Table 2). Apart from beryllium(II), chromium(III), rhod-
ium(III) and fluoride ion, all other cations and anions tested
had no affect on the determination of aluminium(III). A small
positive error was still observed even when the amount of
beryllium(II) was reduced to 0.02 pg in the determination of
0.20 pg of aluminium. The tolerance limits of chromium(III),
rhodium(III) and fluoride ions in the determination of 0.20 pg
of aluminium(III) were 1.0, 0.2 and 2.0 pg, respectively.
Iron(II) reacted with CAS in the presence of Zephiramine to
form an intense blue complex whose absorption maximum was
at a longer wavelength than that of the corresponding
aluminium complex. Consequently, in the presence of iron(II)
the absorption spectrum was generally shifted to a longer
wavelength and hence the absorbance difference between 640
and 700 nm was reduced, i.e., a negative error was observed in
the determination of aluminium. The adverse effect of
iron(II), however, was successfully eliminated by its oxidation
to iron(IIT) with hydrogen peroxide. The effect of EDTA and
nitrilotriacetic acid (NTA) was also examined; the determina-
tion of 7.4 nmol (0.20 pg) of aluminium was not affected by the
presence of a 5 molar excess of EDTA or NTA.

Determination of Aluminium in Tap Water

The effect of heating time on the determination of aluminium
in a tap water sample was examined. A constant and
maximum absorbance was attained after heating 5- and 10-ml
aliquots of the sample for more than 20 and 30 min,
respectively (see Fig. 11). The results of the determination of
aluminium in a tap water supplying our laboratory are
summarised in Table 3. The recovery of 0.10 pg of aluminium
added to various sample aliquots was 98.0 + 6.8% (n = 7). No
contamination was found from the ambient air or the PTFE
vessel used during the heating procedure. The total amount of
aluminium found on four different days was in the range
7.9-8.7 ng ml-1, the mean being 8.27 ng ml-1.

Effect of Filtration

The effect of filtration on the determination of aluminium in
tap water was studied. The total amount of aluminium found
in each 100-ml fraction of a filtered tap water sample was
almost constant and the mean value of the total concentration
of aluminium in the filtrate was 2.3 ng ml-! as shown in Table
4. As the total concentration of aluminium in the tap water
sample was found to be 9.5 ng ml—! and if the total aluminium
in the filtrate is termed “filtrable aluminium,” then the ratio of
filtrable to total aluminium in the tap water sample is found to
be about 0.24. The effect of filtration on the determination of
iron in the tap water sample was also examined (Table 4). The
determination of iron was carried out by densitometry after its
enrichment as the iron(III) - ammonium pyrrolidinedithio-
carbamate complex on a thin layer of anion-exchange resin.15
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Table 4. Determination of filtrable aluminium and iron in a tap water
sample. The total concentrations of aluminium and iron were found to
be 9.5 and 101 ng ml-1, respectively

Aluminium
found Iron found
Filtrate /ngml-! /ngml-!
1st 100-ml e 1.9 16.2
2nd 100-ml .. 22 14.1
3rd 100-ml .. 2.7 11.1
4th 100-ml .. 2.3 8.1

The total amount of iron in the tap water could be determined
after standing an acidified (pH about 1) 20-ml portion of the
sample at room temperature for more than 10 min. The
concentration of iron found was 101 ng ml-!. As the amount
of iron in each 100-ml fraction of the filtrate decreases with an
increase in the number of fractions taken, so the significance
of the term “filtrable iron” also decreases. However, it is
interesting to note that about 75% of the total amount of
aluminium and more than 90% of the total amount of iron in
the tap water sample were removed by filtration with a
membrane filter.
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A flow injection analysis system is described for the simultaneous determination of several ions in a single
sample using a combination of potentiometric and spectrophotometric detection. A composite manifold has
been designed consisting of a flow cell containing four ion-selective electrodes and two spectrophotometric
transducer flow cells. The system has been applied to the determination of K+, Ca2+, NH,+, Cl-, NO;~ and
PO43- ions in a number of plant nutrient solutions.

Keywords: Simultaneous multi-ion determination; flow injection analysis; multiple ion sensing

There is a continuing need for faster and more diverse
analytical techniques in many branches of science. The
number of components that need to be determined in a single
sample is increasing. Flow injection analysis is one technique
that has greatly increased the throughput of samples and the
application of this technique is expanding rapidly. The use of
simultaneous determination in flow injection analysis has an
obvious advantage in that it decreases the time required to
obtain analyses for a range of analytes in a particular sample;
however, so far relatively little work has been carried out in
this area.!

Recently, we described a system based on detection with
ion-selective electrodes that could be used to determine,
simultaneously, a number of ions in a single sample. This
system was applied to a sample (30 ul) containing two cations
and two anions.23 Although ion-selective electrodes are
undoubtedly useful detectors in flow injection analysis, they
are not available for all ions and suffer from interferences.
Consequently, certain ions are best determined using spectro-
photometric detection. Some examples are PO43-, NH4+ and
Mg?2+ ions, which are important in plant nutrition.

The work described in this paper was aimed at expanding
our original ion-selective electrode based system to include
spectrophotometric detection. A composite system has been
developed and applied to the simultaneous determination of
K+, Ca2+, NH,+, Cl-, NO;~ and PO,3- ions in a number of
plant nutrient solutions.

Experimental

Methods and Materials

Potentiometric measurements

The ionic strength adjustment buffer consisted of 0.2 M sodium
acetate (May and Baker, analytical-reagent grade). The
reference stream was 0.1 M sodium acetate containing 0.005 M
NaCl (BDH, AnalaR grade). Standards were prepared using
CaCl,.2H,0 (BDH, AnalaR grade) and KNO; (Mallinck-
rodt, analytical-reagent grade).

lon-selective membranes

These were based on PVC; literature formulations*5 were
used with the following reagents: K+, valinomycin; Ca2+,
neutral carrier ETH 1001; and NO;—, tetradodecylammonium
nitrate. Chloride was determined with an Ag - AgCl elec-
trode.

Gas diffusion method

The indicator was prepared by adding 10 ml of a 0.1 M sodium
hydroxide solution to 0.1 g of Cresol Red and 0.3 g of Thymol
Blue (both May and Baker) and diluting to 200 ml with
de-ionised water. A 10-ml volume of this solution plus 0.5 ml
of a solution containing 13.8 g I-! of NaH,PO, were diluted to
500 ml and the pH was adjusted to 5.0 with dilute HCI (BDH,
AnalaR grade). Standards were prepared using NH,Cl (BDH,
AnalaR grade).

Molybdenum blue method

The acidic molybdate solution consisted of 0.005 M ammonium
molybdate (May and Baker, analytical-reagent grade) and 0.4
M nitric acid (BDH, AnalaR grade). A 1% m/V ascorbic acid
(BDH, AnalaR grade) solution in de-ionised water was used.
Standards were prepared using KH,PO, (May and Baker,
analytical-reagent grade).

Plant nutrient solutions

These were made up in de-ionised water according to the
compositions given by Douglas® using the following reagents:
KNOs, MgS0,.7H,0, (NH,4),HPO,, NH;NO;, (NH,;),SO,,
K,SO, (all Mallinckrodt, analytical-reagent grade),
Ca(NO3),, NaNO;, CaSO,.2H,0 (all Ajax Chemicals, analy-
tical-reagent grade), KH,PO, (May and Baker, analytical-
reagent grade), superphosphate (calcium orthophosphate,
BDH, GPR), CaCl,.2H,O (BDH, AnalaR grade) and
CaHPO, (Ajax Chemicals, laboratory-reagent grade).

Multi-ion Detector System

The system for the simultaneous determination of K+, Ca2+,
NO;- and Cl- potentiometrically and NH,;+ and PO~
spectrophotometrically in a single sample (60 pl) combines the
previously described ion-selective electrode sensor cell23 with
two spectrophotometric transducers. Also included in the
system is a gas diffusion unit and a Perspex merging - splitting
unit (90 mm long, 25 mm wide and 40 mm deep) containing six
T-shaped junctions (channels 0.5 mm in diameter) with inlet
and outlet connections to allow merging and splitting of the
streams. The detectors and other units are mounted on an
aluminium diecast box (185 mm long, 115 mm wide and 55 mm
deep) and the electronic components are mounted inside the
box with the outputs connected to the data acquisition system.

A schematic diagram of the manifold is shown in Fig. 1. The
sample is injected into the carrier stream which flows to the
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ml min—?
Indicator 0.3
0.1 m NaOH 89 12 em [7====1
——
Sample 60 wl 0.5 mm
1 ¢ 30 cm/
. 1 ISEs
0.2 m NaOAc common
0.1 m NaOAc 0.2 ref. N
0.005 m NaCl
L 0.5 60 cm/0.5 mm
Acidic molybdate 30 cm/0.5 mm
1% ascorbic acid 0.5

Fig. 1.

ion-selective electrode cell and the emerging stream is split at
a T-junction in the merging - splitting unit. Each half of the
carrier - sample stream is then mixed with the appropriate
reagents for the spectrophotometric procedures. As different
back-pressures exist in the two spectrophotometric halves of
the manifold, which could cause an uneven division of the
flow, reproducible splitting of the carrier stream after its
passage through the potentiometric cell is crucial. Flow-rates
were not optimised for the spectrophotometric procedures but
were determined by the flow-rate in the ion-selective elec-
trode flow cell and by the flow resistances in the sections of the
manifold associated with the spectrophotometric methods.
Splitting of the carrier stream was found to be reproducible
and constant in all experiments.

Connections were made with Teflon tubing using standard
fittings (Cheminert) and the sample was introduced by means
of a Rheodyne 5020 Teflon injector. Solutions were trans-
ported to the manifold with a Gilson Minipuls II peristaltic
pump. All carrier and reagent solutions were degassed by
stirring under vacuum for about 10 min.

Potentiometric sensor cell?:3

This consists of two Perspex blocks with a contact area of
about 3.5 X 3.0 cm separated by a Teflon gasket, which
maintains the cell volume at 7 ul. PVC membranes were cast
from tetrahydrofuran solutions on to silver wire contacts in
one half of the cell. A fourth silver contact was anodised to
make the Cl- electrode. The reference electrode was also an
anodised silver wire with its own electrolyte stream (0.1 m
sodium acetate - 0.005 M NaCl). A platinum wire was used to
earth the differential amplifier. Impedance converters were
placed very close to the ion-selective electrodes in order to
reduce noise.

Spectrophotometric transducers

Betteridge and co-workers™® have shown that spectropho-
tometric detectors for flow injection analysis can be construc-
ted very cheaply using light-emitting diodes (LEDs) and
phototransistors. The LEDs have a relatively narrow emission
band width of about 30 nm and hence impart a degree of
spectral selectivity. Different types of LEDs (blue, green,
yellow, amber, red and infrared) are available and it has been
suggested that these can cover the range of wavelengths used
in most spectrophotometric procedures.8 Other reports on the
successful application of such optoelectronic detectors to flow
injection analysis have appeared recently.!0-15

Composite manifold for potentiometric and spectrophotometric detection

The design of spectrophotometric transducers is based on
that reported by Freeman et al.' and includes fibre optic
cables to separate the optoelectronic components from the
flow cell itself. This approach was chosen because it allowed a
rigorous separation of the electronic circuitry from the wet
chemistry. Also, more efficient light coupling can be achieved
because the active diameter of the fibre optic cable (1 mm)
allows it to be inserted directly into the detector flow cell and
dedicated phototransistors and infrared LEDs are available
for the fibre optic cable. The Perspex optical detector flow cell
is shown in Fig. 2 and the special adaptor needed to couple
LEDs other than the infrared type is also depicted. The design
facilitates the easy changeover of LEDs. The optical detector
was covered with black masking tape to exclude stray light.
The circuitry for the spectrophotometric transducers was
adapted from an original design by Betteridge et al.”7 and the
output voltage was made compatible with the data acquisition
system, which was originally designed for use with ion-
selective electrodes.

Gas diffusion cell

A gas diffusion cell, similar to that described by van der
Linden,!6 was included in the system specifically for the
determination of NH,+ as ammonia by spectrophotometric
detection. Flow channels (65 mm long, 2 mm wide and 0.1 mm
deep), machined in two identical Perspex blocks (90 mm long,
25 mm wide and 15 mm deep), were separated by commercial
Teflon tape (8 mm wide, approximately 5 X 10-3 mm thick)
which was used as the gas permeable membrane. The two
halves of the cell were clamped together using six screws. This
cell can also be used for the determination of other diffusible
species such as HF, CO,, SO,, HCN and acetic acid.

Data acquisition system?2.3

This was controlled by an Apple Ile microcomputer and could
be used to measure transient signals from up to eight channels
at a rate that was fast enough for flow injection analysis. The
system consisted of a multiplexer, instrumentation amplifier
and sample and hold circuitry, analogue to digital converter
and offset and gain controls. Software programs were written
in FortH language, mainly because of its speed of execution
and capability for low level applications, which avoided the
use of tedious machine language routines. The software was a
slight modification of that described previously23 and allowed
the additional input channels from the two spectrophoto-
metric transducers to be incorporated.
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Fig. 2. Spectrophotometric transducer: | and 2, inlet and outlet; 3,
plastic-covered fibre-optic cable (2 mm o.d., 1 mm i.d.; Tandy/Radio
Shack, Cat. No. 276-228); 4, stripped section of cable; 5, flow channel
(cell volume 15 pl;; and 6, mounting holes. Inset: adaptor, (a)
cross-section and (b) top view

Results and Discussion
Spectrophotometric Procedures

Ammonium

The potentiometric determination of NH; with a gas sensing
probe has been applied in flow injection analysis'7 but was not
always satisfactory,'8:19 mainly because of the slow response
times. Also, it is impossible to incorporate this probe in our
electrode flow cell, not only because of the configuration, but
also because of the need to use solutions of high pH. Because
of these difficulties, spectrophotometric procedures for the
determination of NH,* were investigated. The indophenol
blue method?*-22 is a direct method that relies on the reaction
of the sample with an alkaline solution of phenol and
hypochlorite. This method was tested for use in our system
and it was found that a relatively long second reaction coil was
needed to achieve reasonable sensitivity, resulting in a long
residence time. Also, we encountered difficulties with the
background, which were similar to those described previously
by Slanina ef al.!8 and which may be due to refractive index
effects. Hence the indophenol blue method was not con-
sidered satisfactory for use with our composite manifold.
Better results for the determination of NH,+ were obtained
with a simpler method which involved using the gas diffusion
cell in conjunction with spectrophotometric detection and an
indicator. The manifold and the method were adapted from
that described by Cardwell er al.23 It was found necessary to
add phosphate buffer to the indicator stream in order to
reduce the sensitivity and hence to cover the desired concen-
tration range. A typical calibration graph is shown in Fig. 3
and demonstrates that the method can be used over the range
0.5-25 mg 1-! of NH,*. The response curve, not surprisingly,
resembles a titration curve. The standard deviation of the
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Fig. 3. NH,* - gas diffusion calibration graph

calibration is about 2 mV (n = 5) over the entire range, which
represents about 1% in the concentration over most of the
range and about 10% below 5 mg 1-1.

Phosphate

Both the molybdenum yellow!” and molybdenum blue
methods!2:14.15.17 have been used in flow injection analysis.
The molybdenum blue method is widely used in flow
analysers2* and has been applied in combination with LED -
spectrophotometric detection.!2.14.15.25 The simpler molybde-
num yellow method was not successful with our system
because it lacks sensitivity; also, the blue LED that was used in
the detector has a peak maximum at 480 nm, whereas the
optimum wavelength for the yellow method is 362 nm.!?
Further, phototransistors are relatively insensitive in the
shorter wavelength regions.

The absorption maximum of molybdenum blue is 824 nm?5
and so use of the infrared LED, which is designed to couple
with the fibre optic cable and which has a wavelength
maximum of 820 nm, is ideal. A typical calibration graph is
shown in Fig. 4 which demonstrates the high sensitivity of the
method even though the graph is non-linear. The standard
deviation for five injections is about 1-2 mV over the entire
range, which represents about 2% in the concentration. A
decrease in sensitivity of about 10% over a period of 4 h is
observed, which must be due to precipitation of the molybdate
complex as the original response can be restored by flushing
the manifold with dilute ammonia.

The use of the red LED at 660 nm, which is the wavelength
used by most workers with conventional detectors!’:26 and
LEDs,12.14 gives a similar calibration graph. Varying all the
flow-rates individually between 0.5 and 4.0 ml min-! pro-
duced no change in the non-linearity, suggesting that this was
not due to failure to optimise the flow-rates. The Beer -
Lambert law is only obeyed for a narrow spectral band pass
and, as the LEDs have relatively broad spectral bands, this
seems the more likely explanation for the curvature. It is
worth noting that Betteridge8 claimed that the LED based
optoelectronic detectors were not successful for the determi-
nation of phosphate using this method but no explanation was
given. However, our work and the work of others!2.14.15 does
not support this claim.

Analysis of nutrient solutions

The proposed system was used for the determination of K+,
Ca2+, NH,+, Cl-, NO;~ and PO,3- ions in some typical plant
nutrient solutions. The composition of these solutions were as
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Fig. 4. PO,*- - molybdenum blue calibration graph: A, 820 and B,
660 nm

given by Douglasé and were chosen to cover a wide concentra-
tion range of the ions studied. It should be noted that these
solutions had to be diluted ten-fold to bring the phosphate
levels into the range of the molybdenum blue method. The
measurement of six ions in a single sample injection took 45 s.
The results are shown in Table 1 (column 2 in each instance)
together with the values calculated from the known composi-
tion of each solution (column 1). The relative standard
deviations are shown in parentheses and the correlation
coefficient (r) for the theoretical and measured values for each
ion is given at the foot of each column. Table 1 also shows the
levels of other ions (Mg2+, Na*+ and SO42-) present in the
samples.

In general, there is good agreement between the calculated
and found values and the relative standard deviations are
acceptable particularly when the complexity of the system is
considered. This work demonstrates the feasibility of simul-
taneous multi-ion determination using flow injection analysis
and shows that it is possible to design manifolds which
combine potentiometric and spectrophotometric detection
and which allow a wide range of cations and anions to be
determined in a single sample. The advantages in terms of
sample throughput and speed of analysis are obvious.

Simultaneous multi-ion determination using flow injection
analysis is a much cheaper and simpler method than ion
chromatography and has the added advantage of being able to
determine both cations and anions simultaneously.

We thank the Australian Research Grants Scheme for
financial support and the staff of the mechanical and electronic
workshops, La Trobe University, for constructing the mani-
fold and associated electronics. P. C. H. and S. S. T. thank La
Trobe University for the award of postgraduate scholarships.
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Simultaneous Determination of Iron(lll) and Total Iron by Flow
Injection Analysis Using Kinetic Spectrophotometry With Tiron

Rokuro Kuroda, Tadashi Nara and Koichi Oguma

Laboratory for Analytical Chemistry, Faculty of Engineering, University of Chiba, Chiba, Japan

Two flow injection analysis systems have been developed for the simultaneous spectrophotometric
determination of iron(lll) and total iron using Tiron as the colour developing reagent. The first system uses a
single detector with two flow cells aligned with the same optical path to yield two peaks corresponding to
iron(lll) and total iron in the sample. The sample throughput is high (60 samples h—1) with a precision of 0.35%
foriron(lll) and 0.55% for total iron. The second system is a multi-detection system which allows 30 samples to
be analysed per hour with the advantage of much simpler instrumentation.

Keywords: Simultaneous determination of iron(lll) and total iron; flow injection analysis; multi-detection

system; spectrophotometry; Tiron reagent

Flow injection analysis (FIA) has increasingly been used in
various fields, owing to its high throughput, cost performance
and versatility. It has also been found to be very useful for
speciation studies; however, its full potential has not yet been
realised. The determination of both iron(II) and iron(III) in
geological! and biological materials2 is a problem that has not
yet been resolved. Iron(Il) and iron(III) have been deter-
mined by flow injection and direct current amperometric
detection with a glassy carbon electrode, in which the two
valency states are differentiated by an appropriate choice of
indicator potentials.?

A combination of spectrophotometry and atomic absorp-
tion spectrometry has been employed for the sequential
determination of Fe!l and Fel!l.4.5 The use of a valve to switch
between streams, with and without a redox reagent, for the
sequential determination of the oxidation states of an element
has been the most common method employed for speciation
and has been applied to the spectrophotometric determination
of Fell and Fe!l with 1,10-phenanthroline - ascorbic acid.¢ A
method not requiring a redox reagent and which uses selective
indicator reactions for each oxidation state, with a valve to
switch between the streams of buffered 1,10-phenanthroline
and acetohydroxamic acid, has recently been reported.”
Similarly, Lynch et al.8 determined Fell and Fe!ll spectro-
photometrically by synchronised sample injection into two
parallel flow systems, in which Fe!l and Fe!ll were determined
with 1,10-phenanthroline and thiocyanate, respectively. Fai-
zullah and Townshend?® reported a spectrophotometric system
in which Fell and total iron were determined by splitting an
injected sample so that a portion passed through a reductor
column and a delay coil before both streams were recombined
and mixed with 1,10-phenanthroline for sequential photo-
metric detection. The use of FIA for speciation studies has
been reviewed by Luque de Castro.!0

This paper describes a simpler approach to the determina-
tion of Felll and total iron by means of spectrophotometric
FIA with a single detector. The formation of a coloured
complex between Fe!ll and Tiron (sodium 1,2-dihydroxyben-
zene-3,5-disulphonate)!! is used as the indicator reaction. In
the presence of Tiron and acetate buffer, the oxidation of Fell
is accelerated by irradiation with ultraviolet light and is
complete within a very short time, so that the Fel!l' - Tiron
complex is detected immediately after the sample has been
injected. The total iron, including the additional Fe!l! pro-
duced, is detected as a satellite peak by means of two flow cells
aligned with the same optical path. Another approach
involves the use of a multi-detection system with a single
detector, as described by Rios ef al.12 The indicator reaction is
the same as that described above, but the entrapment of the

sample in a closed reagent system allows its repetitive passage
through a single detector until it is completely dispersed into
the reagent carrier solution. Iron(III) is determined from the
first peak obtained and total iron, including the additional
Felll, from the plateau response of the dispersed Tiron
complex. When UV irradiation is employed, the second peak
can be used for the determination of total iron without having
to wait for complete dispersion of the Tiron complex. The
sample throughput is fairly low but the system allows the
simultaneous determination of Fe!l!l and total iron using
simple instrumentation.

Experimental
Reagents

All chemicals used were of analytical-reagent grade.

Iron(Ill) and iron(Il) solutions. An Felll solution
(1.00 mg ml—! of Fe!" in 0.5 M sulphuric acid) was prepared by
dissolving 0.863 g of FeNH4(SO,),-12H,0 in 0.5 M sulphuric
acid and diluting to 100 ml with the same acid. This solution
was standardised by titration with EDTA (disodium salt)
using Variamine Blue B as indicator. An Fe!l solution
(1.00 mg ml-! of Fel in 0.5 M sulphuric acid) was prepared by
dissolving 0.702 g of FeSO4(NH,),SO4:6H,0 in 0.5M sul-
phuric acid and diluting to exactly 100 ml with the same acid.
This solution was freshly prepared immediately before use.

Chromogenic reagent solution. Prepared by mixing 1.0g
of Tiron (disodium 1,2-dihydroxybenzene-3,5-disulphonate,
Dojindo Laboratories, Kumamoto), 5.0ml of 10% Triton
X-100 and an acetate buffer solution (pH 4.5 or 6.0) and
diluting to 500 ml with distilled, demineralised water. The
acetate buffer solution was prepared by dissolving 20.5 g of
anhydrous sodium acetate in 400 ml of distilled, demineralised
water and adjusting to pH 4.5 or 6 by the dropwise addition of
S M acetic acid.

Carrier solution. Sulphuric acid (0.1 m).

Working standard and synthetic solutions were prepared to
be 0.1 m in sulphuric acid.

Apparatus

Single detector - two flow cell system

A schematic diagram of the FIA system is shown in Fig. 1. A
single-beam spectrophotometer was used as the detector with
two 1-cm flow cells aligned with the same optical path. The
flow system was assembled from 1.0-mm bore Teflon tubing,
except for the oxidising coil, Cm, (1.0-mm bore polyethylene
tubing), the back pressure coil, b.p. (0.5-mm bore), and the
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Daiflon connectors. A reciprocating pump of the double
plunger type (Sanuki Kogyo DM3M-2044) was used to propel
the carrier solution and the chromogenic reagent solution (pH
4.5). A six-way loop injection valve (116 ul) was used for
sample injection (S in Fig. 1). A Hitachi Model 100
spectrophotometer and a Hitachi Model 056 strip-chart
recorder were also used. The pulses produced by the
reciprocating pump were suppressed by air dampers, D,
placed just behind the pump. In order to accelerate the rate of
oxidation of Fell to Fe!ll, the oxidation coil, Cm,, was inserted
in the system. This coil was made by winding 200 cm of
polyethylene tubing (1-mm bore) round a commercially
available disinfection mercury lamp (Type GL-6, Matsushita
Denki Sangyo, 15-mm bore, 21cm long, 6 W) with a
maximum intensity at 250 nm. The effective irradiation length
was 6 cm. The coil was wrapped in aluminium foil to improve
the efficiency of the irradiation process.

Multi-detection system

A schematic diagram of the multi-detection system is shown in
Fig. 2 in which a single-beam spectrophotometer, D, is used
with a 1-cm flow cell. The manifold was constructed with
0.5-mm bore Teflon tubing and Daiflon connectors. Peristaltic
pumps (SJ-1211H, Atto), P; and P,, were used to propel the
chromogenic reagent solution (pH 6.0). A four-way valve, V,
was used to switch the system from the open free flow mode to
the closed flow mode in which the pump, P,, allowed the
trapped reagent solution to pass repeatedly through the
detector, D. A mixing coil, Cm, (40 cm long), and removable
oxidation coil, Cm, (50cm long, constructed as described
above for the single detector - two flow cell system), were
inserted into the system.

Procedure

Single detector - two flow cell system

A 116-ul volume of the sample solution, S, is injected into the
carrier stream, C (0.1mM H,SO,), and merges with the
chromogenic reagent solution, R, at the confluence point, M
(see Fig. 1). The colour-forming reaction between Felll and
Tiron proceeds rapidly in the mixing coil, Cm;, and the
absorbance of the complex is monitored (560 nm) in the flow
cell, fc;. When the sample is forced to pass through the coil,
Cm,, Fell is oxidised rapidly to Felll by UV irradiation. The
Felll - Tiron complex thus formed is monitored together with
the complex already present at the flow cell fc,, which is
aligned with, and has the same optical path as, the flow cell,
fc;. Hence, two peaks are obtained per injection, the first
corresponding to Felll and the second to the total iron.

P
ml min

_‘D
B E
T

Light path

Fig. 1. Single detector - two flow cell system. Manifold constructed
from 1.0-mm bore Teflon tubing except for b.p. (0.5-mm bore) and
Cm, (1.0-mm bore polyethylene tubing). C, Carrier solution (0.1 m
H,S0,); R, chromogenic reagent solution (0.2% Tiron in acetate
buffer, pH 4.5); P, reciprocating pump; D, damper tube (500 cm); S,
sample solution (116 pl); Cm,, mixing coil (50 cm); fc, and fc,, flow
cells (31.4 ul, 10 x 2 mm); M, confluence point; Cm,, oxidising coil
}200 cm); DL, disinfection lamp (6 W); b.p., back-pressure coil
200 cm); and W, waste
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Multi-detection system

The chromogenic reagent solution, R, is pumped through the
four-way valve, V, and the loop system to waste. A 116-ul
volume of the sample solution, S, is injected into the flow
stream and the valve is switched to entrap the sample into the
closed reagent system. The absorbance of the Felll - Tiron
complex is monitored at the detector, D, and quantified from
the first peak.

The sample is allowed to pass repeatedly through the
detector so that damped signals are obtained; this continues
until the sample is completely dispersed into the chromogenic
reagent carrier solution. The total iron is determined from the
second peak when the oxidation coil, Cmy,, is placed in the
loop or from the plateau response of the dispersed Fe!!! - Tiron
complex by removing Cm, from the loop.

Results and Discussion

Tiron reacts with Felll but not with Fell. A kinetic -
spectrophotometric method for the simultaneous determina-
tion of Fe!l and Fe!'! with Tiron has recently been reported.!!
This work employs the same reaction, but the rapid oxidation
of Fell to Felll is accomplished by UV irradiation in the flow
system. Fig. 1 shows the system used for the simultaneous
determination of Fell and Fe!ll in a single sample injection; it
consists of a single detector with two flow cells which are
aligned and have the same optical path to the detector in the
manifold. When the sample is split into two portions, both
portions must reach the detector cell but at different times. In
the system employed in this work the Fe!ll in the sample meets
the reagent at the point M and reacts immediately to form the
Felll - Tiron complex, which is monitored during its passage
through the flow cell, fc,. Iron(II) is then oxidised rapidly and
quantitatively to Fe!ll in the oxidation coil Cm, where
complete oxidation is achieved by UV irradiation. The Felll -
Tiron complex, together with the total iron, is subsequently
detected at the same detector via the second flow cell, fc,,
which is aligned with, and has the same optical path as, fc;.
The FIA signals obtained with this system are shown in Fig. 3,
from which it can be seen that two peaks are obtained, the first
peak corresponding to Felll in the sample and the second to
the total iron. Note that Fell alone gives rise to the second
peak only [Fig. 3(a) (B)]. The total iron can be determined
from the second peak either by injecting a series of standard
Felll solutions or a series of standard Fel'! solutions. The
sample throughput is high, enabling 60 samples to be analysed
per hour.

In this system, the flow-rates of the carrier and chromogenic
reagent streams were 2.6 and 2.7 mlmin—!, respectively;

Fig. 2. Multi-detection system. Manifold constructed from 0.5-mm
bore Teflon tubing, R, Chromogenic reagent solution (0.2% Tiron in
acetate buffer, pH 6.0); P, and P,, peristaltic pumps; S, sample
solution (116 pl); Cm, mixing coil (40 cm); V, four-way valve; D,
spectrophotometric detector with a flow cell (31.4 ul, 10 x 2 mm);
'm,, removable oxidising coil (50 cm) with DL, disinfection mercury
lamp; and W, waste. Flow-rate (ml min-1), 2.2 (P,) and 2.0 (P,)
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these flow-rates are reasonably rapid and yet no oxidation of
Fell occurs before the sample reaches the flow cell, fc;.
However, when both flow-rates were decreased by about 50%
(i.e., to 1.4 ml min—1 each), an appreciable peak was obtained
for Fell at fc,. The exact mechanism of the reaction between
Fell, oxygen and Tiron is not known, but it has been suggested
that Tiron acts as a catalyst for the oxidation of Fell and as a
chromogenic complexing agent for Fe!ll.ll Therefore, the
mixing coil, Cm;, was constructed to be as short as possible to
prevent oxidation of Fell. In contrast, the length of the
oxidation coil, Cmj;, was increased to 200 cm to improve the
oxidation reaction and to prevent overlapping of the first and
second peaks. The rate of oxidation of Fell is dependent on
pH, the reaction proceeding faster at higher pH. When a
standard Fell solution was injected into the chromogenic
reagent solution (R in Fig. 1) at various pH values (pH
4.5-5.5), a positive peak appeared at the same position as the
first peak at a pH higher than 4.7.

The results of the simultaneous determination of Fell and
Felll in their synthetic mixtures are shown in Table 1. As can
be seen, Felll, total iron and Fell can be determined
quantitatively (the value for Fell being obtained by calculating
the difference between the values for Fe!ll and total iron). The
relative standard deviations (n = 3) for the determination of
Felll and total iron are 0.35 and 0.55%, respectively. Owing to
dispersion, and the subsequent lowering of the peak height,
the precision is fairly low for the determination of total iron
(second peak).

Multi-detection System

This system was used to assess the potential of this configura-
tion for the simultaneous determination of Fe!l and Fe!ll. In
the multi-detection system (Fig. 2), the valve, V, can adopt
two positions. In the first, the flow circulates as it would in an
ordinary flow system and only one FIA peak is obtained.
When V is switched to the second position, the chromogenic

(a) 2 2min
—_
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g M fr 1 e
2
o
<
=
Time —
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Absorbance —

Time —

Fig. 3. Recorder traces in the single detector - two flow cell system.
(a) Solutions of A, Fe'! (24 pg ml-1) and B, Fe! (24 ug ml—!) injected
three times. f, First rcak ands, second peak. Note the absence of first
peaks for B. (b) Solutions containing Fe!'" and Fe!l. Concentrations:
(A) Felll, 7.92; Fell, 64.0; (B) Fe!!l, 15.8; Fe'l, 40.0; (C) Felll, 15.8;
Fell, 56.0; (D) Felll 396 Fell, 8.00; (E) Fe"I 396 Fell, 160 (F)
Fe!l, 40.0; (G) Fel!, 79.2; (H)Fe"' 71.2; (I) Fe'" 63. 3 (J)Fe”‘ $5. 4;
(K) Felll 47, 5; (L) Fell!, 39.6; (M) Fe'" 31.7; (N) Fe"I 23.8; (0)
Felll, 15.8; (P) Felll, 792 and (Q) Fe'M, 3.96 pg ml-1
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reagent solution passes to waste and the sample returns to the
detector. The pump, P,, ensures the circulation of the flow.
With this arrangement a number of peaks appear in accord-
ance with the number of times that the sample passes through
the detector until it is completely dispersed into the reagent
solution. In this system, the first signal corresponds to the
absorbance of the Felll - Tiron complex formed in the sample.
During the circulation of the sample, Fell is oxidised rapidly
by UV irradiation as it passes through the coil, Cm,, and the
Felll thus formed reacts with Tiron to give the second signal,
which corresponds to the total iron and which can, therefore,
be used to measure the total iron. However, the passage of the
sample through the detector, D, increases the dispersion
significantly. As shown in Fig. 4, the circulation of the flow,
forced by the pump, P,, gives rise to a multi-signal, which
eventually reaches a plateau, indicating that homogenisation
of the total iron - Tiron complex is complete. This absorbance
plateau also allows calculation of the total iron. After
measuring the first and second peaks, or the plateau height,
the valve, V, is turned so that the reagent carrier solution is
flushed out of the system. One cycle (i.e., measurement of the
first and second peaks and flushing out of the carrier) takes
about 2 min, so the throughput is about 30 samples h—1. The
results of the simultaneous determination of Fell and Fe!ll in
synthetic mixtures are listed in Table 2, in which averages of
three runs are given for each set of values. Not more than
40 pg of Fe!!l alone can be determined owing to the very large
signal produced; however, much larger amounts of Fell can be
determined because there is a large dispersion of the second
peak. The higher values obtained for Felll appear to be due to
the contribution from Fe!!, which is oxidised rapidly in the
Tiron - acetate buffer system. The average relative standard
deviations (n = 3) for Felll and total iron are 1.2 and 0.61%,
respectively.

Table 1. Simultaneous determination of Fe'' and Fe!! in synthetic
mixtures (two flow cell system)

Added/pg ml-1 Found/pg ml-1
Felll Fell Total* Felll Total Fellf
7.92 16.0 23.9 8.04 24.2 16.2
7.92 40.0 47.9 8.00 47.8 39.8
7.92 64.0 71.9 8.04 71.6 63.6
15.8 40.0 55.8 16.0 55.2 39.2
15.8 56.0 71.8 16.0 71.0 55.0
39.6 8.00 47.6 39.4 474 8.0
39.6 16.0 55.6 39.6 55.6 16.0
7.92 8.00 159 8.04 16.0 7.9
15.8 16.0 31.8 16.0 31.8 15.8
31.7 32.0 63.7 31.6 63.6 32.0
0 40.0 40.0 0 399 39.9
* Fell plus Felll,

+ Calculated by subtraction of Fe!l! from the total iron.

Absorbance —

Time —

Fig. 4. Recorder traces obtained with the multi-detection system.
%a) With UV irradiation and (b) without UV irradiation. A, Blank
0.1M H,S0,); B, 19.7 pg of Fe!'! per ml of 0.1 M H,SOy; "and C,
20.2 ug of Fell per ml of 0.1 M H,SO,
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Table 2. Simultaneous determination of Fe!I" and Fe!! in synthetic
mixtures (multi-detection system)

Added/ug mi-1 Found/pug ml-!

Felll Fell Total* Felll Total Fell}
With UV irradiation—
3.95 4,04 7.99 4.30 8.24 3.94
7.90 8.08 16.0 8.58 15.8 1.2
11.8 12.1 23.9 12.4 23.6 11.2
15.8 16.2 32.0 16.9 31.6 14.7
19.7 20.2 39.9 21.0 39.6 18.6
31.6 8.08 39.7 322 39.2 7.0
87 16.2 39.9 24.4 39.5 151
15.8 24.2 40.0 16.2 394 232
7.90 323 40.2 8.13 39.2 31.1
— 20.2 20.2 0.22 19.7 19.7
Without UV irradiation—
3.95 4.04 7.99 4.06 7.66 3.60
7.90 8.08 16.0 8.22 15.8 7.6
11.8 12.1 23.9 12.4 24.0 11.6
15.8 16.2 32.0 16.1 32.1 16.0
19.7 20.2 39.9 19.9 39.8 19.9
31.6 8.08 39.7 30.7 40.1 9.4
23.7 16.2 39.9 23.4 40.2 16.8
15.8 242 40.0 16.2 40.2 24.0
7.90 323 40.2 8.02 40.3 2.3
— 20.2 20.2 — 20.4 20.4

* Fell plus Felll,
1 Calculated as the difference between total iron and Fe!ll,

It is also possible to determine Felll and Fe!l simultaneously
without using the Cm, irradiation unit. However, in this
instance it takes about 7.5 min to accomplish one cycle in
which total iron can be determined from the plateau absorb-
ance caused by complete homogenisation of the Tiron - Felll
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complex. The results of the simultaneous determination of
Fell and Fe!ll obtained using this technique are also shown in
Table 2. A series of standard Fe!ll solutions were used for the
calibration of total iron, although it is possible to use either
Fell or Felll for this purpose. The accuracies are fairly good,
40 g of total iron being determined successfully. The average
relative standard deviations (n = 3) are 1.1% for Felll and
0.47% for total iron. However, the throughput is fairly low,
viz., less than 10 samples h—1.
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Microdetermination of Vanadium in Environmental Samples as its
Ternary Complex With N-p-Aminophenyl-2-thenylacrylohydroxamic
Acid and 3-(o-Carboxyphenyl)-1-phenyltriazine- N-oxide

Shahid A. Abbasi*t, A. Shahul Hameed, Prakash C. Nipaney and Rajendra Soni

Water Quality and Environment Division, Centre for Water Resources Development and Management,
Kunnamangalam PO, Kozhikode 673 571, Kerala, India

Eleven hydroxamic acids together with a phenyltriazine derivative have been investigated for possible use in
the extractive separation and spectrophotometric determination of vanadium(V). From the results of this
investigation a method is described for the highly sensitive, selective and rapid determination of vanadium(V)
at sub-microgram levels in alloy steels, minerals, animal and plant tissues and natural waters. Vanadium(V)
is selectively extracted from a strongly acidic (3.5-7.5 m HCI) medium with a solution of N-p-aminophenyl-2-
thenylacrylohydroxamic acid (ATHA) in chloroform. The reddish violet extract (molar absorptivity 9.1 X 103
I mol=1 cm~" at Anax. = 550 nm) is then equilibrated with 3-(o-carboxyphenyl)-1-phenyltriazine-N-oxide at
about pH 1.5. The resulting ternary complex is more highly coloured {molar absorptivity 1.55 x 104 | mol-?
cm-1 at Anax. = 455 nm) and obeys Beer’s law at 455 nm over the range 0.2-15 pg ml-' of vanadium(V). The
extraction system enables a 25-fold enrichment of vanadium(V) to be achieved and allows the determination
of the metal down to p.p.b. (ng I-1) levels. The proposed method tolerates the presence of a large number of
anions and cations that are normally found with vanadium in alloys, rocks, plant and animal tissues and
natural waters. The applicability of the method was tested by the determination of vanadium in these
matrices; ATHA was selected from 11 hydroxamic acids as it provided the maximum sensitivity and

selectivity.

Keywords:
environmental samples

Vanadium(V) determination; hydroxamic acids; selective extraction; spectrophotometry;

Vanadium is a ubiquitous element and is more widely
dispersed than such essential elements as zinc, copper,
molybdenum and cobalt.! It has a mean geochemical abun-
dance of 150 p.p.m. and is present in rocks and soils at levels
ranging from 5 to 250 and 20 to 500 p.p.m., respectively.23
Vanadium is, therefore, more readily accessible to most plants
and animals; however, although the role of vanadium as an
essential micronutrient has still to be established, there is little
doubt that this element can be toxic to biological systems.
There is increasing evidence of the damage caused to plants
and animals through exposure to vanadium.45 There is also
evidence for a significant and increasing release of vanadium
into the biosphere through industrial emissions and the
burning of fossil fuels.6 Whereas vanadium levels in unpol-
luted freshwaters are of the order of 2 X 10-4 p.p.m.,™-9
abnormally high levels of this element have been reported in
waters, plants and animals from sites affected by industrial
pollution!0.11; the reported levels of vanadium in polluted
natural waters (average 1.5, maximum 7.4 p.p.m.)89 are far
higher than the concentration of 10-7 m (5.1 p.p.b.) that is
thought to be physiologically significant!2 or the concentration
of 0.5 p.p.m. that has been found to be toxic to fish.5

To facilitate further studies on the distribution and uptake
of vanadium, it is essential to have a rapid, sensitive and
reliable method for the determination of trace amounts of
vanadium in environmental matrices.

Recently, Inoue et al.13 described a method for the
determination of vanadium in coal and coal fly ash employing
N-m-tolylbenzohydroxamic acid. The method has moderate
sensitivity (¢ = 5.0 x 103 1 mol-! cm~1). Some of the other
methods for the determination of vanadium are based on
N-salicylhydroxamic acid (¢ = 8.3 X 103 | mol-! cm~!)14 and
N-phenylcinnamohydroxamic acid (¢ = 7.8 X 103 | mol-!
cm-1),15 The earlier work in this area has been reviewed by

* Concurrently Adjunct Professor, Sonoma State University, CA
94928, USA.

+ Present address: School of Ecology, Pondicherry (Central)
University, Pondicherry 605 001, India.

Agrawal and Jain!é and Agrawal.l7 This paper describes our
attempts to develop a more sensitive and selective method
than those reported previously, and one that would be
applicable to the determination of vanadium in environmental
matrices.

We previously described a method for the determination of
trace amounts of vanadium employing N-o-methoxyphenyl-2-
thenohydroxamic acid (MTHA).!8 In the hydroxamic acids
studied in this work we have introduced conjugation with the
—CH=CH- group at the co-ordination site ortho to the
heteroaromatic atom in the thiophene ring [Fig. 1(A)]. This
results in an increase in the sensitivity and selectivity of the
reagents relative to N-phenyl-2-thenohydroxamic acid [Fig.
1(B)].

Fig. 1(A) shows the structure of N-phenyl-2-thenylacrylo-
hydroxamic acid (PTHA); the various derivatives of PTHA,
having substituents in the meta or para positions of the
benzene ring, which, together with PTHA, were investigated
as reagents for the determination of vanadium, are given in
Table 1. The results presented in Table 1 show that N-p-
aminophenyl-2-thenylacrylohydroxamic acid (ATHA) in
chloroform gives a more sensitive colour reaction with
vanadium than the other analogues. The sensitivity (e = 9.1 X
103 I mol—! cm~1) is substantially enhanced by the formation
of a ternary complex with 3-(o-carboxyphenyl)-1-phenyltriaz-
ine-N-oxide (CPPTNO) (¢ = 1.55 X 1041 mol~-! cm~!). Other
thenylacrylo analogues also formed ternary complexes with
CPPTNO, but their sensitivities were lower than that given by

O O
[:LCH=CH-—C=O
S

A B

Fig. 1. (A) N-Phenyl-2-thenylacrylohydroxamic acid; and (B)
N-phenyl-2-thenohydroxamic acid
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Table 1. Spectral data for the vanadium(V) - hydroxamic acid complexes in chloroform

Hydroxamic acid Amax./nm

N-p-Aminophenyl-2-

thenylacrylo- .. .. .. 550
N-p-Aminophenyl-2-

thenylacrylo- .. .. .. 455*
N-m-Aminophenyl-2-

thenylacrylo- .. .. .. 550
N-p-Methoxyphenyl-2-

thenylacrylo- .. .. .. 545
N-m-Methoxyphenyl-2-

thenylacrylo- .. .. .. 545
N-p-Tolyl-2-thenylacrylo- .. .. 540
N-m-Tolyl-2-thenylacrylo- 55 540
N-Phenyl-2-thenylacrylo- .. .. 535
N-p-Chlorophenyl-2-

thenylacrylo- .. .. .. 530
N-p-Bromophenyl-2-

thenylacrylo- .. .. .. 530
N-p-Iodophenyl-2-

thenylacrylo- .. .. .. 525
N-p-Nitrophenyl-2-

thenylacrylo- .. .. .. 520
N-m-Tolylbenzo- .. .. .. 530
N-Salicyl- Su MG e e 540
N-Phenylcinnamo- .. .. .. 580

* As ternary complex with CPPTNO.

t As ternary complex with thiocyanate in isobutyl methyl ketone.

Molar absorptivity/

Imol-!cm—! Reference
9.1 x 103 This work

1.55 x 104* This work
8.9x 103 This work
8.8 x 103 This work
8.1x103 This work
8.0x 103 This work
7.6 x 103 This work
7.2x103 This work
6.6 x 103 This work
6.3 x 103 This work
6.2 x 103 This work
5.9x103 This work
5.0x 103 13
8.3 x 103+ 14
7.8 x 103 15

the ATHA - CPPTNO combination. In the proposed method
vanadium(V) is first extracted from a 3.5-7.5 M HCl medium
with ATHA into chloroform and the ternary complex with
CPPTNO is formed subsequently at about pH 1.5. Vanadium
can be extracted directly by using a mixture of ATHA and
CPPTNO at about pH 1.5 but at this acidity the extraction is
not as selective as it is at 3.5-7.5 M HCl, although at the latter
acidity the mixed (ternary) complex is not formed. By
employing the proposed method the sensitivity can be
increased without affecting the over-all selectivity of the
method.

The work described here demonstrates that the proposed
method is significantly more sensitive and more widely
applicable than other reported methods!3-17 for the determi-
nation of trace amounts of vanadium.

Experimental
Reagents

All chemicals were of analytical-reagent grade unless stated
otherwise. The water was de-ionised and doubly distilled.

ATHA and its analogues, 0.1 M solutions in chloroform.
ATHA and its analogues were prepared and purified by the
general method of Tandon and Bhattacharyya.!® These
compounds were crystallised several times from benzene to a
sharp, constant, melting point and were characterised by UV,
IR and NMR spectroscopy as detailed elsewhere.2? For the
extraction studies 0.1 M solutions in ethanol-free chloroform
were employed.

Chloroform. The chloroform was freed from ethanol by
washing it several times with water and was doubly distilled
after drying over fused calcium chloride.

CPPTNO, 0.05 m solution in acetone. CPPTNO was
prepared and purified by the method of Majumdar and
Saha.2! A 0.05 m stock solution was prepared in acetone.

Vanadium(V),:5 x 10-% M solution in water. A standard
vanadium(V) solution was prepared by dissolving vanadium
pentoxide (specpure grade) in the minimum volume of dilute
ammonia solution, acidifying with sulphuric acid and diluting

to volume in the presence of a trace amount of potassium
permanganate. The concentration of vanadium(V) was
checked volumetrically.22

Apparatus

Spectra were recorded on Perkin-Elmer Model 402 and
Hitachi Model 220 spectrophotometers. Spectral measure-
ments at constant wavelengths were carried out using these
instruments and an SF-4 (USSR) spectrophotometer employ-
ing matched quartz cells of 10-mm path length unless stated
otherwise. The pH measurements were made on Industrial
Electronics Model 092 and Elico Model PE 132 pH meters.

Extraction of Vanadium

A 25-ml aliquot of the sample solution (containing 0.2-15
p-p-m. of vanadium) and 40 ml of hydrochloric acid (6.5-11.5
M) were transferred into a separating funnel and a 10-3 M
solution of KMnO, was added dropwise with gentle shaking of
the funnel until the faint pink colour persisted. This procedure
was followed to ensure the re-oxidation of any vanadium that
might have been reduced to vanadium(IV) during storage of
the sample. A 5-ml volume of ATHA solution (0.1 M) in
chloroform was then added and the contents of the funnel
were shaken for about 5 min. The phases were allowed to
separate and the reddish violet extract was removed from the
separating funnel and dried over anhydrous sodium sulphate.
To ensure complete recovery of vanadium, the aqueous layer
was extracted again with 5 ml of the ATHA solution and this
second extract was dried and added to the first. The sodium
sulphate was then washed twice with 2-ml portions of the
ATHA solution to remove the final trace amounts of the
vanadium complex. The combined extract was transferred
into a separating funnel and 50 ml of water (adjusted topH 1.5
+ 0.05) were added [adjustment of the pH was carried out
with dilute (about S M) HNO;, using an approximately 1 m
NaOH solution for fine adjustment if the pH went below 1.45
after HNO; addition] followed by 15 ml of a 0.05 M CPPTNO
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solution in acetone. The mixture was shaken for 15 min and
the phases were allowed to separate. The chloroform layer
was drained into a 25-ml calibrated flask, with recovery of the
trapped extract as described above, and diluted to the mark.
The absorbance was measured against a reagent blank at 450
nm and a calibration graph was constructed.

Determination of Vanadium in Standard Rock and Alloy
Samples

To test the reliability of the proposed method, vanadium(V)
was determined in standard phosphate rock (CRM 032) and
alloy steels (BCS CRM 408/1 and NBS SRM 117). Weighed
samples of phosphate rock were decomposed and made up
into “B” solutions by the method of Shapiro and Bronnock.18
The steel samples (0.5 g) were dissolved in dilute H,SO, (1 +
4) and evaporated to a syrupy mass; the process was repeated
twice with 5-ml portions of concentrated HNO;. The solutions
were heated until dense white fumes appeared. After cooling
the solutions were made up to 50 ml with water and boiled to
dissolve the solid organic matter; they were then filtered and
made up to 250 ml with water after the addition of 25 ml of a
1 M sodium fluoride solution. Vanadium was determined as
described under Extraction of Vanadium.

Determination of Vanadium in Plant and Animal Tissues and
Natural Waters

Plant tissues

The plant samples were washed with 5% V/V EDTA solution
and then with de-ionised water. This washing procedure is
necessary to remove any particulate matter adhering to the
surface so that the heavy metals absorbed by the tissues can be
distinguished from those that are weakly absorbed on to the
surface. Tests carried out on unwashed tissue indicated a
concentration increase of between 22 and 96% compared with
values obtained for washed tissue. The plant tissues were dried
at 110°C, ground and passed through a 70-mesh sieve.23
Subsequently, three 1-g portions were taken from each sample
and each portion was digested and analysed separately. Acid
digestion was carried out with nitric - sulphuric - perchloric
acid (10 + 1 + 4).

Animal tissues

The animal tissue samples (goat liver) were washed thor-
oughly with physiological saline solution before a final
washing with water to remove any residual blood. The tissue
samples were dried at 110 °C to a constant mass (referred to as
the “dry mass”) and mixed carefully to achieve homogeneity.
Weighed amounts (ca. 100 mg) were heated with concentrated
sulphuric acid (5 ml) on a hot-plate at 70 °C for 5 min and nitric
acid was then added dropwise until no further reaction
occurred. The heating was continued for a further 15 min after
which the reactants were removed from the hot-plate, about
25 ml of water were added and the resulting solutions were
cooled before being made up to fixed volumes with water in
calibrated flasks.

Natural waters

The water samples were filtered on site through 0.45-um
membrane filter-papers and acidified to pH 1.8 with nitric acid
according to standard methods.2* The samples were analysed
for vanadium as described under Extraction of Vanadium.

Results and Discussion
Choice of Extracting Solvent

Chloroform, benzene, carbon tetrachloride, butan-1-ol,
isoamyl alcohol and isobutyl methyl ketone were tested as
extracting solvents for the vanadium(V) - ATHA - CPPTNO
system. Of these, chloroform was found to be the most
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Table 2. Effect of solvent on the spectrophotometric sensitivity of the
vanadium(V) - ATHA complex

Molar absorptivity/

Solvent Amax./NM* Imol-1¢m-!
Isobutyl methyl ketone 470 7.2 %103
Isoamyl alcohol Bl e 485 7.5% 103
Butan-1-ol S i o 485 7.5%103
Benzene .. .. .. .. 520 8.3x 103
Carbon tetrachloride 34 525 8.8 x 103
Chloroform .. .. .. 550 9.1x103

* The solvents had a negligible absorbance at these wavelengths.

08

06

0.4

Absorbance

¢ 430 460 490 520

Wavelength/nm

Fig. 2. Absorption spectrum of the vanadium(V) - ATHA - CPPTNO
system recorded against a reagent blank

suitable because it was convenient to handle and the extracts
showed maximum sensitivity in this solvent (Table 2). The
alcohols and ketones were not suitable as the intensity and
stability of the colour in these solvents were low. As the
presence of trace amounts of ethanol in the chloroform
adversely affected the colour intensity of the complex, it was
essential to use ethanol-free chloroform for all extraction
work.

Absorption Spectra

The absorption spectrum of the vanadium(V) - ATHA -
CPPTNO system recorded against a reagent blank is shown in
Fig. 2. The maximum absorbance occurs between 450 and 460
nm. At 455 nm the absorbance was reproducible and all
measurements were therefore made at this wavelength. The
molar absorptivity of the complex at 455 nm, based on its
vanadium content, is 1.55 X 104 1 mol-! cm~1. The reagent
blank is colourless and has a negligible absorbance in the
range 380-750 nm.

Effect of Acidity, Reagent Concentration and Time of Equili-
bration

The extraction of the vanadium(V) complex from 2.5-7.5 M
HCl is not only rapid but is also more selective than if carried
out at a pH of less than 0 because at lower pH species such as
iron(II), iron(III), molybdenum(VI) and uranium(VI) begin
to interfere. A 0.1 M ATHA solution was found to be suitable
for complete extraction of vanadium(V) within 5 + 2 min of
equilibration. The optimum concentration of CPPTNO
required to obtain mixed (ternary) complex formation within
15 min of equilibration at pH 1.2-1.8 was 0.05 M. Higher
concentrations did not expedite or enhance the colour
development.



1564

Adherence to Beer’s Law and Sensitivity

The ternary system obeyed Beer’s law over the range 0.2-15
ug ml-! of vanadium(V). The sensitivity of the method,
according to Sandell’s definition,?s was 0.003 pg cm-2 of
vanadium(V). The sensitivity can be enhanced further by up
to 20 times by enrichment of the vanadium concentration
through solvent extraction with ATHA from the aqueous
phase into smaller volumes of the organic phase.

Table 3. Effect of foreign ions on the determination of vanadium(V).

[Vanadium(V)] = 40 ug per 25 ml

Tolerance limit/
ugper25ml Foreign ion
>100000 Fluoride, chloride, phosphate,

Ag+,Li+,Na+ K+, Be2*, Mg2+, Ca2+, Ba?*,
Sr2+, Hg?+,Zn2+,UO,?+, La’+, Gal+,
bromide, iodide, acetate

80000 Cu2+,Ni2+, Co2+, Mn2+, Pb2+, Pd2+, AsS+,
Sbs+, A3+, Ce3+, Th*+, sulphate

60000 Fedt,* Cro+ Hf*+, Snt*

30000 Zr4+, molybdate, tungstate

10000 Titef

* In the presence of ascorbate (5 ml, 5% m/V) as masking agent.
t In the presence of fluoride (2 ml, 5% m/V) as masking agent.
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Effect of Foreign Ions

Vanadium(V) was extracted in the presence of a large number
of foreign ions and then determined to test the tolerance of the
method (Table 3). The tolerance limit was set as that amount
of foreign ion above which an error of more than +2.0%
occurred in the recovery of the vanadium. The results showed
that a large number of ions did not interfere in ratios from
1:2000 to 1:1000 of vanadium to foreign ion. Of particular
significance is the high tolerance of the method towards anions
and cations such as fluoride, chloride, phosphate, iron(III),
copper(Il), nickel(II), cobalt(II), titanium(IV), zirconium-
(IV), hafnium(IV) and uranium(VI), which are normally
associated with vanadium in rocks, minerals and other
environmental matrices.

Analytical Data

Vanadium was extracted from aqueous solutions of various
volumes and vanadium concentrations. The studies revealed
that the proposed extraction system is capable of enriching
vanadium from “lean” solutions (i.e., solutions with a very low
vanadium content) by up to 25 times without adversely
affecting the recovery of the metal or the precision and
accuracy of the determination (Table 4). This aspect effec-
tively enhances the sensitivity of the proposed method by
several orders of magnitude.

Table 4. Analytical data for the extraction and determination of vanadium(V) with ATHA - CPPTNO (n = 8)

Agqueous solution

CHCl; ATHA extract

Standard
Volume of Concentration of Volume of Relative deviation,
sample/ml VV,p.p.m. extract/ml VVexpected, p.p.m. VVfound, p.p.m. error, % p.p-m.
250 0.04 10 1.00* 1.015 1.5 0.01
100 0.10 10 1.00* 1.015 L5 0.01
50 1.00 10 5.00 4.94 1.2 0.06
50 2.00 10 10.00 10.06 0.6 0.09
60 5.00 20 15.00 14.93 0.47 0.11
* Cells with a 5-cm path length were used for absorbance measurements.
Table 5. Determination of vanadium in alloy steels, rocks, animal and plant tissues and natural waters
Vanadium
present
(certified Vanadium Vanadium Standard
Sample value), p.p.m. added, p.p.m. found, p.p.m.* deviation, p.p.m.
Alloy steel
(BCS CRM 408/1) 310 0 307 1.01
Alloy steel
(NBSSRM 117) .. 600 0 596 1.88
Phosphate rock
(CRM032) 1537 0 156 0.79
Radish
(Raphanus satives L.) . . — 0 0.098+ 0.002
— 2.00 2.101 0.005
Water hyacinth
(Eichhornia crassipes
Mart. Solms.) — 0 0 —
— 5.00 5.07 0.065
Goat liver — 0 0.119 0.001
— 2.00 2.121 0.026
Lake water — 0 0 —
— 0.500 0.496 0.003
— 2.500 2.491 0.042
— 0.050 0.051% 0.002
— 0.005 0.005% 0.0002
— 0.003 0.00294 0.0002

* Average of six determinations.
t Cells with a 10-cm path length were used for absorbance measurements.
} Vanadium was enriched 20 times by solvent extraction, and cells with a 10-cm path length were used for absorbance measurements.
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Stoicheiometry of the Ternary System

To establish the stoicheiometry of the ternary complex, the
methods of continuous variation, molar ratio and slope ratio
were employed.2¢ All three methods suggested the formation
ofal:1:1 vanadium(V)- ATHA - CPPTNO complex as the
colour system. The stability constant of the ternary complex,
determined spectrophotometrically by the method of Harvey
and Manning,2” was 3.9 x 106.

Environmental Analysis

The results obtained for the determination of vanadium in
some certified reference materials (Table 5) demonstrate the
accuracy and precision of the proposed method. In other
samples vanadium was determined with and without standard
additions; the results indicate that the method allows the
recovery of vanadium from environmental matrices with a
high degree of reliability and, generally, with a relative error
of less than £2%.

The authors thank the Indian Institute of Technology,
Bombay, the Centre for Water Resources Development and
Management, Kozhikode and Pondicherry Central University
for provision of facilities and Ms B. Kanchana for secretarial
assistance.
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Determination of Antimony in Geological Samples Using Hydride
Generation and Direct Current Plasma Atomic Emission

Spectrometry

Paavo Peramaki and Lauri H. J. Lajunen

Department of Chemistry, University of Oulu, SF-90570 Oulu, Finland

A hydride generation technique coupled with direct current plasma atomic emission spectrometry has been
used for the determination of antimony. The optimum instrumental parameters and the calibration graphs
and detection limits (established for standard solutions) were determined at three different wavelengths. The
interference effects of other hydride-forming elements on the determination of antimony were investigated
and the method was tested on a number of Geological Survey reference materials.

Keywords: Direct current plasma atomic emission spectrometry; hydride generation; interference effects;

geological samples; antimony

The hydride generation technique is a sensitive method in the
atomic spectrometric determination of those elements which
form gaseous covalent hydrides. Miyazaki et al. were the first
workers to combine the hydride generation technique with
direct current (d.c.) plasma atomic emission spectrometry.
They determined arsenic and antimony in water samples with
a system in which the evolved hydrides were first collected in a
liquid nitrogen trap.

Since the pioneering work of Miyazaki ef al., a number of
papers have been published, in which batch-type23 or
continuously working#¢ hydride generation systems have
been connected to a d.c. plasma source.

In this work, trace amounts of antimony were determined
with a batch-type hydride generator coupled to a d.c. plasma
atomic emission spectrometer. The interference effects of
other hydride-forming elements on the determination of
antimony were also studied and the method was tested on a
number of US Geological Survey reference materials.

Experimental
Reagents

All chemicals used were of analytical-reagent grade and were
obtained from Merck (Darmstadt, FRG), except for sodium
tetrahydroborate(III), which was purchased from Fluka
(Buchs, Switzerland). Demineralised, distilled water was used
throughout.

Selenium and tellurium metals (1.0000 g of each) were
dissolved in 20 ml of aqua regia. Germanium (0.5000 g) was
added to 5 ml of 40% HF and concentrated HNO; was then
added dropwise until dissolution was complete. Metallic tin
(1.0000 g) was dissolved in a mixture of 200 ml of concentrated
HCl and 5 ml of concentrated HNOj;. Bismuth (1.0000 g) was
dissolved in 50 ml of concentrated HNQOj;. All solutions were
diluted to the appropriate volume with water in order to
obtain metal concentrations of 1000 mg 1-1.

An antimony stock solution was prepared by dissolving
0.5000 g of metallic antimony in 5 ml of concentrated HCI and
2 drops of concentrated HNOs. To prevent precipitation of
antimony, the solution was diluted to 500 ml with 10% HCI.
Finally, 1000 mg 1-! stock solutions of lead and arsenic were
prepared by dissolving Pb(NOj), (1.5985 g) and As,0;
(1.3203 g) in water and 50 ml of concentrated HCI, respec-
tively. Concentrated HNO; (10 ml) was added to the lead
stock solution.

Potassium iodide and ascorbic acid solutions (1 M each)
were prepared by dissolving the reagents in water. A 1 M
solution of thiourea was made up in 10% HCI. A 4% m/V
reductant solution was prepared by dissolving sodium tetra-

hydroborate(III) in water. The solution was stabilised by the
addition of a grain of NaOH (approximate mass, 200 mg) per
50 ml of solution. A fresh solution was prepared at least every
third day.

All samples were made up in 10% HCI. For antimony, the
acid concentration necessary for hydride generation is not
critical.? A freshly prepared stock solution, containing 10
mg 1-1 of antimony, was diluted daily; potassium iodide was
added to this stock solution to reduce any SbV present to SbIll
(ckr = 0.05 M). In the optimisation of the instrumental
parameters and in the interference studies, the antimony
concentration in all the test solutions was 50 pg 1-1 (with two
exceptions, mentioned later). During the analysis of the
reference samples, thiourea and ascorbic acid were added as a
pre-reductant and masking agent, respectively.

Instrumentation

A SpectraSpan III B single-channel d.c. plasma atomic
emission spectrometer (SpectraMetrics, Andover, MA,
USA), equipped with a SpectraMetrics hydride generator and
a Goertz 120 E chart recorder (Goertz, Vienna, Austria), was
used for the measurements. The spectrometer was operated in
the active diagnostic mode during the determinations.

The hydride generation system? consists of a reaction cell (a
Biichner funnel with a glass frit), a drying tube, a hydrogen
delay column, a flow meter and a special sample introduction
tube. The drying tube is filled with granulated, anhydrous
CaCl,. The excess of hydrogen, produced in the reduction
step, is passed through the delay column which is filled with
Porapak Q (Waters Associates, Framingham, MA, USA). All
parts of the hydride generator are connected by Tygon tubing.

Before commencing measurements with the hydride gener-
ation system, the correct wavelength for antimony is deter-
mined by aspirating a solution of antimony into the plasma via
the normal sample introduction tube; this tube is then
replaced by the hydride introduction assembly. (It is worth
noting that special sample introduction tubes have been
designed which allow both ordinary sample nebulisation and
hydride introduction through the same tube, without disturb-
ing the plasma).3.6 The sleeve pressure of the spectrometer
was 50 Ib in—2 and the nebuliser pressure was decreased to 15
Ib in-2. The plastic sample and waste tubes of the normal
sample introduction system were kept closed by means of the
rollers of a peristaltic pump. The argon flow-rate through the
reaction cell was adjusted to 1.40 1 min—1! using the flow meter.
The instrumental parameters employed for the determination
of antimony are given in Table 1.
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Table 1. Instrumental settings employed for the determination of
antimony

Wavelength . . . 259.805(231.147,206.833) nm
Entrance slit .. 100 x 300 pm

Exit slit .. 100 X 300 pm

PMT voltage . 650900V

Gain < @9 .. 13-25

Recorder sensitivity . 20-100mV

Chart speed . . .. .. lcmmin—!

Reaction time e e wie e 208

Argon flow-rate . 1.401min—!

Procedure

The measurement cycle is carried out as follows. A 10-ml
acidified sample is introduced into the reaction vessel with an
adjustable dispenser. Next, 0.5 ml of the NaBH reductant is
added with a micropipette and 20 s are allowed for the
generation of stibine. The purge valve is then opened and the
hydride is swept into the plasma by the argon flow. The
antimony emission signal is recorded by a chart recorder (it is
also possible to read the peak height from the digital display of
the spectrometer). After the signal has returned to the base
line, the rinse valve is opened and the cell is emptied. The
reaction vessel is rinsed by the addition of 10 ml of distilled
water using an adjustable dispenser. Both valves are then
closed and the next sample can be introduced.

At least three measurements were made on each solution
and the average peak height was calculated. The anhydrous
calcium chloride in the drying tube becomes moist after about
2 h of operation and must then be changed.

The geological samples (0.1-0.5 g) were accurately weighed
into 50-ml calibrated flasks. Aqua regia (6 ml) was added and
the flasks were kept in a sand-bath for 1.5 h at 90-110 °C. The
flasks were allowed to cool and the solutions were diluted to
the mark with 10% HCI. The solutions were centrifuged, then
diluted further and the analyses were performed using the
standard additions method. Thiourea and ascorbic acid
solutions were added as pre-reducing and masking agents,
respectively (the concentration of both reagents in the test
solutions was 0.1 M).

Results and Discussion
Optimisation
A 4% NaBH, solution was used for hydride generation.8 The
reaction time and the volume of NaBH, reductant employed
are not critical for the generation of stibine (Fig. 1).
Satisfactory reproducibility can be obtained with a reaction
time of about 20 s and a reductant volume of about 0.5 ml.

The position of the plasma has a large effect on the response
(Fig. 2). In practice, it is difficult to maintain the plasma in
exactly the same position during the analyses. However, good
results can be obtained if the entrance slit is positioned at the
crook of the Y-shaped plasma image.

The effect of varying the dimensions of the entrance slit was
also investigated. The dimensions of the exit slit were kept
constant (100 X 300 um) while the width and height of the
entrance slit were changed. The best signal to noise ratios
were obtained when the dimensions of the entrance slit were
set at 50 X 300 pm and 100 X 300 pm, the latter values giving
the best results.

Fig. 3 shows the effect of varying the argon flow-rate
through the reaction cell. When the flow-rate is increased, the
peaks become higher and narrower. However, if the flow-rate
is too high, the plasma will be disturbed. During the
optimisation procedure, the argon flow-rate was set at 1.25
I min—1.
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Table 2. Detection limits and relative sensitivities for different Sb
wavelengths

Detection limit*/ Relative

Wavelength/nm pgl-! sensitivity
206.833 1.0 0.26
231.147 0.3 0.57
259.805 0.2 1.00

* 10-ml sample.

Calibration Graphs

Calibration graphs for antimony were constructed at three
different wavelengths, viz., 206.833, 231.147 and 259.805 nm.
The calibration graphs were linear in the range studied (0-600
ug ml-! of Sb). The best senstivity was obtained at a
wavelength of 259.805 nm (Table 2); this wavelength was
therefore selected for all further measurements. Fig. 4 shows
the emission signals obtained for three dilute antimony
solutions.

The precision (RSD) of the method was 7.3 and 2.0% for 5
and 50 ug ml-! of Sb, respectively (» = 10). The detection
limits given in Table 2 were obtained in aqueous solutions and
correspond to the mean of the blank plus three times its
standard deviation.
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Matrix Ion Effects

The hydride generation technique, when used in conjunction
with a d.c. plasma atomic emission spectrometer, is sensitive
to interferences caused by other elements present in the
sample.2.9-19 In this work, the effect of other hydride-forming
elements on the determination of antimony was studied. The

2 min
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Fig. 4. Emission signals recorded for trace amounts of antimony at
259.805 nm
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Fig. 5. Effect of hydride-forming elements on the determination of
antimony

Table 3. Typical statistics of the standard additions graphs used in the
determination of antimony in various geological reference materials

Slope/counts Correlation

Sample™ lug 'F coefficient
GXR-1 19.883 0.997
GXR-2 20.508 0.998
GXR-3 20.219 0.998
GXR-4 19.083 0.995

* GXR-5 was not analysed.
+ Counts = digital readout of the spectrometer.
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concentration of antimony in the test solutions was 50 ug 1-1,
and increasing amounts of each of the other elements were
added successively. Potassium iodide was used to reduce any
SbV present to Sbl!l. The iodide concentration in the final test
solutions was 2.5 X 10-4 m.

It was found that only selenium, tellurium and bismuth
interfered at higher concentrations in the range studied (Fig.
5). At high concentrations these elements were either reduced
to the free metal or formed metal borides in the reaction vessel
during the reduction step.!! With selenium, the test solutions
exhibited a reddish colour, indicating that the selenium was
being reduced to the free metal by the iodide ion.

Determination of Antimony in Reference Samples

The proposed method was tested by determining antimony in
several US Geological Survey reference materials. Because
the interferences caused by selenium, tellurium and bismuth
were not very severe, no attempt was made to eliminate them.
The amounts of these three elements present in geological
samples are usually in the low p.p.m. or p.p.b. range!2and it is
therefore unlikely that interference effects will be a problem.
Among the samples analysed GXR-1 has the highest concen-
trations of bismuth, selenium and tellurium, viz., ca. 1700,
18.6 and 8.7 mg kg1, respectively.!3-15 Although the level of
bismuth is fairly high, the concentration in the final test
solutions is below 1000 ug 1-!, and hence interference is not
expected.

The analyses were performed using the standard additions
method. The slopes of the standard additions graphs for
different samples were similar during the measurement cycle,
indicating that no interferences were present (Table 3). The
results of the determinations are shown in Table 4.

Because low results were obtained for the standard refer-
ence material GXR-1 (compared with the recommended
value), another sample dissolution method was tried. Samples
were accurately weighed into 100-ml Erlenmeyer flasks and 6
ml of aqua regia were added. The flasks were fitted with reflux
condensers (to prevent evaporation of antimony) and the
solutions were heated in a sand-bath for 2.5 h at 140-150 °C.
The solutions were allowed to cool and the condensers were
flushed with 10% HCI. The solutions were transferred
quantitatively into 50-ml calibrated flasks and the analyses
were performed using the standard additions method. The
results obtained are given in Table S.

A two-tailed F-test of variances!® gave an F value of 45.45
for the GXR-1 sample, demonstrating that there is a signifi-
cant difference between the two variances at the 5% level. A
separate estimation of variance r-test gave a ¢ value of —1.47.

Table 4. Results of the determination of antimony in some geological reference samples. All results expressed in mg kg—!

Antimony found

Recommended
Sample Material This work* valuet ITNAT 1ENA*t At B¢ (e D
GXR-1 . Jasperoid 83.1+10.1,n=5 124 £ 6 1243 125%5 117 105 115 97.6
(89.8£1.5,n=3) (122)
GXR-2 .. Soil 402+£23,n=4 48+ 5 502 45+4 45.7 39.6 41.04 43.6
(42.5£0.7,n=3) (40.00)
GXR-3 Fe - Mn - W-rich 38.1+£1.8 40+3 43+2  38%2 40.1 36.0 21.9
deposit (n=4)
GXR-4 . Copper mill 3.86 = 0.06 44108 48+0.6 3906 3.32 3.6 5.1
heads (n=3)
GXR-5 .. Soil 1.57+£0.16 2] 1.6+02 20£1.0 <1 1.6
(n=4)

* n = Number of determinations. For an explanation of the values in parentheses (GXR-1, GXR-2), see footnotef.
+ ITNA = instrumental thermal neutron activation; IENA = instrumental epithermal neutron activation. The recommended value is the mean

of the results obtained with these two methods.

$ A. (i) HCI digestion; (ii) matrix modification with palladium in 1.4 M nitric acid; and (iii) GFAAS.'®

§ B. (i) HCI - H,0, digestion; (ii) IBMK extraction; and (iii)) FAAS.!3

Y C. (i) Aqua regia digestion (values in parentheses: HF - HCIO, - HNO; digestion); and (ii) hydride generation AAS.'7
[ D. (i) Volatilisation of antimony triiodide; (ii) trioctylphosphine oxide (TOPO) - IBMK extraction; and (iii) FAAS.18
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Table 5. Effect of sample dissolution technique on the determination
of antimony. All results expressed in mg kg~!

Dissolution in

Normal dissolution Erlenmeyer flasks

Sample Sbfound Mean Variance Sbfound Mean Variance
GXR-1 81.46 88.50

92.25 91.43} 89.80 1.49

87.11 83.07 10.07 89.46

88.09

66.42
GXR-2  41.87 42.40 }

37.29 4192 42.53 0.68

pu( W8 22 g4

42.24

For four degrees of freedom this indicates that there is no
difference between the mean values of the results obtained
with the two different sample dissolution techniques.

For the GXR-2 sample, the two-tailed F-test gave an
Fvalue of 11.51 and the variances did not differ significantly at
the 5% level (the tabulated F value is 39.17). A pooled
estimation of variance t-test gave a ¢ value of —1.66; there is no
evidence that the two methods give different results [for five
degrees of freedom, the critical value of |¢] is 2.57 (p = 0.05)].

The reason for the low recovery of antimony from the
GXR-1 sample is not known. This sample matrix has a high
silicon content and hence may require treatment with hydro-
fluoric acid. However, good recoveries were also obtained
using hydrochloric acid and aqua regia for dissolution of the
samples!é:17; it is unlikely that an interfering element is
present in the GXR-1 sample (for example, both GXR-1 and
GXR-3 have a high iron content).

Conclusions

A hydride generation technique used in conjunction with d.c.
plasma atomic emission spectrometry was found to be a simple
and sensitive method for the determination of low levels of
antimony in several geological reference materials. The
emission intensity of antimony was independent of the

ANALYST, OCTOBER 1988, VOL. 113

reaction time used for hydride generation, indicating that the
stibine generated was stable, and hence a suitable reaction
time could be selected to ensure that the hydride generation
reaction was complete before the hydride was swept into the
plasma. The other hydride-forming elements had only a small
effect on the determination of antimony and, in the geological
reference materials studied, the interference caused by these
elements was negligible.
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On-line Separation of Silver With the Chelate-forming Resin
Amberlite XAD-2 - PAR Prior to its Determination by Flame Atomic

Absorption Spectrometry

Krystyna Brajter and Ewa Dabek-Zlotorzynska

Department of Chemistry, University of Warsaw, Pasteura 1, PL-02-093 Warsaw, Poland

The preparation, characteristics and analytical application of the chelate-forming resin Amberlite XAD-2 - PAR
are described. The XAD-2 - PAR resin in the presence of tetren (tetraethylenepentaamine) was applied to the
on-line isolation of silver prior to its determination by flame atomic absorption spectrometry. The over-all
system provides signal enhancement and can be used for the rapid and selective separation and
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Atomic absorption spectrometry is an accepted method for
the determination of silver in ores and concentrates.!2 To
avoid matrix interferences, which are observed in flame and
electrothermal methods, preliminary analyte isolation is
recommended.!-* Most previously described methods involve
extraction for the isolation of silver before its determination
by AAS,- but for many methods difficulties are observed
owing to non-selective extraction of silver.? We consider ion
exchange with the use of a chelate-forming resin to be a very
promising method for the isolation of analytes from a matrix
metal. These resins are prepared by immobilisation of
chelating agents on various supports.5-13

In this work 4-(2-pyridylazo)resorcinol (PAR) immobilised
on Amberlite XAD-2 hydrophobic polystyrene resin in the
presence of tetren (tetraethylenepentaamine) was applied to
the on-line isolation of silver prior to its determination by
flame AAS. Selective separation was achieved. Using 0.5 M
thiourea in 0.2 M nitric acid for elution, the over-all system
provides signal enhancement and can be used for the rapid
determination of silver in copper ores.

Experimental
Reagents

Amberlite XAD-2 (Aldrich) had a specific surface area of 330
m? g-1, a pore diameter of 90 A and a bed size of 2060 mesh.
PAR (POCH, Poland) was recrystallised from ethanol.
Standard solutions of metal ions were prepared by
dissolving appropriate amounts of analytical-reagent grade
metal nitrates in doubly distilled water. The solutions were
standardised by AAS against spectral standards.
Tetren was obtained as a 20% solution (Merck).

Apparatus

A Beckman Model 1272 atomic absorption spectrometer with
an air - acetylene burner and a Perkin-Elmer HGA-74 graph-
ite furnace atomiser and a Zeiss Jena Model AAS 1
spectrometer with an air - acetylene burner were used. An
Elpo (Poland) Model N-517 pH meter with calomel and glass
electrodes, Type G 202B (Radiometer, Denmark), were
utilised, together with a peristaltic pump (DP2-2, GDR).
The column was of 6 mm i.d. and fitted with a stopcock.

Determination of Metal Ions

Metal ions were determined by means of flame and graphite
furnace AAS. They were calibrated against standards pre-

pared in the same media as the samples. Zr was determined
spectrophotometrically with PAR (A = 520 nm).

Preparation of PAR Resin

The Amberlite XAD-2 resin (after washing with methanol, 6
M hydrochloric acid, water, 2 M sodium hydroxide solution and
water) was shaken with 5 X 104 M PAR solution until the
supernatant solution became colourless. The resin was filtered
off, washed with water, air dried and stored in a refrigerator.
The modified resin contained 0.04 mmol of PAR per gram of
Amberlite XAD-2. It is stable for at least 3 months.

Determination of the Adsorption Isotherm of PAR

The sorption of PAR was measured under static conditions. A
0.200-g portion of Amberlite XAD-2 was moistened with
methanol and then shaken with 20 ml of PAR solution of
various concentrations (1 X 10-4-1 x 10-3m) at pH 4 for 12 h.
After 24 h the equilibrium concentration of PAR in the
solution was measured by spectrophotometry at 395 nm.

Sorption of PAR as a Function of pH

A 0.200-g portion of resin was moistened with methanol and
then shaken for 12 h with 20 ml of 1 X 10-3 M PAR in the
absence and presence of tetren (1 X 10-3 and 1 X 10-2 M),
then the pH was adjusted with nitric acid and sodium
hydroxide solution to a value in the range 2-12. The
equilibrium concentration of PAR was measured by
spectrophotometry after 24 h.

Resistance of XAD-2 - PAR Resin to Mineral Acid and NaOH

A 50-ml volume of mineral acid or NaOH of known
concentration was passed through a column containing 0.500 g
of XAD-2 - PAR resin (0.04 mmol g-1) and the flow-rate was
adjusted to 1.0 = 0.2 ml min-!. The concentration of
complexing reagent in the effluent was measured spectropho-
tometrically.

Retention of Metal Ions as a Function of pH

Samples (0.200 g) of modified resin were mixed with 1 ml of
methanol and 20 ml of solution containing 0.10 mg of metal
ions in the absence and presence of a 10 molar excess of amine
(tetren). The solutions were adjusted to appropriate pH
values. After equilibrium had been attained (24 h) the
concentration of metal ions was determinated by AAS.
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Separation Procedures (Off-line)

A 5-ml volume of solution containing a mixture of metal ions
was adjusted to pH 7.2-7.7 with tetren and passed through a
column of PAR resin at a flow-rate of 0.5 ml min—!. The
column was washed with water and 5 ml of 0.05 M tetren
solution at pH 7.2-7.7. Silver was eluted with 10 ml of 0.5 m
thiourea in 0.2 M nitric acid. A 4.5-cm bed height of 0.5 g of
modified resin was used (0.04 mmol g—1).

On-line Pre-concentration of Silver Prior to Flame AAS

All silver-containing standards were adjusted to pH 7.2-7.7
with tetren. Sample solutions were pumped through the
4.5-cm bed height of 0.5 g of modified resin (0.04 mmol per
gram of resin) at the aspiration rate of the AA spectropho-
tometer, 8 ml min—!. The resin was washed with water, 5 ml of
0.05 ™ tetren at pH 7.2-7.7 and water for 1 min to remove
interstitial solution and to establish a base-line AA signal.
Silver on the modified resin was eluted next with 10 ml of 0.5 M
thiourea in 0.2 M nitric acid. The eluted silver was detected as
the measured AA peak height. After elution the column was
washed with water for 3 min to re-establish the base line.

Determination of Silver in Natural Samples

Sample preparation

Transfer about a 1-g sample of copper ore or brass into a
beaker and add 10 ml of water and 15 ml of 2 M HNO;. After
the evolution of CO, and H,S, evaporate the sample to
dryness on a hot-plate. Add three further 10-ml portions of 2m
HNO;, evaporating to dryness after each addition. Add 25 ml
of nitric acid to the dry residue and heat to boiling under a
cover. Filter the residue, wash twice with dilute nitric acid,
combine the two filtrates and again evaporate to dryness.
Dissolve the residue in 25 ml of dilute HNO;, filter the
solution into a 100-ml calibrated flask, rinse the filter-paper
carefully with 25 ml of dilute nitric acid and dilute to the mark
with 0.1 M HNO;.

Method 1 (off-line)

Place 1 ml of the above solution in a beaker, dilute to 5 ml and
adjust to pH 7.2-7.7 with tetren solution. Introduce the
mixture on to a column containing 0.5 g of modified resin
(0.04 mmole g-1) at a flow-rate of 0.5 ml min—!. Wash the
column with water, 5 ml of 0.05 m tetren at pH 7.2-7.7 and
water. Elute the silver with 10 ml of 0.5 m thiourea in 0.2 M
nitric acid into a 100-ml flask. Determine silver by graphite
furnace AAS under the following conditions: wavelength,
328.07 nm; band width, 0.7 nm; volume of sample, 10-20 pl;
drying, 100 °C for 20 s; charring, 550°C for 15-20 s.

Method II (on-line)

Place 50 ml of the above solution in a 250-ml calibrated flask,
adjust to pH 7.2-7.7 with tetren solution and dilute to the
mark with water. Introduce on to a column containing 0.5 g of
XAD-2-PAR resin (0.04 mmole g—1!) 25 ml of the above
solution at a flow-rate of 8§ ml min—1, then wash the column for
1 min with water, S ml of tetren at pH 7.2-7.7 and water
(1 min). Elute the silver on the resin with 10 ml of 0.5 m
thiourea in 0.2 M HNO; directly into the flame AA spec-
trometer at the same flow-rate.

Results and Discussion

Amberlite XAD-2-PAR chelating resin in the presence of
tetren was successfully used for the on-line (and off-line)
isolation of silver from matrix metals before its determination
by flame AAS. The method was adopted for the determina-
tion of silver in copper ores and appeared to be precise and
rapid (Table 1).
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Table 1. Results for the determination of silver in natural samples
(average of eight determinations; mean and range, 95% confidence
limit)

Contentof Ag, 10 2%

Extraction
with
Sample Off-line On-line dithizone ~ AAS*
Copper ore* . 2212010 2.19%0.15 — 1.80
Brass ny — 1.98£0.20 206026 1.39

* Without separation.
* Standard rock sample, copper ore CuPI (Institute of Geology,
Warsaw). Silver concentration, 2.26 X 10-2%.
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Fig.2. Sorption of PAR as a function of pH. Tetren: (O) absent; (@)
1x10-3m;and (W) 1 x 10-2 M

In Fig. 1 the adsorption isotherm of PAR on Amberlite
XAD-2 resin at pH 4 is presented. It indicates that the capacity
of XAD-2 for PAR is 0.2 mmol g-!. The maximum capacity
occurs at low pH, as Fig. 2 shows. This is in agreement with the
theory postulated by Cantwell and Puon!4 based on the
Stern - Gouy - Chapman theory.!5 In acidic medium, proto-
nated forms of PAR (pK,; = 2.7, pK,, = 5.5, pKy,3 = 12.3) 16
owing to the zero charge on the molecules, are sorbed to a
greater extent on the hydrophobic surface of XAD-2 resin
than they are in a non-acidic medium. The sorption of PAR by
XAD-2 is due mainly to &t - ;t dispersion forces arising from the
aromatic nature of the resin and reagent.

The PAR-modified resin is resistant to mineral acids at
concentrations up to 6 M (the release of PAR from the resin
phase is less then 40%). The influence of HNO3, HCI and
HCIO, and also NaOH on the retention of PAR was
investigated (Fig. 3). The following sequence of influence of
mineral acids on the modified resin can be deduced: HCI >
HNO; > HCIO,.

The influence of tetren solution on the retention of PAR
was investigated at molar ratios of PAR to tetren of 1:1 and
1:10. No differences due to the presence of tetren or to better
results were observed (Fig. 2).

PAR forms stable complexes with many metal ions and
without a competing ligand it is convenient for group metalion
pre-concentration. We found that in the presence of tetren as
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Fig. 3. Release of PAR from XAD-2-PAR resin by mineral acids
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Fig. 4. Retention of metal ions on the PAR-loaded resin as a
function of pH. (O) In the absence and (@) in the presence of tetren

a competing ligand, differentation of retention of metal ions
occurs. The retentions of Ag!, Cull, Nill, Coll, Mn!l, Zn!l,
Cdu, Pbll, Fell| Felll Sb!l and Zr!'V in the absence and
presence of tetren are shown in Fig. 4. Comparison of the
results shows that Ag! in the presence of tetren is especially
strongly retained on XAD-2 - PAR resin. Cu!l and other metal
ions show a negligible affinity for the resin under these
conditions.

On the basis of the different behaviours of Ag! and Cul! and
other metal ions, a method for the isolation of Ag! was worked
out. Results for the separation of Ag! from excess of other
metal ions using the off-line procedure are presented in Table
2. In static measurements tetren provides a great enough
differentiation of the retention of Cul! and Ag! to separate
both metal ions.

The dynamic experiments showed that the molar ratio of
tetren to all the matrix metals is a very important factor for the
quantitative retention of silver. To optimise the conditions, a
set of experiments was performed in which the Cu!! content
was changed from 0 to 90%. It was found that if tetren is added
to the feed solution with the pH maintained in the range
7.2-7.7, silver was quantitatively retained on 0.5 g of
XAD-2 - PAR resin containing 0.04 mmol of PAR per gram of
resin, independent of the Cul!! content.
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Table 2. Separation of silver from other metal ions on PAR-loaded
Amberlite XAD-2 (11 pg of Ag added; average of four measurements
and 95% confidence limits)

Silver found/ug Metal ion Added/mg Found/mg
10.9+0.1 Cu 0.10 0.10+0.01
10.8+£0.2 0.50 0.50 £0.01
10.8+0.1 1.00 0.99+0.01
10.6+£0.3 2.00 1.98 £0.02
10.8+0.1 Zn 0.50 0.50 +0.02
10.7+£0.2 1.00 0.97 £0.02
10.7+0.3 2.00 1.65 +0.05
10.8+0.2 Ni 0.05 0.045 £ 0.002
10.8 £0.2 0.10 0.075 £0.002
10.6+£0.2 0.20 0.15+0.02
10.9+0.1 Co 0.10 0.10+0.01
10.9+0.1 0.20 0.20+0.01
10.8+0.2 1.00 0.85+0.02
10.8+£0.2 Cu 0.50 0.50+0.01

Zn 0.10 0.10 +0.01
Ni 0.05 0.044 £ 0.004
Co 0.05 0.050 £ 0.001
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Fig.5. (a) Schematic diagram of the flame AAS (FAAS) system. (b)
1, Direct introduction of a 0.5 p.p.m. silver solution into the FAAS
system (no column); 2, on-line system. A, Introduction; B, washing;
and C, elution profiles for the XAD-2 - PAR column equilibrated with
a 0.5 p.p.m. silver solution

Determination of Silver

The application of flame AAS for the determination of silver
after its on-line pre-concentration and separation required the
correlation between the flow-rate of sample introduction into
the flame AAS system and the flow-rate used in the column.
To provide the maximum analytical signal of silver the
characteristic flow-rate of the nebuliser of the Beckman
spectrometer was used, i.e., 8§ ml min—L.

The same flow-rate was used in the column and for sample
introduction and silver elution. The other column parameters
(bed height, capacity) were the same as in the off-line
procedure. The change in the analytical signal of silver was
recorded during the whole experimental procedure, ie.,
sample introduction, Cull elution and Ag! elution. The base
line and the shape of the recorded chromatograms (peak
height vs. time) were unchanged (Fig. 5). Application of the
ion-exchange isolation of silver enhanced the analytical signal
of silver (Fig. 5).
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Both the peak-height and the peak-area modes were used to
determine the concentration of Ag!l. The peak-area mode gave
better results, but it was more time consuming because of lack
of a peak-area intregrator. The precision obtained with the
peak-height mode is good enough and this mode was utilised
in the final procedure. For the determination of silver
concentrations calibration graphs were used. Standard silver
solutions yielded a linear calibration graph over the range
0.1-2 p.p.m. with a correlation coefficient of 0.996. The
precision was evaluated from ten replicate measurements on a
0.5 p.p.m. Ag!solution. A relative standard deviation of 2.3%
was obtained.

Column Performance

The volume of sample introduced into the column was equal
to 25 ml in 3 min. Then 5 ml of 0.05 M tetren were passed
through the column to elute remaining traces of Cul! from the
column, which took less than 1 min. Before elution of silver
the column was washed with water for less than 1 min (5 ml) to
remove interstitial solution and to re-establish a base-line AA
signal. It was found that for elution of silver 0.5 M thiourea in
0.2 M nitric acid is very convenient; 8 ml of eluent were used
(1 min), then the column was washed with 25 ml of water. The
column can be used several times.

Results for the determination of silver after off-line
isolation are given in Table 2. This method is more time
consuming.

o wmaLN

13.
14,
15.
16.
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Instrumental Neutron Activation Analysis
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The determination of trace elements present in dry atmospheric depositions by instrumental neutron
activation analysis (INAA) is reported. Eighteen elements, As, Br, Co, Cr, V, Sb, Mn, Zn, Ce, Fe, Hf, La, Mg, Rb,
Sc, Th, Na and K, were determined in 22 samples that were collected every month over 2 years (1985-87).

The results show characteristic groups of elements, i.e., anthropogenic, non-anthropogenic and toxic, and
elements showing seasonal variations. The results obtained offer a preliminary series of data on the natural
fallout in an urban industrialised area in northern ltaly.

Keywords: Trace element determination; dry deposition; atmospheric pollution; neutron activation analysis

Atmospheric dry depositions may be a very important source
of information in environmental monitoring and related
studies. The chemical characterisation of the components of
atmospheric dry depositions provides essential data for: (i)
atmosphere quality; (ii) types of local and long-distance
pollution; (iii) effects of urban and industrial settlements; and
(iv) additional information related to agriculture and meteo-
rological factors.

The determination of the chemical species contained in
these materials, such as inorganic and organic acids, organic
compounds (polycyclics and pesticides), heavy metals and
trace elements, plays an important role in defining not only
the pollution rate but also the possible pollutant sources.!-3

In this paper, attention is focused on the determination of
trace elements which provide useful information about the
quality of the atmosphere in large urban industrialised areas.
The study was carried out on samples collected every month
over 2 years in the area of Bologna, a city in northern Italy
with about 500000 inhabitants. Instrumental neutron activa-
tion analysis (INAA) was employed for the determination of
all the elements considered. This technique has been found to
be one of the best methods for this purpose, owing to its wide
multi-element capability especially when small amounts of
samples have to be analysed as in this instance (10-50 mg).

The results from the multi-element analysis appear to be
related strictly to possible pollutant sources such as motor
vehicles, domestic heating, industrial plants and urban waste
incinerators. Previous work on trace elements released into
the urban atmosphere has been studied to assess possible links
with the composition of atmospheric dry depositions.+7?

Experimental
Sampling

Atmospheric dry depositions were collected every month over
a period of almost 2 years (1985-87) by means of a wet and dry
sampling apparatus (MTX, Bologna, Italy). The apparatus is
composed of two polyethylene vessels to sample the wet and
dry depositions separately. When it is raining a rain sensor
allows the dry deposition vessel to be closed with a cap and
when it is not raining the wet deposition vessel is closed. The
sampling site, located in the suburbs of Bologna, is bordered
along an arc of 180° by a woody area.

The samples collected using this procedure are representa-
tive of the natural dry depositions and are related to monthly
and seasonal variations. This technique differs from the
usually adopted, high-volume collection, which may not
reflect the real average of the dry fallout and the distribution

of the related elements. With this latter method, the resulting
data are strictly dependent on many different parameters,
e.g., short collection time, filters used, aspiration speed,
particle size and weather conditions at the sampling time. A
series of soil samples were also collected from three different
points located around the dry deposition sampler. All samples
were ground, homogenised and stored in polyethylene vials
before analysis.

Analysis

The following 18 elements were determined in all of the
samples collected: As, Br, Ce, Co, Cr, Fe, Hf, K, La, Mg, Mn,
Na, Rb, Sb, Sc, Th, V and Zn. Four of these (K, Fe, Mg and
Na) were found to be present at concentration levels of a few
per cent. and all other elements were determined at p.p.m.
(ng g71) levels.

The analyses were carried out by INAA at the CNR Centre
for Radiochemistry and Activation Analysis in Pavia using the
Nuclear Reactor TRIGA Mark II at the University of Pavia.

Standards

A series of multi-element standard solutions were prepared
with either the pure elements or their compounds dissolved in
high-purity acids. The National Bureau of Standards Standard
Reference Material NBS SRM 1648 Urban Particulate Mat-
ter8 was employed as a comparison standard to check the
precision and accuracy of the method. This SRM was found to
be the most suitable standard material owing to its composi-
tion and chemical characteristics, which can be assumed to be
very similar to those of the samples examined.

Table 1 provides a comparison of the values obtained in this
study with those suggested or certified by the NBS. Except for
rubidium, for which no values are provided by the NBS, all
other results are in good agreement, confirming the precision
and accuracy of the analyses carried out in this work.

Neutron Irradiation and Gamma Counting

Multi-standard solutions (varying from 0.5 to 1 ml) were
sealed in quartz vials and irradiated among the samples.
Weighed amounts of the dry depositions (20-50 mg), the soil
samples (100-200 mg) and the SRM (ca. 80 mg) were sealed in
polyethylene vials and irradiated under the following con-
ditions.
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Table 1. Analysis of NBS SRM 1648 Urban Particulate Matter. All
concentrations expressed in ug g~! unless indicated otherwise

Experimental

Element value NBS value
OB un ¢ 35 515 (55)
A o e s 11087 115+ 10
Br o ¢ w: A87E30 (500)
Cr v« .+ 2 H40%15 403+ 12
06 v vz xs 21+4 (18)
Fe, % . 26202 3.91+0.10
Hf .. .. .. 48%05 (4.4)
K, % .. .. 0951007 (1.0)
B8 v w@ 18 38%5 (42)
Mg, % 0.85£0.05 0.8)
Ma .. .. .. T79x52 (860)
Na, % .. 05x0.08 (0.40)
Rb s we o3 48+ 4 —
$6 ww am z» B2E0S 7)
8b i ss 44+3 (45)
Th 50 we 2 LIE0R (7.4)
¥ s we w0 123E12 (130)
Zn .. »s o S650%181 4760 * 140

Table 2. Gamma energies (keV) and radionuclides utilised in the
analyses

y-Line
Radionuclide  utilised

Element analysed (keV) Half-life
AS oo sk e 70As 559,657 264 h
B se wr oa ®2Br 777,619 353 h
f gx 12 o 141Ce 145 325d
Ehize we o “Co 1173,13 S5.21yr
O 51Cr 320 278 d
PE «u aw s 59Fe 1095,12 456 d
HE aw ww o 18THf 482 425 d
K o =9 ws 2K 1524 123 h
| £ (S 140 3 487,159 402 h
ME.. ws s 27Mg 840, 101 9.41 min
Mn VE  w 56Mn 847,181 2.67h
Na. 2 24 23 24Na 1369 149 h
Rbiss =8 ap 8Rb 1078 18.6 d
SB g5 we oz 1248h 603,169 60.4 d
Sel vy za es 458¢ 889 84.0 d
T ee 29 ¥ 233Pa 311 27.0 d
W ax 9w we Sy 1434 3.7 min
20 sv  wm  Ew 6Zn 1115 245 d

(i) Determination of 'V, 5Mn and Y’Mg (short-life isotopes)
Neutron irradiation was carried out by the pneumatic facility
(Rabbitt) for 1 min at a neutron (n) flux of 5 X 102ncm~-2s-1.
After a cooling period of 100 s, the resulting activities of 'V
and 2’Mg were evaluated; 5°Mn was counted 2 h later.

A correction for the 6Mn contribution from its y peak at 847
keV on the 2’Mg y peak at 843 keV was also made by
measuring the 56Mn activity through its 1811 keV secondary y
peak. The Mg content was also checked using the 2’Mg 1013
keV y-line.

(ii) Determination of 8Br, 6As, 42K, 24Na and *°La (medium

half-life) and 233Th (through 233Pa), 141Ce, 9°Co, 5'Cr, 81 Hf,
S9Fe, 86Rb, 1245b and 46Sc (long half-life)

The samples and standards were irradiated at a neutron
nominal flux of 1.2 X 10'2 n cm~2s~! in the rotating facility of
the nuclear reactor for 50 h. Gamma counting of the first series
(medium half-life) of radioisotopes was started after a 1-d
cooling period and all the other radioelements (long half-life)
were counted 2 weeks later. All gamma spectra from the
irradiated samples and standards were evaluated by two
Ge(Li) detectors (of 20 and 25% efficiency; 1.92 and 1.85 keV
resolution at the 6°Co 1332.4 keV line, respectively) coupled
with automatic sample changers and a Nuclear Data ND 66
computerised multi-channel analyser. In all the gamma-count-

Table 3. Concentration ranges and mean values of some major and
trace elements in dry depositions and in soil samples (1985-87). Mean
values and RSDs are calculated from a minimum of 10 independent
measurements. Concentration in pug g ! unless indicated otherwise

Winter (Oct.-March) Summer (Apr.—Sept.)

Soils:
Element Range Mean Range Mean range
Ce .. 1671 21.6%13.0 21-69 404%12.0 13-17
Fe,% .. 0.8-32 1.66+033 0328 2.14+0.37 0.1-3.0
Hf .. 0.6-56 234+150 0.6-3.6 232+0.95 0.9-3.8
La .. 5.0-21.7 125+2.1 11.8-255 16.0+2.1 4-25
Mg,% .. 04-32 18+0.6 0.6-34 16+1.0 0534
Rb .. 20.0-99.5 40.3+15.7 45.0-86.1 56.5+8.6  15-110
Sc .. 0642 24110 2139 3.0x04 0.2-10
Th .. 1585 3.6+08 3872 5005 0511
Na,% .. 0.64-33 11204 0.541.1 0.8%0.1 ND*
K, % 04-1.2 08%02 1.0-1.7 13%0.2 ND

* ND = not determined.

Table 4. Concentration ranges and mean values of some potentially
toxic trace elements in dry depositions and in soil samples (1985-87).
Concentrations in pg g~ !; ¢f. Table 1

Winter (Oct.-March) Summer (Apr.—Sept.)

Soils:
Element Range Mean Range Mean range
As .. 3.9-339 13.7+84 28205 75+£37 1295
Br ..20.4-269.0 160£61 20.0-103.1 65*27 0.5-1.5
Co .. 59-328 162%+95 6.5-358 19.5+11.4 1-12
Cr ..34.0-130.4 8123 40.0-130.0 9736 4-90
v .. 82.5-584.0 395+ 140 53.3-260.0 110 =46 10-80
Sb ..10.1-33.6 18.8+58 7.4-47.7 16.7+x7.0 0.2-1
Mn .. 104761 525+ 140 362-849 595+157  26-600
Zn .. 453-2041 980401 367-819 605+117 6-25

ing series, the maximum dead-time did not exceed 15%. Table
2 lists the gamma-ray energies utilised in the analysis.

Results and Discussion

From the resulting data (more than 400 individual measure-
ments) two groups of elements can be distinguished according
to the scattering of their relative concentration values.

Table 3 lists the concentration ranges and the mean values
of the elements determined in the dry deposition samples that
are normally present in abundance in soil and that should not
be considered as significant for pollution assessment studies.
For the same elements the concentration ranges found in the
analysis of three different soil samples collected near the
sampling point are also given. The values are similar and do
not show specific seasonal variations.

Table 4 shows the results obtained from the determination
of typical polluting elements characterised by potential
toxicity and that are related to industrial urban areas. They are
characterised by a wide scatter in their concentrations and, in
many instances, are affected by seasonal variations. A
comparison with the concentration ranges found in the soil
samples shows a significant increase in the dry particulates for
all of them. The seasonal distributions of the elements
considered are given in Figs. 1-4, where the relative concen-
trations are plotted on a semi-logarithmic scale against the
monthly variation.

Figs. 1 and 2 show the concentration variations of some
typical heavy metals. Iron, manganese and cobalt show a
similar distribution over the same time period. The iron
concentrations are of the order of a few per cent., while the
manganese and cobalt concentrations are about 100 and a few
p.p.m., respectively. Their distribution does not seem to
depend on seasonal variations. The situation is completely
different in Fig. 2, where the concentrations of zinc, vanadium
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and chromium increase during the winter months. This is
particularly evident for vanadium, which shows a dramatic
increase from about 60 p.p.m. in summer up to more than 500
p.p-m. in December, reflecting the incidence of domestic oil
heating. Fig. 3 shows the behaviour of some non-metallic
elements such as arsenic, antimony and bromine. These
elements show a large scatter in their concentrations with the
monthly variations and are independent of the seasonal
variation. However, the higher concentrations of arsenic and
bromine during the winter months may be due to the weather
conditions, which, in that period, are often foggy and humid.
This can increase the fallout by condensation of volatile
elements or their compounds. The concentration variations of
rubidium, lanthanum, cerium, thorium, scandium and haf-
nium, which are not related to industrial activity, are shown in
Fig. 4. Except for the difference in the total concentrations,
these elements show a constant and similar trend with time. In
many instances their concentration ranges are the same as
those found in the soils surrounding the sampling site.?

In conclusion, this preliminary study on natural dry
depositions shows some interesting seasonal and monthly
variations for six elements as shown in Figs. 2 and 3. All these
elements are related to human activities and have become
“normal” components in the atmosphere of urban industrial-
ised areas. Some of them increase dramatically during
different periods of the year. This applies to vanadium,
bromine and zinc, which during the winter months reach
values of up to 10 times higher than in other months.

At present, further information about pollution sources and
their contribution to the atmosphere cannot be extrapolated
from these data. For this purpose, a complete study should
take into account (i) a more statistical series of results
(different sampling sites in the considered area, more samples
analysed and elements determined, more information on soil
composition) and (ii) all the meteorological parameters (wind
strength and dominant directions, air temperature and hu-

. midity and weather conditions).

Hence, the elemental characterisation and subsequent
quantitative analysis of natural dry depositions does not only
contribute towards the monitoring of atmosphere quality over
a period of time, but can also be used to detect and identify
possible sources of pollution.10.11

Research supported, in part, by Italian Progetto Finalizzato
Energetica 2.
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Variation of Precision With Concentration in an Analytical System
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A data set consisting of the analyses of about 700 geochemical materials for 25 elements, duplicated
within-batch, has been investigated in respect of the relationship between the standard deviation of the
determination and the concentration of the analytes. The data were fitted to three models of this relationship.
A simple linear model with a positive intercept was found to be a good fit with nearly all of the analytes when
fitted by weighted regression, but not by simple regression. A more complex relationship based on the
addition of variances was found to be equally good. A suggested relationship based on a linear fit between the
logarithms of the standard deviation and concentration was less satisfactory statistically, and also raised
some theoretical difficulties. The choice of an appropriate model is important both from the scientific

viewpoint and for data quality control purposes.

Keywords: Precision, standard deviation, statistics, chemometrics, repeatability

In an analytical system! where the test materials differ only in
the concentration of the analyte, i.e., there is no effective
difference in the matrix or the physical state, one expects to
find a definite relationship between the concentration of the
analyte and the precision with which it can be determined.
Nearly always one finds that the absolute precision of the
determination (i.e., the standard deviation o) increases with
concentration, ¢, whereas the relative precision [i.e., relative
standard deviation (RSD) = o/c] decreases with concentra-
tion.

The establishment of a simple mathematical relationship
between o, and ¢ would provide analysts with a valuable tool.
The precision of the system could be predicted at any given
concentration by means of an equation with a small number of
experimentally estimated parameters. This would allow the
varying precision of a system to be specified very simply, and
would provide a model that would be invaluable in data
quality control schemes.

An inappropriate model, however, could give rise to
seriously incorrect predictions, especially extrapolations.
Moreover, it is easy to fit experimental precision data to an
inappropriate model. This possibility stems from two factors,
namely the relatively large uncertainties normally found in the
experimental values of o, and the use of unweighted regres-
sion for the fitting.

In this study, some data produced over a long period for
data quality control purposes are examined for compatibility
with particular models. The primary task that gave rise to the
data was the routine multi-element analysis of silicate
materials (i.e., rocks, soils and sediments) by inductively
coupled plasma atomic emission spectrometry (ICP-AES).
The data set used in this study consisted of results for about
700 different samples, analysed in duplicate within-batch, for
25 elements. As samples rather than reference materials were
used, and as the order of analysis was completely randomised
within each batch, and the data collection was automatic and
uncensored, it can be taken that the results obtained represent
the within-batch precision of the system in an unbiased
manner, and that any conclusions arrived at are descriptive of
“real analysis.”

Precision Models That Have Been Proposed

Several workers have discussed equations relating standard
deviation with concentration. Zitter and God? suggested two
possible models that might be appropriate, one of which is a
linear function of the form

g.=0p+6c .. .. .. .. @

c 20
2
=
k]
> 15} A
()
=]
2
«© 1.0 "
o B
S
? o5
) 5 10 15 20

Concentration

Fig. 1. Examples of model relationships between standard deviation
and concentration. (A) An example of equation (1), i.e., o, = } +
0.1¢; and (B) an example of equation (13), i.e., o, = % + 0.01c2)t

where oy is the standard deviation at zero concentration of the
analyte and 8 is a constant (Fig. 1). Thompson and Howarth3-
also used this equation as a model for routine quality control
of within-laboratory geochemical data produced by atomic
absorption spectrometry and spectrography. They found that
the equation represented the data well. They also showed that
the equation accounted well for the relationship between RSD
and concentration. From equation (1),

RSD=oJjc=0yc+8 .. .. .. (2

As the detection limit (¢, ) is effectively defined by IUPACS as
the concentration equal to 3dy, the RSD at the detection limit
is given by

RSD(de!ection limit) = .}S +0 B o % (3)

According to this model, therefore, the RSD falls with
increasing concentration, in the form of a rectangular hyper-
bola, from the value of § + 0 at the detection limit towards an
asymptotic precision equal to 8. This behaviour has been
qualitatively noted by several workers.’9 The function is
illustrated in Fig. 2.

Both equations (1) and (2) can be generalised by expressing
the concentration and precision in units of detection limit. The
generalised concentration k is given by k = c/cp. = c/30,.
Insertion of this value into equation (1) gives

q,
ogen=;c"=§+el( - R ()

From equation (2) we obtain
RSD = 1/3x + 0 se sm wm A9
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Fig. 3. Relationship between log(standard deviation) and log(con-
centration) implied by (A) equation (1) and (B) equation (13). The
slope of both lines approaches a constant value only at concentrations
well above the detection limit

The ISO Standard “The Precision of Test Methods”!0 allows
the use of equation (1) or either of two alternatives:

o. = B¢ R ()]
and

logo.=logk + nloge; n<1 .. .. (7)

for relating the standard deviation of reproducibility (see
below) to concentration in collaborative trials. Equation (7)
can be expressed in the alternative form

=Y g a3 o (8)

Equations (7) and (8) have been used as a basic form by other
workers. Horwitz et al.!! maintain that there is a general
relationship between RSD and c¢ for collaborative trials,
regardless of the analyte, the matrix or the analytical method.
The proposed relationship corresponds to the form

o. = ken;

o, =0.02c08495 .. .. .. .. (9
Hughes and Hurley!? suggested that equations of the type
o.=kes . .. .. .. (10)

might be appropriate for method specification and recommen-
ded the use of the parameter k& as a measure of method
performance in collaborative trials. Zitter and God? pointed
out that equation (10) (with k¥ = 1) would be the expected
relationship in data dominated by Poissonian counting statis-
tics, for example, near the instrumental detection limit in an
XRF method.

It should be noted that in equations (6)-(10) there is no
provision for an IUPAC detection limit, as in all of these
models o, = 0 when ¢ = 0. Moreover, equation (7) is other-
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wise inconsistent with equation (1) in the implication that
d log o/d log c is a constant (n). If equation (1) is taken as
correct, then

log o, =log(o, +6c) .. .. .. (11)

This function describes the obtuse hyperbola shown in Fig. 3.
From equation (11), it follows that

dlog o, . 1 dlog oy, _

dlogx 1+ 1/36k

Only when k > 100 does this slope approach a constant value,
as distinct from the implication of equation (7).

Zitter and God? also pointed out that in a relationship such
as equation (1), showing analytical error as the sum of two
independent terms, it should be the variances that are additive
rather than the standard deviations, i.e.,

o2 = oy + 622 i e ee (13)

This model is theoretically more satisfactory than equation
(1), but obviously more difficult to use. For given values of g,
and 0, values of RSD predicted by equations (1) and (13) tend
towards identity at both very low and high generalised
concentrations (kx values). The maximum relative deviation
between the two models amounts to 0.414 and occurs at a
concentration of

c=o0yforx=136 .. .. .. (14)

The difference between the models represented by equations
(1) and (13) is shown in various forms in Figs. 1-3.

= or 12
dloge 14 0y/8c iz

Types of Precision

In the context of collaborative trials, BS 549710 differentiates
between two extreme types of precision, viz., repeatability
and reproducibility. Repeatability precision refers to “tests
performed under conditions that are as constant as possible,
with tests performed during a short interval of time. . . in one
laboratory by one operator using the same equipment.”
Reproducibility precision, in contrast, refers to “tests perfor-
med in widely varying conditions, in different laboratories
with different operators and different equipment.”

The data examined in this study were collected under
conditions that corresponded closely but not identically with
“repeatability.” The main differences between the conditions
of this study and those of repeatability are (i) the data were
produced by many different operators although all were
subject to a single strict regime, (ii) the data were accumulated
over a long period of time and (iii) the time interval between
the duplicated analysis was not particularly short, being a
random time in the range 0-6 h. The precisions estimated
in this study are, therefore, referred to as “within-batch
precisions.”

Experimental
Instrumental Conditions

Elemental data were recorded under simultaneous multi-
element conditions on an ARL 34000 1-m vacuum ICP
spectrometer. The operating conditions were as follows:
forward power, 1.2 kW at 27 MHz; viewing window, a 4-mm
square centred at 14 mm above the load coil; Fassel-type
plasma torch; coolant flow-rate, 12.0 1 min—!; auxiliary
flow-rate, 0.4 | min—!; injector flow-rate, 1.00 | min—!;
Meinhard TR-30-3A concentric glass nebuliser; Scott-type
double-pass spray chamber; uptake rate of test solution, 0.8
ml min—! (unpumped); signal stabilisation time, 20 s; and
integration time, 3 X 5. The lines used and their instrumental
detection limits under the given conditions are shown in
Table 1.

Test Materials

The test materials included in this study were all types of soils,



ANALYST, OCTOBER 1988, VOL. 113

Table 1. Spectral lines and instrumental detection limits (IDL)

Analyte Line/nm Order IDL/ng ml-!

Li .. .. .. 67081 1 3
Na .. .. .. 58901 1 12
K 5z =3 sa 700051 1 45
Rb .. .. .. 780.021 1 150
Be oy s s 313001 2 0.14
Mg o s oo 2191 1T 2 110
Ca . w: o 379N 2 75
Sr .. . . 4028 I 1 12
Ba .. .. .. 4554 11 1 11
Al .. .. .. 30821 2 75
La .. .. .. 3991 2 6
n .. .. .. BI3H 2 92
v .. .. .. 3111 2 3
C¢ 70 = z:z 2003 1 3 45
Mo sv e z: 28166 2 7.5
Mn .. .. .. 2576 11 2 75
F& <« ww  «: 2599011 2 5
Col sw wy w2286 11 3 11
Nl e we o 281610 2 17
Cw v wie ww 3248 1 2 3
Ag .. .. .. 32811 2 4.5
Zn .. .. .. 20251 2 7.5
cd .. .. .. 22651 2 4.5
Pb .. .. .. 22031 2 60
P .. .. .. 17831 3 45

rocks, river and marine sediments. They were analysed in
batches of 50-200 typically.

Preparation of Test Solutions

Test portions of 0.100 g were weighed into polytetra-
fluoroethylene test-tubes, and nitric acid (70% m/m, 2.0 ml),
perchloric acid (60% m/m, 1.0 ml) and hydrofluoric acid (40%
m/m, 5.0 ml) were added. The tubes were heated in a
temperature-programmable block according to the following
schedule: 100 °C for 3 h, 140 °C for 3 h and 190 °C for 15 h.
Hydrochloric acid (5 M, 2.00 ml) was added to the dry, cooled
residues, and the tubes were heated in a shallow block (30
min, 50 °C). Water (8.00 ml) was added and the tubes were
stoppered and shaken briskly for a few minutes. The solutions
were analysed after temperature equilibration in the instru-
ment room.

Preparation of the test solutions and instrumental analysis
were carried out by a number (>20) of different workers.
However, the procedures were standardised and controlled.

Data Quality Control Protocol

Trueness was monitored by the insertion of two house
reference materials and procedural blanks into the batch at
pre-determined average frequencies. The within-batch preci-
sion was monitored by the duplication of a small proportion of
the test materials at the weighing stage. Each batch, consisting
of test materials, reference materials, blanks and duplicates,
was analysed in a unique randomised order. Data from
batches failing the quality control requirements were not
included in this study. The precision requirement correspon-
ded to the specification oy, = 5 + 0.05x, as per equation (4).
This requirement is considerably less strict than the precision
actually obtained, and therefore some outlying results may be
incorporated in the raw data.

Data Collection and Pre-processing for This Study

The analytical data for the duplicates from each batch were
abstracted and dumped on to magnetic tape over the period
1982-87. The mean and absolute differences of each dupli-
cated result were recorded to at least three significant figures.
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Fig. 4. Setting of an upper limit for the concentration range of a
typical element (lanthanum) to prevent the regression being affected
unduly by a small proportion of very high results, i.e., concentrations
beyond line A. The limits were set to include about 95% of the raw
data

Table 2. Concentration ranges of the elements in this study. The
system detection limits (SDL) were calculated as 36, with &, derived
from the variance model, where there was significant slope, otherwise
from the value of y;

Topofrange/ Range, orders of

Analyte SDL/pgg~! pugg! magnitude
EE o oo s 0.38 60 2.20
MNa .. .. 32 27300 2.93
K 3p o 32 33700 3.02
BY tx = um 31 169 0.74
BE ¢ G s 0.041 6.3 2.19
Mg sx  =s  as 29 19800 2.83
€l e ww  w 56 263000 3.67
8 o as e 0.53 880 322
Ba 5o w0 s 2.7 790 2.47
Al e s ws 160 74 600 2.68
|- RO 0.9 46 1.69
TR oaer e 25 5400 2.32
¥ en w84 0.75 238 2.50
G g5 b 3% 1.7 153 1.95
MG =y a9 a3 2.5 74 1.47
M .. 3 s 11 870 1.90
Ee = sw o 65 46 600 2.86
Lo s sa  as 1.6 51 1.50
Ni .. 54 22 175 1.90
Cu se  sw s 2:1 177 1.93
AR oo s 0.8 3.0 0.57
20! o o s 37 220 1.77
[/ 0.72 T:5 1.02
1355) (R 13 85 0.81
1 SR 20 1120 1.75

At the end of the collection period the data were reorganised
into separate files for each element.

The concentration ranges for each element were examined
as histograms and as normal probability plots. Any long tails
or apparent bimodality on the high side of the distribution was
deleted from the data set in order to prevent the subsequent
regression from being over-influenced by a small proportion
of very high concentration values. Typically about 5% of the
results were thus ignored. An example of this procedure is
shown in Fig. 4. The concentration ranges of the data used are
given in Table 2.

Results and Discussion
Estimation of Standard Deviation at Various Concentrations

The raw data were converted into estimates of standard
deviation at various concentrations by the method of Thomp-
son and Howarth.3 The mean and absolute differences of the
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Fig. 5. Examples of the unweighted regression of standard deviation
on the concentration for (@) sodium and (b) copper. A poor fit is
obtained at low concentrations of sodium. Error bars show the ranges
yi £ se(y;), where se indicates standard error. All units in pg g—!
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individual duplicates for an element were sorted into increas-
ing order of concentration. The data were then subdivided
into groups of 21 results (the number 21 was selected
arbitrarily to give a convenient number of points for the final
regression). Within each group (i) the mean (x;) of the means
and the median (y;") of the absolute differences were
calculated. The mean (x;) estimates the concentration, and the
standard deviation of the analysis at this concentration was
estimated by y; = 1.048y,’. The relationship between standard
deviation and concentration could then be explored by a
regression or similar examination of the successive values of y;
on x;. The x; and y; data thus produced are subsequently
referred to as the “processed data.”

The factor 1.048 is derived from the properties of the
normal curve of error. The use of medians eliminates the
effects of a small proportion of outlying results among the
duplicates.

Investigation by Unweighted Linear Regression

The relationship between standard deviation and concentra-
tion for each analyte was explored initially by means of
unweighted linear regression of y; on x;. All elements except
rubidium and silver gave significant positive slopes, as
determined by the value of #, = |b/s,| exceeding the critical
values for p = 0.05 for the appropriate number of degrees of
freedom, where b is the coefficient estimate and s, is its
standard error. This result reflects the general trend for
standard deviation to increase with concentration. In the
instances where no significant slope was detected, the
concentration ranges of the analytes were invariably small
compared with the detection limit.

Opverall, however, the fits obtained by unweighted regres-
sion were poor, especially towards the bottom end of the
concentration ranges. This can be seen in the example in
Fig. 5. The reason for the poor fit in relation to the estimated
confidence interval of each y value is that unweighted

Table 3. Results of weighted linear regression on the processed data. Statistics @ and b are the intercept and coefficient of the
regression, respectively. The parenthesised figures are their standard errors. VSR is the variance of the scaled residuals. The number of x;,
y; points is n. The parameters o, and 8 in equation (1) are estimated by a and b, respectively

Analyte a se(a) b se(b) VSR n
Li 0.068 (0.040)* 0.015 (0.003) 1.09 31
Na 7.5 (2.0) 0.017 (0.001) 0.97 30
K 6.4 (2.8) 0.021 (0.001) 0.82 31
Rb 8.0 (0.73) 0.002 (0.009)* — 30
Be 0.011 (0.002) 0.010 (0.002) 1.46 32
Mg 6.3 (1.9) 0.014 (0.001) 0.89 30
Ca 17 3.3) 0.015 (0.002) 1.56 31
Sr 0.13 (0.054)* 0.019 (0.002) 1.10 29
Ba 0.86 (0.19)* 0.018 (0.002) 1.46 31
Al 32 (25)* 0.015 (0.002) 2.07+ 30
La 0.21 (0.07) 0.032 (0.005) 1.07 30
Ti 71 2.0) 0.012 (0.002) 1.73% 32
A% 0.2 (0.03) 0.013 (0.0009) 0.52 28
Cr 0.47 (0.08) 0.025 (0.004) 1.47 32
Mo 0.82 (0.07) 0.021 (0.008) 1.19 30
Mn 2.6 (0.50) 0.013 (0.002) 0.56 23
Fe 17 (6.8) 0.014 (0.001) 0.92 26
Co 0.48 (0.04) 0.010 (0.002) 0.46 31
Ni 0.66 (0.08) 0.012 (0.003) 1.11 31
Cu 0.61 (0.06) 0.011 (0.002) 0.70 32
Ag 0.23 (0.02) —0.011 (0.02)* — 32
Zn 1.00 (0.14) 0.019 (0.003) 0.71 30
Cd 0.19 (0.012) 0.017 (0.010) 0.81 31
Pb 2.6 (0.44) 0.020 (0.014)* — 30
¥ 5.8 (0.97) 0.018 (0.003) 0.85 28

* Not significantly greater than zero by a one-sided r-test at p = 0.05.
t Significantly greater than unity by the F-test at p = 0.05.
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Fig. 6. Examples of the fitting of standard deviation to concentration
by (solid line) weighted linear regression and by (broken line)
non-linear fitting of the variance function, equation (13). () Sodium
and (b) copper. The fit of both models at the lower end of the
concentration ranfe is good, allowing estimation of the system
detection limit. All units in pg g—!

regression takes no account of the precision of the y values.
For most of the analytes considered here the concentration
range spans several orders of magnitude and consequently the
precisions of the y values vary greatly over the range of the x
values. This condition contravenes the homoscedastic require-
ment of normal unweighted regression. This fact also explains
the observation that the estimated intercepts of many analytes
were not significantly different from zero, as judged by the
value of t, = |als,| (Where a is the intercept estimate and s, is its
standard error), contrary to the impression gained from a
visual examination of the data. It was therefore concluded that
unweighted regression was not a suitable technique for the
examination of this type of data.

Results from Weighted Linear Regression

The processed data for each of the analytes were examined
next by weighted linear regression, as advocated in BS 5497.10
The results are shown in Table 3. The procedure is simple and
is implemented in most statistical packages.

Calculation of the weights

The y values were weighted by the reciprocal of their
estimated variances. The standard error of a median absolute
difference (y value) is evaluated? as 1.3620/Vn . In this
instance y; (= 1.048y,’) estimates o, and n (the number of
values from which the median was extracted) is 21, giving an
estimated standard error of 0.3115y;. The variance is simply
the square of this standard error.

BS 549710 recommends the use of weights based on
variances estimated from the fitted equation. As these are
unknown, an iterative procedure is used. This differs from the
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Fig. 7. System detection limits compared with instrumental detec-
tion limits

method used by the author. The two methods are expected to
produce similar results in this instance.

Regression slopes

Significant positive slopes were obtained for all but four of the
analytes (Rb, Ag, Cd and Pb). The lack of a significant slope
in these instances is the result of the limited concentration
range above the detection limit of the analyte, within which
there is no detectable change in precision. The b values mostly
fall in the range 0.01-0.02, and with a few outliers seem to be
part of a unimodal population.

The b values correspond to RSD values of 0.01-0.02
measured at concentrations well above the detection limits.
This standard may seem unexpectedly good for multi-user
routine analysis. However, it must be recalled that duplicate
data from analytical batches failing the initial quality control
were excluded from the study, and that the effects of outlying
duplicates within included batches were virtually nullified by
the median procedure. Moreover, it will be shown below that,
under circumstances fulfilled by many of the analytes,
weighted linear regression slightly underestimates the true
asymptotic precision.

Regression intercepts and detection limits

Of the analytes giving significant slopes, all but one gave
intercepts that were both significantly greater than zero at a
probability of 0.05 and visually appropriate (Fig. 6). This was
true even for analytes of which the concentration ranges were
very large, i.e., only a small proportion of the data was of the
same order of magnitude as the detection limit. Where
significant slopes were not obtained, values of a were
estimated by y;.

As the intercept (@) estimates oy, the standard deviation at
zero concentration, it can be used to obtain the system
detection limit, which is simply 3a.! System detection limits
(SDL) would be expected to be higher than the instrumental
detection limits (IDL) multiplied by the dilution factor, and
this expectation is confirmed in this study (Fig. 7) which shows
an average SDL/IDL of about 4.

Goodness of fit

The goodness of fit of the weighted regressions was evaluated
by examination of the scaled residuals. The scaled residuals
are the residuals divided by the standard error of the y value,
i.e., (y; — y:)/se(y;). For a good fit the scaled residuals should
be randomly negative or positive for increasing values of x,
their absolute magnitude should show no trend with concen-
tration and their variance should not be significantly greater
than unity. Broadly, the residuals complied with the first two
of these tests, apart from those of aluminium and titanium.
Table 3 shows that the same two elements alone fail the last
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Table 4. Results obtained by non-linear fitting of the variance function to the processed data. Statistics @ and b are from the function
y =(a + bx2)i, where a estimates 0,2 and b estimates 02. VSR is the variance of the scaled residuals. VRATIO is VSR
divided by the corresponding value for weighted linear regression

Analyte a Go(=Va) bx100 BH(=Vh) VSR VRATIO
Li .. .. 0.0163 0.128 2.85 0.017 1.06 1.03
Na .. .. 116 11 3.53 0.019 1.01 0.95
K L. 114 11 47 0.022 0.76 1.08
Be .. ..1.82x104 0014 1.93 0.014 1.51 0.97
Mg .. .. 9 9.7 2.40 0.016 0.90 0.98
Ca .. .. 353 19 2.54 0.016 1.83* 0.86
Sr e .. 0031 0.18 4.19 0.021 1.19 0.93
Ba .. .. 082 0.91 4.15 0.020 1.57 0.93
Al .. .. 2704 52 2.73 0.017 2.07* =
La .. .. 0.097 0.31 14.82 0.039 1.00 1.02
Ti R 8.7 1.88 0.014 1.77* 0.98
A .. 0062 0.25 2.33 0.015 0.68 0.84
Cc .. .. 032 0.56 9.30 0.030 1.57 0.94
Mn .. .. 131 3.6 3.37 0.018 0.44 1.28
Fe .. .. 462 2 2.25 0.015 1.00 0.92
Co .. . 0.29 0.54 2.85 0.017 0.53 0.87
Ni .. .. 055 0.74 3.49 0.019 1.03 1.08
Cu .. . 0.49 0.71 2.56 0.016 0.73 0.96
Zn .. .. 151 1.0 6.64 0.025 0.81 0.88
p cmr gm A 6.9 6.23 0.025 0.82 1.01

* Significantly greater than unity by the F-test at p = 0.05.

test, as judged by an F-test giving a probability of less than
0.05.*

Hence it must be concluded that a linear relationship with a
positive intercept accounts satisfactorily for the variation of
the standard deviation of the determination with the concen-
tration of the analyte for most of the elements studied. The
two discrepant elements are both regarded as being incom-
pletely solubilised by the decomposition procedure, for
reasons independent of this study.

The Variance Model

The processed data for each of the analytes were also fitted to
the variance model [equation (13)] by means of an iterative
non-linear fitting method,!3 using the same weights that were
used for weighted linear regression. The results are presented
in Table 4. The parameters a and b are estimated directly by
the algorithm, and the values of G, and 6 are the square roots
of a and b, respectively. No standard errors are produced by
this method. .

The values of &, and 8 are close to the values estimated by
weighted linear regression for the linear model (Table 3) and
individually not usually significantly different from them.
Both parameters are consistently slightly higher when esti-
mated for the variance model, but this is simply a result of the
shape of the curve, as can be seen by examination of Fig. 1.
The discrepancy is greatest when the top of the concentration
range for an analyte falls near the maximum divergence of the
two models, i.e., at a generalised concentration of x = 1/36
[from equation (14)]. Examples of analytes in this class are
copper, nickel and cobalt. The discrepancy is smaller for
analytes with higher concentration ranges.

In addition to being slightly higher, the 6 values obtained
for the variance model, considered over all of the analytes, are
also more coherent, i.e., they have a smaller relative
dispersion and, with a few exceptions, might be taken as being
randomly sampled from a single Gaussian population. This
may be the result of better over-all estimation of the
asymptotic precision with the variance model.

The goodness of fit-of the model was tested as before by the

* In a series of 22 such tests one would expect one or two failures by
chance alone. In this work the conservative measure was taken of
assuming the failure to be due to lack of fit, especially as the test was
supported by independent evidence.

variances of the scaled residuals. Only in three instances was
the variance significantly greater than unity, namely for Ca, Al
and Ti, and the calcium result was only marginally significant
at the 0.05 level. For no analyte was the variance significantly
greater or smaller than the corresponding value produced by
weighted linear regression, suggesting that the two models
give equally good fits to the data. This is illustrated by the fits
shown in Fig. 6.

Log - Log Relationships

The processed data were converted into logarithms (base 10)
and the relationships of the type expressed in equation (7)
were explored by linear regression. As the se(y;) values were
proportional to the y values, the data were rendered homosce-
dastic by the log-transform, so that weighted regression was
unnecessary. The results are presented in Table 5 for all
elements previously shown to demonstrate a significant
relationship by weighted regression. A significant slope was
obtained for every analyte.

The regression intercepts and coefficients cannot be com-
pared directly with the results on the untransformed data.
However, a measure of goodness of fit was obtained as
follows. The estimated values of log y; were converted back
into estimates of y; (¥;). Then the scaled residuals r; were
formed in the usual way, i.e., r; = (y; — y;)/se(y;).

As above, the variance of the scaled residuals was compared
with the theoretical value of unity that would apply to a perfect
fit. The values obtained are shown in Table 5. Ten out of 21
results exceeded the critical value of the F statistic for p =
0.05, indicating a significant lack of fit. By comparison, for the
linear model with weighted regression on untransformed data,
the critical value was exceeded for only two analytes.

Further, the variances obtained here were compared with
those obtained previously by weighted linear regression on the
untransformed data, by forming a variance ratio for each
analyte (Table 5). In every instance the variance from the log -
log regression was the greater, the geometric mean of the ratio
over all analytes being 1.73. Individually, five of the analytes
gave ratios greater than the critical value for p = 0.05, and 12
of the ratios were greater than the critical value for p = 0.1.
Therefore, it can be concluded that overall the log - log
relationship gave a fit for this data set inferior to that given by
weighted linear regression.
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Table 5. Results of linear regression on log-transformed processed data. Statistics @ and b are the intercept and the coefficient of the
regression, respectively. VSR is the variance of the scaled residuals calculated as in the text. VRATIO is VSR divided by the corresponding
value for weighted linear regression on untransformed data

Analyte n a bi(se) t VSR VRATIO
Li 5% B 30 —-1.13  0.68(0.105) 6.5 4.51* 4.15*
Na ST 30 -0.82  0.79(0.048) 16.2 1.70* 1.75%
K T 31 —1.28  0.92(0.054) 16.9 1.44 1.75%
Be som s 31 —-1.52  0.55(0.084) 6.6 2.50* 1.71%
Mg s ws 30 —-0.77  0.74(0.047) 15.5 1.35 1.51
Ca = o6 31 —-0.47 0.73(0.032) 223 1.56 1.00
Sr 5 o 29 -1.27  0.84(0.05) 15.9 1.45 1.32
Ba - 30 —0.76  0.68(0.09) 7.8 2.53* 1.73t
Al e 30 —-1.70  1.03(0.10) 10.3 5.63* 2.71*
La R 30 -0.79  0.63(0.09) 6.6 1.64* 1.53
Ti e 32 0.09 0.48(0.06) 8.2 4.22* 2.44%
A% wG B3 28 -0.99  0.60(0.05) 13.1 0.80 1.54
Cr T 31 —0.52  0.53(0.06) 8.7 2.31* 1.57
Mo R 22 0.01  0.11(0.06) 1.74 2.13* 1.79%
Mn s 33 23 -0.36  0.51(0.06) 9.0 1.01 1.80*
Fe T 26 —0.67  0.75(0.06) 12.3 1.04 1.13
Co Iy 31 -0.38  0.20(0.04) 4.8 0.48 1.03
Ni ww e 31 -0.14  0.19(0.05) 41 2.30* 2.09*
Cu om 32 -0.31  0.27(0.04) 6.4 1.55 2.21*
Zn T e 31 -0.46  0.50(0.07) 7.4 1.23 1.72*
P e 27 0.08 0.43(0.07) 58 1.49 1.75t

* Significant at p = 0.05 by the F-test.
T Significant at p = 0.1 by the F-test.

0 was obtained by generalising the x; and y; values for each
analyte by dividing by the respective detection limit.
15 However, the data for certain elements were omitted, Al, Ca
and Ti because of lack of fit and La and Cr because of
1.0 non-conforming values of 6. The separate data sets were then
combined, log-transformed and plotted (Fig. 8). Super-
< 05 imposed on the points are equation (4) and the function
3 ! .
£
‘_g", or Ogen = (6 + 92K2> (15)

|
©
o

which is the generalised form of equation (13). A value of 6 =
0.016 was used to represent the mean value over the analytes

= from Table 4.
Fig. 8 shows data extending over about four orders of
-15 . - 2 : magnitude from the detection limit. The data clearly conform
32 -24 -16 -08 0 08 16 24 32 40 48

Log(mean)

Fig. 8. Overview of the generalised processed data set on log - log
axes, compared with (solid line) the theoretical generalised relation-
ship 0,en = § + 0.016x and (broken line) the generalised variance
model yen = (3 + 0.000256K2)}

Inspection of the regression slopes (b in Table 5) shows
values between 0.1 and 1.0, depending mainly on the range of
the analyte concentration above the detection limit. This
situation is unlike that for slope values given by the linear
model [equation (1)] or by the variance model [equation (13)],
where the results are coherent and suggest a single 6
parameter over most of the analytes, regardless of the
detection limit. For the log - log relationship, a range of b
values would be the predicted outcome of the linear model
being correct, but with different generalised concentration
ranges for each analyte. The intercepts are also a complex
function of the precision characteristics for the system coupled
with the concentration range of the analyte, and are of no
fundamental significance.

Possibility of a Single Model for Most Analytes
Processed data
An overview of the whole processed data set on log - log axes

to the linear model and to the variance model, and show the
validity of the generalisation used, i.e., that results for nearly
all of the analytes conform to a single model, viz., equation (4)
or (15) with a single value of 6. Fig. 8 also shows the
incorrectness of fitting a straight line to these log - log data,
except at high generalised concentrations.

Raw data

The raw data for the same range of analytes are presented in
Fig. 9 in the same fashion. The points are the generalised
absolute differences between each pair of duplicated values
versus the generalised concentration. All of the raw results
were included, not just those within the range of the
regression of the processed results. Superimposed on the
10194 data points are the percentiles calculated for absolute
differences, assuming a model of the form of equation (15)
with 8 = 0.016 and a Gaussian distribution of error. Broadly
this diagram shows the data conforming to the model. For
instance, the number of data points falling between the
percentile ranges 5-50 and 50-95 are close to each other (4265
and 4224, respectively), although lower than expected. This
tendency seems to apply to all concentration ranges.
However, there is a considerable excess of data points above
the 95th percentile, which is an unexpected distribution of
results. This aspect is discussed in the next section.
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Frequency Distribution of Analytical Errors in This Study

Fig. 9 suggests a substantial deviation from the Gaussian
distribution of errors. However, the data for the various
analytes were standardised to a single model (i.e., with asingle
value of 0), a factor which may have contributed to the
discrepancy. The raw data were therefore investigated
further. For each element the absolute differences were
individually standardised by dividing by V2(6¢2 + 82c2) with
the respective Gp and O values taken from Table 4. The
elements calcium, aluminium and titanium were not included
as they did not fit the model. The elements cadmium,
molybdenum, silver and rubidium were standardised with &
= y;and O = 0, as they did not show significant regression on
concentration. Data sets originally conforming to a Gaussian
distribution of analytical error would, by this treatment, give
rise to the positive half of a standardised Gaussian curve.

Each of the 21 elements tested gave rise to the same pattern,
a reduced but quasi-Gaussian pattern up to an ordinate of
about 1.70, and an excess of points beyond this. The pattern is
most clearly seen in the combined data for all of the elements
(Fig. 10), which encompasses 14 805 observations. There is a
deficit of observations up to about 1.70. However, a half-
Gaussian curve reduced in height by 15% fits very closely up
to this point. Beyond 1.70 there is an excess of observations to
the extent of about 300% of the expected but no sign of
bimodality.

1200

1000

800 -

600

400

Number of observations

200

T
0 1.0 2.0 3.I0 4.0
Normalised values
Fig. 10. Standardised absolute differences between 14805 dupli-
cated values compared with a half-Gaussian curve (A) and a

half-Gaussian curve reduced in height by 15% (B)

5.0

The cause of this discrepancy is not known and could
conceivably be an artefact of the fitting to a model, but if it is
typical of analytical data generally it has serious implications
in data quality control. For example, repeatability values from
collaborative trials are often used as standards of precision in
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statutory methods of analysis. They are calculated after an
outlier rejection procedure. Duplicated data obtained in
subsequent routine analysis would then tend to produce an
excessive proportion of unacceptable deviations, with about
one in six instances being incorrectly rejected, compared with
the expected one in 20 instances. This aspect needs to be
investigated further. At present there is very little information
on the true frequency distribution of analytical random
errors. !4

Conclusions

Among the analytes with adequate concentration ranges, the
linear model of precision gave a good account of the data and
accounted for all of the major features of the variation.
However, the use of weighted regression was essential,
because of the heteroscedastic nature of the data. This feature
is bound to cause a poor fit with unweighted regression if the
concentration range is substantial. If the concentration range
is smaller, less than about one order of magnitude, weighted
regression helps to avoid the occasional inappropriate and
apparently significant fits obtained by unweighted regression.

A model with an intercept was also essential to account for
the variation for most elements. A model constrained to pass
through the origin [equations (6) and (7)] could not account
for the variation unless all of the data were greater than the
detection limit by a factor of about 50 or more.

The variance model is sounder theoretically than the linear
model, but is more difficult to work with. For the present data
set it gave almost indistinguishable results. This similarity is
the outcome of the large standard errors on the individual
medians (y values) in the regressions. There was some
indication that this non-linear model gave values of 6 that
were closer to the true value of the asymptotic precision than
those obtained by the linear model, especially when the
analyte concentration range did not exceed a value of 0,/8. In
such an instance, the value of 6 obtained by weighted linear
regression could explain the observed variation well, but could
not be used accurately for extrapolation to higher concentra-
tions.

Models which imply a linear relationship between log 0. and
log ¢ [equations (5)-(8)] have nothing to commend them in
this study. Reasonable fits could be obtained for those
analytes with relatively short concentration ranges, but such
fits would be unsuitable for extrapolation. In most instances,
however, the log - log plot was distinctly curved and poor fits
were obtained. No fundamental meaning could be attached to
the regression parameters that were estimated, as they were
determined not only by the actual performance of the method,
but also to an overwhelming extent by an arbitrary factor, the
concentration range of the analyte. No diagnostic value could
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therefore be attached to the estimated value of k in equation
(7), contrary to the suggestion of Hughes and Hurley.12

In the broader context, it is clear that the fitting of
experimental precision data must be undertaken with suitable
mathematical models. The large standard errors inevitably
associated with precision estimates and the short concentra-
tions ranges often used in such studies allow reasonable fits to
be made with a number of models. However, only appropriate
models have parameters that are subject to scientific interpret-
ation. The linear model seemed most suitable in this study. A
more general conclusion must await further research.

There is good reason to expect that similar results could be
obtained for analytical systems other than ICP-AES, but so far
no other large bodies of data seem to have been examined in
the manner presented here. The author would be happy to
hear from other analytical scientists with access to suitable
data sets.

The author is indebted to Eva Banerjee and Barry Coles for
their great efforts expended in collecting and collating the data
used in this study.
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Investigation of the Negative Sulphate Peaks Obtained in the
Analysis of High-concentration Chloride Solutions by lon

Chromatography

David Mealor and Isabel M. Valente

BP Research International, Sunbury Research Centre, Chertsey Road, Sunbury-on-Thames, Middlesex

TW16 7LN, UK

The object of this work was to detect reliably 0.5 mg -7 of sulphate in 10 g -1 of chloride (the maximum
amount that could be analysed) in order that 2-3 mg |- of sulphate could be detected in oil reservoir
formation waters, which contain, typically, 40-60 g |- of chloride. When a solution containing 10g =" of
chloride was subjected to ion chromatography a small positive peak followed by a small negative peak
occurred where the sulphate peak should have been. This made the detection and quantification of less than
2mg |- of sulphate in 10 g I-? of chloride uncertain. Investigation showed that the phenomenon was caused
by sulphate contamination at the 0.01-0.02mgI-' level in the eluent. The use of a high-capacity
anion-exchange pre-column to clean up the eluent eliminated the problem and allowed the desired detection

limit to be achieved.

Keywords: Brines; ion chromatography; sulphate; chloride; oil formation water

Ion chromatography! is a convenient technique for the
determination of common anions. Sulphate is strongly
retained on the ion chromatography column whereas chloride
is not2; therefore, it is possible to separate Smgl-! levels of
sulphate from 10gl-! of chloride? (Fig. 1, A). At higher
concentrations of chloride, separation is poor and the sulphate
peak is distorted.* Hence, the object of this work was to detect
reliably 0.5 mg 1-! of sulphate in 10 g I-! of chloride in order

N
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Detector response
@ P> —a—
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Fig. 1. Chromatograms obtained using an AS3 separator column. A,
Sulphate (Smgl ') in chloride (10g1 !); B, chloride alone (10g 1!

10g1 '): C, sulphate (1 mg! ') in chloride (10 g1 '); and D, chloride
(10g 1 ') with sulphate (0.1 mgl ') added to the eluent

that 2-3 mg I-! of sulphate could be detected in oil reservoir
formation waters with much higher sodium chloride contents.
This is the natural level occurring in many such waters in the
UK.

Of other common anions that could appear in the chromato-
gram, such as NO,~, NO;~, PO, and Br—, only Br-is ata
significant level (30-100 mg1-') in formation water. All of
these ions are well separated from sulphate and hence do not
interfere.

When an initial attempt was made to determine such levels
of sulphate in strong brine solutions a difficulty was encoun-
tered in the form of a base-line disturbance at the position of
the sulphate peak. For example, Fig. 1, B, shows a chromato-
gram of 10 g 1-! of chloride (as sodium chloride) with no added
sulphate. It has a narrow positive peak followed by a narrow
negative peak exactly where the sulphate peak should be. This
makes the detection and quantification of less than 2 mg 1-! of
sulphate very difficult.

An investigation into this problem is described here. The
cause and a method of preventing it are given. The detection
limit subsequently achieved was 0.5 mgl-! of sulphate in a
10 g 1-1 chloride solution.

Experimental

Chromatograms were obtained using a Dionex Model 2000i
ion chromatograph with an integral conductivity detector and
a nominal 5-pl sample loop. Separations were achieved using
Dionex HPIC AS3 or AS4A columns and a flow-rate of
2 ml min—! of the eluent mixtures 0.003 M NaHCO; - 0.0024 m
Na,CO; or 0.00075 M NaHCO; - 0.0020 M Na,CO3, respec-
tively. The anion suppressor was a 250 X 6 mm i.d. column.
Dionex fibre and micromembrane suppressors were also used.

Sodium chloride and sodium carbonate were of Aristar
grade (BDH); the other reagents were of analytical-reagent
grade. All the solutions were prepared in water of conductivity
6-7 uS m-! obtained from a Milli-Q reverse osmosis -
ion-exchange system (Millipore).

When required a column (250 X 9mm i.d.) of Amberlite
IRA-400 strong anion-exchange resin (BDH) was positioned
between the eluent reservoir and the pump, as shown in Fig. 2.
It was prepared from 20-50 mesh chloride-form resin. Before
use the column was treated with 1M sodium hydroxide
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Fig. 2. Schematic diagram of the ion chromatography system for
anion determination

solution at a flow-rate of 4 ml min—! for 30 min, then similarly
with 1.0 M sodium carbonate solution. It was subsequently
equilibrated with the eluent off-line for about 2 h.

Procedure

For the analysis of brine samples the apparatus shown in Fig. 2
was assembled using either of the column - eluent combina-
tions given above. A calibration graph was prepared by
injecting the standards (0.5-5mgl-1) in sodium chloride
solution (10 g1-') on to the column. The area of the sulphate
peak was measured. The samples were diluted to contain
between 5 and 10 g1-! of sodium chloride before they were
injected.

Results and Discussion

A chromatogram of 5mgl-! of sulphate in a solution of
10 g 1= of chloride is shown in Fig. 1, A. The sulphate peak is
clear of the “tail” of the chloride peak and there is apparently
no reason why 0.5 mg 1-! of sulphate should not be detected.
Only 5 ul of solution were injected so as to avoid overloading
the column, which would have resulted in distorted peaks in
the chromatogram. Both the AS3 and AS4A separator
columns gave similar separations and had, apparently, similar
capacities. However, when a 10 g 1-! solution of chloride, to
which no sulphate had been added, was injected the chroma-
togram shown in Fig. 1, B was obtained. A narrow positive
peak followed by a similar sized negative peak occurred at the
sulphate position. A chromatogram for the separation of
1mgl1-! of sulphate in a solution of 10 g1-! of chloride, Fig.
1, C, shows that the negative part of the disturbance has
almost disappeared whereas the positive part remains. This
clearly makes the detection and quantification of sulphate
impossible at this level.

By changing the chloride concentration it was found that the
base-line disturbance was absent at chloride concentrations of
6 gl1-! and lower and present at concentrations of 7 g1-! and
higher. The magnitude of the effect increased with increasing
chloride concentration. The effect occurred whichever sup-
pressor was used. It was also noted that the magnitude
changed with each batch of eluent. Because of this and
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Fig. 3. Chromatograms obtained using an AS4A separator column
with 0.1 mg 1= of oxalate added to the eluent. A, Oxalate (10 mg1-')
in chloride solution (10 g1-'); and B, chloride solution (10g1 1)

0.1 puS

[2)
[ Inject

Detector response

@

I n L

% 10 5 0
Time/min

Fig. 4. Determination of sulphate in chloride solution (10gl ).
Sulphate in the eluent for the AS3 separator column is removed by
in-line ion exchange. Sulphate concentration: A, 0; B, 0.5; and C,
5.0mgl !

because the base-line disturbance always occurred at the
sulphate position it was suspected that the cause of the effect
was sulphate contamination of the eluent.

This possibility was investigated by adding 0.1 mg1-! of
sulphate to the mobile phase. When a 10gl-! chloride
solution was injected on to the column much larger positive
and negative peaks were observed at the sulphate position, as
shown in Fig. 1, D, than had originally been obtained.

Further proof was obtained by showing that a similar effect
could be produced at the elution volume of another strongly
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retained ion by adding that ion to the eluent. Oxalate at
0.1 mgl-! was added to the mobile phase. When a 10gl-!
chloride solution was injected on to the column the chromato-
gram (Fig. 3, B) showed large positive and negative peaks at
both the oxalate and sulphate elution volumes, the sulphate
peaks being caused by the “natural” contamination of the
eluent.

From the magnitude of the effect shown in Fig. 1, A, it is
apparent that sulphate in the eluent at the 0.01-0.02 mg 1-!
level is sufficient to cause a base-line disturbance. To remove
this contamination a column of high-capacity strong ion-
exchange resin (Amberlite IRA-400) in the carbonate form
was connected in-line between the eluent reservoir and the
pump (Fig. 2). Sulphate from the eluent is very strongly
retained on this resin. Fig. 4, A shows that this column
eliminated the problem and lowered the detection limit to
0.5 mg 1= of sulphate in 10 g1-! of chloride as shown in Fig.
4,B. Linear calibration graphs were obtained in the range
0.5-5mg 1-! of sulphate in a 10 gl-! chloride solution using
either peak-height or peak-area measurement. The effective-
ness of this column is further proof that contamination of the
eluent was the cause of the original problem. The ion-
exchange column required re-generation after several days of
continuous use.

A possible explanation of this effect is as follows. If sulphate
is present as a contaminant in the mobile phase then the
separator column will not be wholly in the carbonate -
hydrogen carbonate form, but will be partially in the sulphate
form. It is believed that when a large amount of chloride ion is
injected on to the column some sulphate is displaced from the
column into the mobile phase. The sulphate moves a short
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distance down the column with the chloride until the latter
becomes diluted and no longer causes the effect. The
displaced sulphate leaves a void in the sulphate concentration
in the column. Both the displaced sulphate and the void pass
through the column and appear at the sulphate position in the
chromatogram as a positive peak overlapping a similar sized
negative peak. The negative peak arises owing to a decrease in
the level of sulphate in the eluent. Calculations show that
when there is 0.0l mgl-! of sulphate in the eluent it
contributes about 0.2 uS to the background conductance of
16 uS. The peak height given by 5 mgl-! of sulphate is also
about 0.2 uS and hence the negative peaks can be accommo-
dated within the sulphate background.

Thanks are due to the British Petroleum Company plc for
permission to publish this paper.
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Determination of Water in Acetic and Formic Acids by the Proton
Isoconcentration Technique Using the Addition Method

Mohamed Rashid Omar Karim and Thuraya Mohamed Karadaghi
Chemistry Department, College of Science, Salahaddin University, Arbil, Iraq

Two analytical procedures have been used for the determination of water in acetic and formic acids under
proton isoconcentration conditions, based on a large and systematic change in the potential measurements
on addition of 0-2% m/m of water to a mixture of propylene carbonate and 10% V/V acetic or formic acid
containing 2 X 10-3 m perchloric acid in glacial acetic acid as a background electrolyte, using a combination
pH glass electrode. The first procedure was used directly for the determination of water in the range 0-10%
m/m and the second for the range 10-100% m/m. In the second procedure the dilute acids were concentrated
by mixing them with dry mixtures of propylene carbonate and acetic or formic acid. The method is fast,

accurate and reproducible.

Keywords: Water determination; acetic and formic acids; addition method - proton isoconcentration
technique, direct potentiometry, combination pH glass electrode

The application of direct potentiometry to the determination
of residual water in organic solvents using a pH glass electrode
under proton isoconcentration conditions was first reported in
1977 independently by Kakabadse! and Schwabe and Queck.2
This technique was subsequently applied to various solvents as
a batch method .19 and recently in on-line monitoring.!! The
addition method in the proton isoconcentration technique
(PICT) has recently been employed for the determination of
water in organic solvents.Y

In this work the addition technique was applied to the direct
potentiometric determination of residual water in a mixture of
propylene carbonate and 10% V/V acetic or formic acid under
proton isoconcentration conditions and was used for the
determination of water in acetic or formic acid directly in the
concentration range (—10% m/m and indirectly over the range
10~100% m/m, using a combination pH glass electrode.

Experimental
Reagents

The organic solvents were obtained from Fluka and were dried
as described elsewhere.12 14 The water contents after drying,
as determined by Karl Fischer titration,!s were 0.008, 0.01 and
0.05% m/m in propylene carbonate, acetic acid and formic
acid, respectively. BDH laboratory-reagent grade perchloric
acid, dissolved in glacial acetic acid (0.1 m in perchloric acid)
and containing 0.05% m/m of water, was used as a stock
solution.

Apparatus

Measurements were made on magnetically stirred solutions at
25 £ 0.1°C using an Orion Model 811 digital pH - millivolt
meter with a potential range of £1000 mV and a discrimina-
tion of £0.1 mV. A Hewlett-Packard 9862 calculator - plotter
was used for drawing the graphs. An Orion 910-100 combina-
tion pH glass electrode was used, with a silver - silver chloride
reference electrode and a saturated solution of lithium
chloride in acetic acid as the electrolyte. A Schott Gerite TR
156 automatic titrator was used for the addition of water.

Preparation of Calibration Graphs
Procedure 1, for the determination of water in acetic or formic
acid in the range 0-10% mim

A dried two-necked round-bottomed flask (100 ml) fitted with
a combination pH glass electrode was charged with 50 ml of a

dry mixture consisting of 5 ml of acetic or formic acid, 44 ml of
propylene carbonate and 1 ml of perchloric acid in glacial
acetic acid. Known increments of 0-1 ml of water were added
using the automatic titrator and the potential was recorded
immediately after each addition in a dry-box under a blanket
of dry nitrogen to prevent absorption of atmospheric mois-
ture. The potential was plotted against percentage of water.
For the determination of water in acetic or formic acid, 5 ml of
the sample were added with a dried pipette to a dried 50-ml
calibrated flask containing 1 ml of (.1 m perchloric acid in
glacial acetic acid and the solution was diluted to the mark
with dry propylene carbonate. The potential of this solution
was measured after 5 min. The percentage of water in the
sample was obtained directly from the calibration graph.

Procedure 11, for the determination of water in acetic or formic
acid in the range 10-100% m/m

A 1-ml volume of the sample was added with a dried pipette to
50 ml of a dry mixture, prepared as described under Procedure
1, and the potential of this solution was measured after 5 min.
The percentage of water in the mixture was obtained from the
calibration graph and the mass of water in the sample was
calculated by considering the dilutions involved.

Results and Discussion

The changes in the cell potentials (AE) on addition of 0-2%
m/m of water to acetic or formic acid in the presence of 2 x
10-3 M perchloric acid in glacial acetic acid, using a combina-
tion pH glass electrode, were 60.0 and 88.0 mV, respectively
(Table 1). However, this change was not large enough for an
accurate determination of the residual water in these acids. A

Table 1. Change in potential, AE, and standard deviation (n = 7) for
the addition of 0-2% m/m of water to organic solvents containing 2 X
10 3 m perchloric acid in glacial acetic acid, using an Orion 910-100
combination pH glass electrode with LiCl in acetic acid as the
clectrolyte

Water Standard
concentration, Mean deviation/
Solvent % mim AE/mV mV
Propylene carbonate .. .. 0.20 330.2 0.89
Aceticacid .. .. .. .. 0.20 60.1 1.03
Formic acid e 0.20 88.2 1.23
Propylene carbonate + 10%
VIV acetic acid TR 0.20 290.3 0.95
Propylene carbonate + 10%
VIV tormic acid an gy 0.20 305.1 1.06
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Fig. 1. Calibration graphs showing the change in potential on addition
of 0-2% m/m of water to a mixture of 10% V/V acetic or formic acid
with propylene carbonate containing 2 X 10-3 m perchloric acid in
glacial acetic acid, using an Orion 910-100 combination pH glass
electrode with a saturated solution of LiCl in acetic acid as the
electrolyte

large and systematic change in the cell potential was observed
on addition of 0-2% m/m of water to a mixture of 10% V/V
acetic or formic acid in propylene carbonate containing 2 X
10-3 M perchloric acid in glacial acetic acid, using a combina-
tion pH glass electrode (Table 1 and Fig. 1). There may be
several reasons for the large and systematic change in the cell
potentials observed at high solvent concentrations for small
changes in the water content.57.10 The relevant experimental
parameters in this work are the nature of the solvent, the
nature of the acid and its concentration and the type of pH
glass and reference electrodes used.

Effect of Solvent

Propylene carbonate was chosen as the solvent for mixing with
acetic or formic acid to prepare the calibration graphs, owing
to the higher AE values and lower standard deviations®
obtained. Also, propylene carbonate is liquid over a conve-
nient range of temperatures and is easily purified by vacuum
distillation. 16 It can be seen from Table 1 that the AE value for
formic acid is higher than that for acetic acid.!”

Effect of Acid

In this work 2 X 10—3 M perchloric acid in glacial acetic acid
was used as the background electrolyte. The interference of
acetic or formic acid in the determination of water was studied
by adding 1 ml of dry acetic or formic acid to a dry mixture of
propylene carbonate and 10% V/V acetic or formic acid in the
presence of 2 X 10-3 m perchloric acid in glacial acetic acid, as
described under Procedure Il. There was no change in the
potential although an increase of 2 mV was observed when 1
ml of dry formic acid was added to pure, dry propylene
carbonate containing 2 X 10~3 M perchloric acid in glacial
acetic acid.

Effect of pH Glass and Reference Electrodes

The Orion 910-100 combination pH glass electrode was
conditioned for 1 h in propylene carbonate containing 2 X
10-3 M perchloric acid in glacial acetic acid.® The reference
electrode was silver -silver chloride with a saturated solution
of lithium chloride in acetic acid as the internal solution.8.9.16
It was found that leakage of water from the reference
electrode into the standard solutions was negligible.8
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Table 2. Accuracy of the determination of water by direct poten-
tiometry for the addition of 0-2% m/m of water to a solution of
10% VIV acetic or formic acid in propylene carbonate containing
2 X 10-3 m perchloric acid in glacial acetic acid, using an Orion
910-100 combination pH glass electrode with a saturated solution of
LiCl in acetic acid as the eclectrolyte

Water found, % m/m Relative error, %

Accurate Addition Addition  Karl

Solvent dilution technique Procedure technique Fischer
Aceticacid 70.02 70.62 II +0.86  +1.20
50.04 48.99 11 -2.10  +0.50
25.08 24.64 11 -1.75 +2.62
10.01 10.29 I +2.80 +2.15
5.43 5.61 I +330  +5.61
1.02 1.04 1 +1.96 +3.14
Formic acid 70.03 72.27 11 +3.20 —
50.04 51.04 I +2.00 —
25.05 24.45 11 —2.40 —
12.06 11.69 I -3.10 —
6.32 6.09 I —3.64 —
1.04 1.08 I +3.85 —
0.51 0.53 | +3.92 —

Table 3. Limit of detection of water in acetic and formic acids by direct
potentiometry for the addition of 0-2% m/m of water to a mixture of
10% V/V acetic or formic acid in propylene carbonate containing 2 x
10-3 m perchloric acid in glacial acetic acid, using an Orion 910-100
combination pH glass electrode

Sensitivity/

Water in solvent, mgkg !

Solvent % mim per2mV
Aceticacid . . 0.01 50
0.50 92
Formicacid .. 0.05 38
0.50 56

Accuracy of Water Determination

The results obtained for samples containing various amounts
of water are shown in Table 2. In general, the accuracy of the
method is satisfactory and compares favourably with that
achieved by Karl Fischer titration. The use of the Karl Fischer
titration technique for the determination of water in formic
acid was not successful; indistinct end-points were observed
during the titrations owing to a rapid reaction between formic
acid and the reagent.!5 Karl Fischer titration could be used for
the determination of water in acetic acid, although the
end-point was not particularly stable.®

Limit of Detection of Water in Acetic and Formic Acids

The detection limit is based on the amount of added water that
is necessary to produce a change in potential of 2 mV, i.e.,
corresponding to approximately twice the standard deviation
(Table 1). It can be seen from Table 3 that the sensitivity of the
pH glass electrode to changes in the water concentration
depends on the nature of the solvent and the amount of
residual water in the solvent. The detection limit for water in
formic acid was lower than that for acetic acid.

Conclusions

The proposed method can be used for the determination of
water in acetic and formic acids. The method is characterised
by accuracy and simplicity of operation and compares
favourably with the Karl Fischer method. The main advantage
of employing the addition method in the PICT for the
determination of water in acetic or formic acid is that the time
required for the analysis is reduced significantly.
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Inverse Spectrophotometric Detection in Flow Injection Analysis:
Determination of Nitrite Using Cerium(lV) as the Chromophore

Thomas P. Lynch

BP Research Centre, Sunbury-on-Thames, Middlesex TW16 7LN, UK

The application of inverse spectrophotometric detection in flow injection is introduced and its potential
illustrated by a possible application to the determination of nitrite by its reaction with cerium(IV).

A single manifold was employed with two reagent concentrations, namely 10 and 20 g |- of cerium(IV)
ammonium sulphate in 0.5wm sulphuric acid. The working ranges are 10-200 and 200-1000 mg I-7,
respectively, for a ca. 30-ul sample injection and the sampling rate is between 60 and 75 injections per hour.
The 200-1000 mg |- system was applied to the determination of nitrite in culture media and the results were
compared with those given by a manual diazotisation method.

The same manifold with a smaller sample loop was also employed to demonstrate the extension of the
technigue to provide chemical back-off. A working range of approximately 2500 mg 1-1 of nitrite can be
covered anywhere between 1000 and 9000 mg |- simply by selection of a suitable reagent concentration.

Keywords: Cerium(lV); chemical back-off; flow injection; inverse spectrophotometry; nitrite determination

Spectrophotometry (UV and visible) was employed in over
30% of the flow injection methods listed in the Tecator
1974-1984 Bibliography! and it is the most widely applied
detection system in the technique. In almost all of the
published procedures the absorbance of the product of a
reaction is measured. This paper describes an alternative
approach, which we call inverse spectrophotometry, where
the decrease in the absorbance of a reagent due to its reaction
with the sample is measured. This highlights the advantages
that can be gained over conventional spectrophotometric
detection. The concept has been described briefly for two
applications,? both of which employ cerium(I'V) as the reagent
chromophore.

This paper describes one of these systems, namely the
determination of nitrite, and introduces the concept of
chemical back-off. The main feature of this system is the
ability to analyse high sample concentrations in a simple
manifold without excessive prior dilution. Previous flow
injection methods for nitrite are mostly based on the diazo
spectrophotometric method3#4 or on voltammetric detec-
tion.5:6

A method was required for the analysis of a large number of
biological culture media that contained between 2 and 3 g I-!
of nitrite. Early efforts directed at desensitising the diazo
methods (typical upper limit 0.1 g 1-!) met with minimal
success and it was therefore decided to consider alternative
chemistries that did not have the inherent sensitivity of the
diazo reaction.

A classical titrimetric method for the determination of
nitrite utilises the redox reaction between nitrite and
cerium(IV):

2Ce!Y + NO,~ + H,0 — 2Ce!" + NO;~ + 2H+
L€,
coloured reactant — colourless product
The application of this chemistry using inverse spectro-
photometric detection is described for the determination of
nitrite. The concept of chemical back-off is also introduced

and advantages and possible applications of the technique are
discussed.

Experimental
Reagents and Solutions

All chemicals were of analytical-reagent grade and de-ionised,
distilled water was used throughout. Nitrite standards were

prepared by dilution of an aqueous stock solution containing
14.996 g 1-! of sodium nitrite (10 000 mg 1-! of nitrite), which
was standardised by titration with standard potassium per-
manganate solution.

Several cerium reagent concentrations were employed,
namely 10, 20, 30, 40 and 50 g 1-! solutions of cerium(IV)
ammonium sulphate in 0.5 M sulphuric acid.

Apparatus

A Tecator 5020 flow injection analyser was employed with a
Cecil CE373 visible spectrophotometer equipped with a
Hellma flow cell. The manifold was constructed using 0.8 mm
i.d. tubing and an Altex micro-plumbing system (Anachem).
Peak heights were recorded using both a chart recorder and
the measurement facility in the Tecator instrument. Calibra-
tion data and repeatability statistics were obtained using a
DEC professional microcomputer and a VG Lab Systems
statistics software package.

Flow Diagram

A flow diagram of the system is shown in Fig. 1. Samples (30
ul) were injected into the carrier stream of de-ionised water
prior to merging with the cerium reagent.

Results and Discussion
Inverse Spectrophotometry

The normal procedure when attempting to develop a spectro-
photometric flow injection (FI) method is to produce a
coloured product. For example, in the diazotisation reaction
for nitrite a red product is produced by a two-step reaction.
Therefore, in a conventional spectrophotometric flow injec-
tion method the base line is at zero absorbance and sample

ml min—1 Sample
inject
2.0
Water ‘?—
AN/
Cerium 0.6 2(':?(’)'{'“ Iﬁ]
reagent a7 rn

Pump

Fig. 1. Manifold for the determination of nitrite
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Fig. 2. Concentration versus absorbance graph for cerium(IV)
ammonium sulphate

responses result in an increase in absorbance. In an inverse
spectrophotometric method the base-line absorbance is posi-
tive and sample responses result in a decrease in absorbance.

The manifold shown in Fig. 1 was set up and the detector
zeroed with only water flowing in the cerium reagent stream.
Various concentrations of cerium reagent were then used and
the absorbance base-line value was determined. The resulting
graph of absorbance versus reagent concentration, shown in
Fig. 2, is a typical Beer’s law plot. Initial work was carried out,
as in conventional spectrophotometry, on the linear part of
this plot. However, it was soon realised that the plateau region
of the plot can be employed in a unique way and this led to the
chemical back-off concept.

Working Range 10-200 mg 1-! of Nitrite

The working range was covered using the manifold shown in
Fig. 1 with a reagent containing 10 g 1-1 of cerium(IV)
ammonium sulphate. The best straight line through the origin
of a plot of nitrite concentration (0-200 mg 1-1) versus peak
height (absorbance change) gave a slope 0f 4.19 X 10-3and a
correlation coefficient of 0.9999.

Repeated injections (n = 30) of a 100 mg 1-! solution gave a
95% confidence interval for the mean peak height of £0.5%
relative. The sampling rate was 75 injections per hour.

The 10 g 1-1 cerium(IV) ammonium sulphate reagent gives a
base-line absorbance value of 2.12 (Fig. 2). This absorbance
occurs just as the Beer’s law plot begins to deviate from
linearity and it was decided to investigate the possibility of
using a stronger reagent to extend the high concentration
working range. A reagent concentration of 20 g I-! was chosen
as this approximately corresponds to the beginning of the
plateau on the Beer’s law plot.

Working Range 200-1000 mg 1! of Nitrite

This working range was covered using the 20 g 1-! reagent with
the manifold shown in Fig. 1. A graph of nitrite concentration
(200-1000 mg 1-1) versus peak height (absorbance change)
was non-linear (Fig. 3) but a fourth-degree polynomial
regression curve could be fitted with a correlation coefficient
of better than 0.9999.

Repeated injections (rn = 30) of a 500 mg1-! solution gave a
95% confidence interval for the mean peak height of £0.3%
-relative. The sampling rate was 60 injections per hour.

This system met the criteria we had set to solve our
immediate problem, which was the rapid screening of nitrite in
a large batch of culture media samples. The samples (1 ml)
were dispensed into an autosampler cup together with 2 ml of
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Fig. 3. Calibration graph for working range 200-1000 mg I-' of
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Table 1. Comparison of results obtained for the determination of
nitrite in four culture media samples by the cerium flow injection
method and a manual diazo method?

Concentration of sodium nitrite,

% miV
Sample
No. By diazo method By cerium FIA
1 0.27 0.28
2 0.28 0.27
3 0.30 0.29
4 0.28 0.29

water as diluent and then injected into the system. A test
result was taken as the mean of triplicate injections. A number
of samples were analysed by a manual diazotisation proce-
dure’ and a comparison of the results obtained for four of
these is given in Table 1.

The 20 g 1-! reagent concentration was chosen as it
corresponded to the beginning of the plateau on the Beer’s law
plot. However, it soon became apparent that unlike con-
ventional spectrophotometric methods, inverse spectro-
photometry could make use of solutions with absorbances on
the plateau region and this led to the concept of chemical
back-off.

Chemical Back-off

In the work with the 20 g 1-! cerium(IV) ammonium sulphate
reagent, the calibration graph flattened out at nitrite concen-
trations less than 200 p.p.m. This corresponds to the plateau
of the Beer’s law plot for the cerium reagent (Fig. 2), i.e., the
injection of samples with less than 200 p.p.m. of nitrite fails to
consume enough reagent to move off the plateau region.
Hence in effect the working calibration range has been
backed-off by ca. 200 mg 1-! and it should be possible to
extend the back-off by moving further along the plateau, i.e.,
using a more concentrated cerium reagent.

Several experiments were carried out using increasing
cerium reagent concentrations. The original manifold (Fig. 1)
was employed but with a smaller sample loop (ca. 15 pl) and
the plots in Fig. 4 show the working ranges for the various
reagent concentrations. Each reagent covers a working range
of approximately 2500 mg 1-! and the analyst could cover this
range with a starting value of anything between 0 and 7000
mg 1! using a single manifold and the appropriate reagents,
and the calibration graphs could be adequately described by
computer-aided polynomial regression. The obvious applica-
tion of this technique is in the analysis of high concentrations
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with a simple flow injection system. This could be particularly
useful in a process control situation where product or reactant
concentrations are more likely to be at the percentage rather
than the parts per million level and it may be necessary to
maintain levels within a confined concentration range (e.g.,
product specification).

However, another potential application is in situations
where the analyst is concerned with obtaining the greatest
accuracy and precision possible, and does not require a large
working range. Consider, for example, a sample that contains
6000 mg 1-! of nitrite and is analysed both by the method for
the 10-200 mg 1-! range (10 g 1-! reagent), after prior dilution,
and directly using the 40 g |-! reagent as in Fig. 3.

Using the method for the 10-200 mg I-! range a 60-fold
dilution would bring the sample into the middle of the working
range and a 0.01 change in absorbance would correspond to
ca. 2.5 mg 1= in the diluted solution or ca. 150 mg I-!in the
sample. Using the 40 g 1-! reagent, however, the same 0.01
change in absorbance at the 6000 mg [-! level would be
equivalent to ca. Smg1-"in the sample, and therefore we have
a potentially much more accurate method. The possibility of
dilution errors is also removed with this system.

The method has also been shown to be precise in that a ca.
6000 mg 1-! nitrite solution was injected repeatedly (n = 20)
into a 40 g 1-! system and a 95% confidence interval for the
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mean peak height of +0.1% relative was obtained. However,
problems were encountered in the application of the tech-
nique in that commercial spectrophotometers are not desig-
ned to work from full absorption to maximum transmission.
The responses obtained for a particular manifold could be
varied depending on the way in which the spectrophotometer
had been set up. It would therefore be advisable to design a
purpose-built detector, possibly based on the phototransducer
type described by Sly et al.8

Conclusions

The application of inverse spectrophotometric detection in
flow injection has been demonstrated and a simple manifold
for the determination of nitrite at levels between 10 and 1000
mg 1~! has been described. The concept of chemical back-off
has been introduced and its potential demonstrated for the
determination of nitrite concentrations between 1000 and
9000 mg I-1. Future possible applications have also been
identified in the areas of process control and assay procedures.

The author thanks British Petroleum Company plc for
permission to publish this work and also his colleague N. P.
Porter for assistance with the experiments.
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Spectrophotometric Determination of Dissolved Oxygen in Water
Through the Formation of an Argentocyanide Complex With Silver

Sol*

Tarasankar Pal and Pradip K. Das

Department of Chemistry, Indian Institute of Technology, Kharagpur 721 302, India

A simple and sensitive method for the determination of dissolved oxygen (DO) in water has been developed,
involving the dissolution of a gelatin-stabilised yellow silver sol formed with cyanide ion in the presence of
oxygen. The coloured sol becomes colourless argentocyanide ion at the end-point. The reagent solution is
fairly stable over the experimental time scale and the change in absorbance at a wavelength of 415 nm gives a
measure of the concentration of dissolved oxygen in water. The effects of foreign ions on the determination
indicated that the method is suitable for determining DO in both drinking and effluent waters and is free from
interferences. It has the advantage of being capable of determining oxygen down to a concentration of 50
p.p.b. in water samples. The slope of the calibration graph is 0.206 A ml ug-' [absorbance units per
(microgram per millilitre)]. The molar absorptivity of the solution is 6.58 X 103 | mol-1 cm~1 with a relative
standard deviation of 0.9%, a confidence limit (for 10 determinations) of 0.17 £ 0.001 p.p.m. and a Sandell

sensitivity of 1.63 x 10-2 ug cm~-2.

Keywords: Dissolved oxygen determination; silver sol; argentocyanide ion; spectrophotometry

Several methods have been proposed for the determination of
dissolved oxygen (DO) in water since the classical method of
Winkler,! some simply being modifications of Winkler’s
method. Reviews detailing the theory and measurement of
DO are available.2-4 Caritt and Carpenter2 concluded that the
modified Winkler methods, although laborious and time
consuming, are reliable. However, there are some serious
drawbacks (e.g., large sample volume, time consuming,
interference from foreign ions) to both the original! and the
modified methods.# In order to eliminate the drawbacks and
to increase the sensitivity, several physico-chemical methods
have been applied, the most significant of which are photo-
metric determinations.>7 Direct photometric methods
involve the oxidation of polyphenols and aminophenols or
leuco-dyes®-!3 and the indirect methods involve oxidation of
manganese(II) by the DO and the reaction of the resulting
manganese(III) with iodide,'* o-toluidine!S or redox indica-
tors.16.17 In another set of methods, the manganese(IIl) is
complexed with EDTA!$.1 or DCTA20:2! and the resulting
colour intensity is measured. Oxygen analysis by sensitive gas
chromatography?2-27 has been applied not only to water, but
also to other solvent systems. In this paper, a yellow silver sol
is used as the colour reagent for the determination of trace
amounts of dissolved oxygen in water by following the oxygen-
and cyanide-dependent28 decrease in intensity of the coloured
silver sol at 415 nm. The method is best suited to the routine
determination of DO in industrial and natural waters at
concentrations down to 50 p.p.b. This is the first report of the
determination of DO in water using a yellow silver sol in an
alkaline medium.

Experimental
Reagents =

All reagents used were of analytical-reagent grade and all
solutions were prepared in distilled water. Silver nitrate
(Glaxo) (0.84935 g) was dissolved in sufficient distilled water
to make 500 ml of solution. Gelatin powder (Merck, 0.5 g) was
dissolved in 100 ml of warm distilled water. To avoid microbial
degradation of the gelatin solution, a fresh solution was
prepared daily. Sodium cyanide (M and B, 0.12250 g) was

* Presented at the International Seminar on Instrumental Electro-
analytical Techniques, Mysore, India, 22-26 November, 1987.

dissolved in 250 ml of distilled water and the solution was
standardised with silver nitrate.2 Silver sol was prepared by
placing 5.0 ml of 10-2 M silver nitrate solution in a 400-ml
beaker and adding 100 ml of 0.5% gelatin solution with
stirring. The pH of the solution was adjusted to ca. 8 using 0.2
M NaOH solution. The silver - gelatin complex was completely
reduced by ca. 0.02 g of ascorbic acid.3® The sol solution was
diluted to 250 ml with dilute NaOH to obtain a sol solution of
ca. pH 8. The silver sol is very stable at room temperature and
is best stored in amber bottles.28 At A, (415 nm) the sol
solution shows negligible scatter. Absorbance values are
proportional to the sol concentration. For the purpose of
degassing, oxygen-free nitrogen was used, which was further
purified by passing it over hydrogen-reduced copper powder
at 350°C and through two consecutive solutions of alkaline
pyrogallol.”

Apparatus

A Varian Cary-17D spectrophotometer was used for measur-
ing absorbances in 1-cm quartz cells.

Procedure

Gelatin-stabilised silver sol and sodium cyanide were studied
as reagents for the determination of DO. First, both reagents
are degassed with oxygen-free nitrogen for 10-15 min. The
nitrogen is passed through a long hypodermic needle and
purged through a short needle, both inserted through the
septum. Then appropriate aliquots of the two reagents (silver
sol : sodium cyanide = 5:1V/V) are placed in the spectropho-
tometer cell under a nitrogen atmosphere. Followinginjection
of a sample, the spectrophotometer cell should be protected
from oxygen (using stoppers) until the absorbance has been
determined. Two types of water, air-saturated or oxygen-
saturated water, may be used as samples to obtain a
calibration graph. In our work air-saturated water was
studied.

The concentration, C, of DO in the sample tube containing
air-saturated water is calculated from the equation

C(p.p-m.) = C'(p.p-m.)X (1)

-
5000 + v
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where C’ is the concentration of oxygen in air-saturated water
and v (ul) is the volume of air-saturated water injected into the
spectrophotometer cell containing 5000 pl of reagent.

Air-saturated water at 25 °C contains 8.1 p.p.m. of oxygen;
at other temperatures, the concentration of oxygen can be
calculated from the equation 3!

C (p.p.m.) = 14.161-0.3943¢ + 0.0077142—0.00006467 (2)

Once the Beer’s law graph has been plotted, any value falling
on, or near, the straight line can be used to derive the
conversion factor (K), which can then be multiplied by the
absorbance of the unknown sample of water to obtain the
unknown DO value.32 Thus,

DO in unknown sample p.p.m. (ug ml-!) = K x
corrected absorbance for the unknown sample .. .. (3)

where

p.p-m. DO in the standard sample
corrected absorbance for the standard sample

Depending on the make of spectrophotometer used, the
corrected absorbance can be obtained automatically or
manually by taking the difference between the absorbance of
the blank and that of the unknown or standard samples. The
reagents placed in the spectrophotometer cell in an atmos-
phere of purified nitrogen can be used as a blank. In this
experiment the standard sample was taken as 120 ul of
air-saturated water at 28.5°C, i.e., 170 p.p.b. of DO.

Results and Discussion

The reaction of the silver sol with cyanide may be represented
as follows:

4Ag + 8CN- + 2H,0 + O, — 4[Ag(CN),]- + 40H- (4)

The silver sol solution was yellow when stabilised by the
gelatin solution, but argentocyanide, which is readily formed
in the alkaline medium, was colourless. Therefore, if silver sol
and cyanide are takenina 5: 1 ratio in the concentration range
mentioned earlier, the decrease in intensity of the yellow silver
sol in the presence of oxygen is a measure of DO in the water.
As the disappearance of the yellow colour is both DO- and
cyanide-dependent, the sol concentrations in the test system
should be sufficient for the final absorbance values to lie
within the sensitive spectrophotometric region. The import-
ance of the method is that as little as 50 p.p.b. of DO can be
determined using a minimum volume (ca. 0.03 ml) of
air-saturated water while observing the absorbance values.

Comparison With Other Methods

The methods described in the literature for the spectropho-
tometric determination of DO in water suffer from serious
interferences from common ions, e.g. Fe2+, Fe3+, SO;2-,
$,0,2- and NO,~.3 The proposed method has advantages not
only over Winkler’s method but also over other spectropho-
tometric methods: (a) the method is simple to follow and less
time consuming; () it can be used to monitor DO continu-
ously if silver sol and cyanide ion are present in appreciable
amounts; (c) as little as 50 p.p.b. of DO in water can be
determined; and (d) the method does not suffer from
interferences (see below).

Interferences

A brief investigation was made of the influence of common
organic and inorganic compounds which usually interfere in
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Table 1. Summary of interference effects on the determination of 170
p-p-b. of DO in air-saturated water

Concentration,  Effecton
Ton Salt p.p.m. absorbance/A

Chloride .. .. KCl 200 <0.01
Nitrate Ni(NO;), 250 0.01
Nitrite NaNO, 200 <0.01
Sulphate . . ZnSO, 250 <0.01
Hydrogen

carbonate NaHCO; 200 <0.01
Sulphide . . Na,S 400 <0.01
Iron(Il) .. Mohr’s salt 200 <0.01
Iron(III) . . Fe(NO;);.9H,0 250 0.01
Manganese(II)  Mn(OAc), 200 <0.01
Iodide .. .. KI 100 0.01
Carbonate Na,CO, 200 <0.01
Phosphate Na;PO, 200 <0.01
Calcium(II) Ca(NO;), 200 <0.01
Magnesium(II)  MgSO, 200 <0.01
Persulphate K,S,04 200 <0.01
Thiosulphate .. Na,S,0; 200 <0.01
Tartrate . . Tartaric acid 350 <0.01

Table 2. Comparison of DO values obtained using Winkler's
technique (A) and the proposed method (B)

DO content™/
Sample Method pgml-! SD/ug ml-!
Distilledwater . . .. .. A 7.92 0.20
B 8.11 0.07
Water from the Ganges
(pH 7.8, total dissolved
solids 350 p.p.m.,
chloride 5.6 p.p.m.) s A 727 0.16
B 7.35 0.01

*n = 10.

the determination of DO (see Table 1). The concentration of
ions listed in Table 1 are those in the undiluted, air-saturated
samples, 120 ul of which were injected into the spectropho-
tometric cell. The oxygen concentration was 170 p.p.b.
Possible interferences not studied included hypochlorite,
ozone and hydrogen peroxide, which are good oxidising
agents.

Applications

The dissolved oxygen contents of several samples of water,
e.g., laboratory-distilled water and water from the Ganges
(India), were determined by the standard method! and the
proposed method. The results are given in Table 2.
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Analysis of Commercially Available Cheeses for the Migraine Inducer
Tyramine by Thin-layer Chromatography and Spectrophotometry

Christine S. Evans, Sophie Gray and Nevcan O. Kazim

School of Biological Sciences, Thames Polytechnic, London SE18 6PF, UK

The amounts of tyramine in a variety of cheeses were measured using thin-layer chromatography and
spectrophotometry. The largest concentrations were found in blue cheeses (up to 4200 ug g—'), whereas soft
cream cheeses did not contain measurable concentrations. Higher concentrations of tyramine were
measured in cheeses that had a longer time of maturation in their preparation.

Keywords: Tyramine; cheese, migraine inducer; thin-layer chromatography; spectrophotometry

Tyramine in foods has been considered responsible for
promoting attacks of dietary-induced migraine in susceptible
subjects.! Cheese is commonly cited as a food to be avoided if
such attacks are to be minimised, although few data are
available as to the variation in tyramine content with the type
of cheese.? Variations in amine concentrations are due to the
action of microorganisms used in cheese production and the
length of time of manufacture.? Horowitz ef al.4 examined
nine types of cheese and found tyramine levels to vary from nil
in cottage cheese to 1416 ug g~! in New York State Cheddar.
Other studies have shown variations in American and
Canadian cheddars,5:¢ Danish Blue, American and Italian
Parmesan,® South African cheeses’ and Gruyére cheese,8 but
there is little information on the tyramine content of the many
varieties of British manufactured cheeses. A much larger
range of cheeses have become available commercially in the
UK in recent years, with many international varieties com-
monplace in the diet, and the determination of tyramine in
these products may be of interest to migraine sufferers. In this
investigation a total of 30 varieties of cheese were analysed for
tyramine, including cheese made from cow’s, sheep’s and
goat’s milk, which are readily available in supermarkets and
delicatesson stores in the UK.

Experimental

Cheeses were obtained from various supermarkets and stores.

For the extraction of tyramine, 5 g of grated cheese were
shaken with 10 ml of chloroform and 10 ml of dilute
hydrochloric acid for 24 h. After leaving the emulsion to
separate, the aqueous layer containing tyramine was
removed. Residual tyramine in the chloroform layer was not
detected, but a further extraction of the chloroform layer with
acid was used routinely to ensure complete extraction.

Tyramine was separated from the aqueous extract by
thin-layer chromatography on silica gel (Kieselguhr G;
Merck) in butan-1-ol - glacial acetic acid - water (7.5 + 1.5 +
1.0). Standard samples of tyramine were chromatographed
simultaneously, and tyramine in both standards and cheese
extracts was identified on TLC plates by its R value (0.64)
after spraying marker traces with Pauly’s reagent. This
reagent was prepared by mixing equal volumes of solution A,
containing 4 g of sulphanilic acid, 40 ml of concentrated HC1
and 400 ml of water, with solution B, containing 5% of sodium
nitrite, before adding 2 volumes of 10% sodium carbonate
solution.

Zones corresponding to the position of tyramine were
eluted from the silica gel from both cheese samples and
standard tyramine with 2 M ammonia solution, and quantified
by their absorbance at 237 nm. A calibration graph for
tyramine in the range 0-20 ug ml-! of ammoniacal solution
was prepared routinely under conditions identical with those
used for the cheese samples. All cheese samples were assayed

with and without added tyramine (to the grated cheese on
emulsification) and the recovery was measured as 96-101% of
the added tyramine. Tyramine was measured in the cheese
extracts derived from the grated cheese, which was considered
representative of the whole cheese.

Noradrenaline was identified by its Rg value on TLC with
butan-1-ol as solvent (0.22), and by co-chromatography with
the authentic compound. Confirmation of both tyramine and
noradrenaline data was made by HPLC of aqueous extracts of
the cheeses after chloroform and acid extraction. A Shimadzu
HPLC instrument was used with a column of Spherisorb C6
with 0.01 M orthophosphoric acid as solvent using UV detec-
tion at 280 nm.

Analysis by HPLC proved less reliable than the TLC -
spectrophotometric method, with the recovery of added

Table 1. Determination of tyramine in cheeses

Tyramine/ Weeks to
Type of cheese ugg-!  maturation
Cow’s milk cheeses—
Cottage cheese . . ND*
Quark (skimmed milk soft cheese) j i ND
Creamcheese .. . — ND
Curd cheese ww  we  ws  ws  ua ND
Edam wwe  wme  wa  aw  wa mw 216 5
2 240 2
Cheshire .. .. .. .. .. .. 278 3
Wensleydale T R 312 3
Leicester .. .. .. .. .. .. 312 11
Caerphilly .. .. .. .. .. .. 344
DutchLeiden .. .. .. .. .. 350
Ladeashite oo we oy se  s: s 360 3
Melbuty!  wo e 56 v sy s 456 2
White Stilton .. .. .. .. .. 490 2
Processed cheddar wa  ws  ws  sw 552
Vegetariancheddar .. .. .. .. 601 20
Derby wer  wem  ane  ws we  as 648 10
Mildcheddar .. .. .. .. .. 768 16
Lymeswold P P 787
Swiss Emmental . P 864 20
Low-calorie cheddar (Shape) R 912 10
Mature cheddar .. .. ... .. 1036 25
Italian gorgonzola ws  ge %3 xs 1248
Fully matured cheddar oo . 1440 32
Danish blue - s owe ows ww 3840
Blue Stilton i wen sw ww wn  A200
Goat’s milk cheeses—
Saint Loup (goat’s milk log) THETEET 518
Saint Chevrier .. TR TEEY 618
Fettg o we ws w2 se «s  ssx JOM0
Sheep’s milk cheese—
Roquefort .. .. .. .. .. .. 2270

*Not detectable.
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tyramine measured as 82-104%. Contaminating peaks in the
samples were incompletely separated from the tyramine peak.

Results

The tyramine content of a wide range of cheeses is shown in
Table 1. The highest amount of tyramine recorded was found
in Blue Stilton, although all blue cheeses had considerably
higher levels than non-blue varieties. Tyramine in cottage
cheese, quark, cream cheese and curd cheese was below the
level of sensitivity of the assay system used (1 pg g-!).
Information as to the length of time each type of cheese had
been left to mature before distribution was supplied by
J. Sainsburys, the English Country Cheese Council and Dairy
Crest. In general, it was found that the longer the time of
maturation of the non-blue cheeses the higher was the
tyramine level, a correlation coefficient of 0.79 being found
for those cheeses for which data were available. Three types of
cheddar, mild, mature and fully mature, produced by the same
manufacturer showed a correlation coefficient of 0.98 for
tyramine content and time of maturation. Cheeses prepared
from goat’s milk all had a medium to high level of tyramine in
comparison with non-blue cheeses prepared from cow’s milk.
Roquefort, a blue cheese made from sheep’s milk, contained a
high level of tyramine, 2270 ug g~!, which was comparable to
levels found in blue cheeses made from cow’s milk.

Detection of other phenolic amines in the cheese samples
showed that two of the cheeses tested contained an additional
basic Pauly-positive component. This was present in both
Leicester and Melbury varieties and was identified as noradre-
naline (3,4-dihydroxyphenylethanolamine) on the basis of
co-chromatography with the authentic compound using both
TLC and HPLC techniques. Both cheeses contained less than
100 ug g~! of this amine.

Discussion

This study has confirmed that different types of cheese contain
different levels of tyramine. The highest levels were found in
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blue cheeses, to which a second mould is added in the
processing of these products, whereas no tyramine was
detected in the milder cottage and cream cheese products. The
non-blue cheeses showed intermediate levels of tyramine
which correlated with the length of time involved in their
maturation, increasing amounts of tyramine being noted
particularly in the cheddar cheeses which are produced as
mild, mature and fully mature varieties. Two cheeses,
Leicester and Melbury, also contained small amounts of a
second phenolic amine, noradrenaline. It is likely that there
could be an additive effect of the two amines in these cheeses
in inducing attacks of dietary migraine, as they are structurally
similar.

Although the causes of dietary-induced migraine have not
been elucidated fully, tyramine has been implicated as a
contributory factor. The avoidance of foods which are known
to be high in tyramine can relieve both the intensity of
migraine attacks and their frequency. Little information is
available to the consumer about the chemical composition of
foodstuffs and this study may allow susceptible migraine
sufferers to moderate their intake of tyramine by selecting
low-tyramine varieties of cheese in preference to those high in
tyramine.
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British Pharmacopoeia 1988. Volumes | and Il
British Pharmacopoeia Commission. Pp. xlii + 1575. H.M.
Stationery Office. 1988. Price £130. ISBN 0 11 320837 5.

The British Pharmacopoeia has provided authoritative stan-
dards for the quality of substances and preparations used in
medicine and pharmacy since 1864, and this new edition is the
fourteenth.

Volume I includes medicinal and pharmaceutical substances
and IR reference spectra (previously published separately).
Volume II contains sections on formulated preparations,
blood products, immunological products, radiopharmaceutic-
als and surgical materials. The 24 Appendices give procedures
for testing compliance with the standards.

The Pharmacopoeia contains 2100 monographs, of which
495 are edited versions of those in the European Pharmaco-
poeia. Major changes have been made to the Formulated
Preparations section in order to produce standards that apply
to a range of products of similar type rather than to a product
manufactured to a fixed formulation. This is intended to allow
greater flexibility so that some auxiliary ingredients that may
be undesirable in particular circumstances can be omitted.
These modifications and other changes of emphasis have led
to a substantially revised collection of General Notices.

New Monographs include human insulin, aprotinin, a
proteolytic enzyme inhibitor, and aprotinin injection; the
B-adrenoceptor antagonist atenolol and atenolol tablets; the
oral hypoglycaemic agent glipizide and glipizide tablets; the
tranquilliser temazepam; the antispasmodic agent mebeverine
hydrochloride and mebeverine tablets; and, together with
monographs for tablets, the hypotensive agent prazosin
hydrochloride and the antacid hydrotalcite. Also included is a
general monograph for pressurised inhalations which include
a test for deposition of the emitted dose.

With a world-wide circulation of over 25000, the BP is of
immense importance to all those involved with pharmaceutical
and medicinal chemistry and analysis, and this new edition is
to be welcomed.

P. C. Weston

Methods of Enzymatic Analysis. Third Edition. Volume
XI. Antigens and Antibodies 2

Edited by Jirgen Bergmeyer and Marianne Grassl. Pp.
xxvi + 508. Verlag Chemie. 1986. Price DM315. ISBN 3527
26501 X (VCH Verlagsgesellschaft); 0 895273 241 6 (VCH
Publishers).

Enzymes were first described as labels in immunoassays for
antigens and antibodies in 1971. Since then a large number of
qualitative and quantitative enzyme immunoassays (EIA) for
both large and small molecules have been described. This new
volume in Bergmeyer’s established “Methods in Enzymatic
Analysis” series is devoted to EIAs for antigens and anti-
bodies in chlamydial, bacterial, fungal and parasitic diseases.
The assays mainly use either horseradish peroxidase or
alkaline phosphatase as the label, but an application of
f-galactosidase as a label for a monoclonal antibody against
soybean mosaic virus is also presented. The description of the
various EIA methods is thorough and includes background
information, method design, equipment, reagents and solu-
tions, international reference methods and standards, proce-
dures and method validation. A particularly useful feature of
this book is that several of the contributors give details of assay
optimisation. For example, Karlsson and co-workers describe
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the optimisation of antibody coating conditions (antibody
concentration, pH) for polystyrene microtitre plates and
incubation times for sample and conjugate in an EIA for
Salmonella sp. antibody.

This book is an excellent source of practical information on
selected EIAs and a useful resource for anyone designing new
EIAs.

L. J. Kricka

Manual of Pesticide Residue Analysis. Volume 1
Edited by Hans-Peter Thier and Hans Zeumer. Pp. xvi +
433. VCH. 1987. Price DM128. ISBN 3 527 27010 8.

This is an excellent compendium, now published in very
readable English, of pesticide residue methods, both com-
pound specific and multi-residue, as practised in the Federal
Republic of Germany. This first volume of an intended series
concentrates mainly on well established methodology for the
“older” pesticides, some of which, such as DDT, are not, or
should not be, extensively used in Europe. Later volumes, it is
stated, will deal with more recently introduced pesticides and,
presumably, more recently developed methodology.

Part 1 of this volume is a clear and concise exposition of
topics such as calibration, recovery, limits of detection and
determination, the obtaining and preparation of samples and
finally the presentation of reports of analyses. All these areas
are so often misunderstood or badly executed even by
experienced workers but are the bedrock of good residue
analyses.

Part 2 describes a series of clean-up methods of wide utility
and forms a useful basis for any analyst presented with a
pesticide - substrate combination that has not been investi-
gated before.

Part 3 describes specific methods for individual or small
groups of related pesticides which are not amenable to
inclusion in the multi-residue methods described in Part 4.

Twenty-one “multi-residue” methods are described in Part
4 but some of these, such as that limited to the phthalimide
fungicides and that for surface residues of ethylene and
propylene bisdithiocarbamate fungicides, are of such limited
range that perhaps they would have been better included in
Part 3 or even have had a separate section to themselves.

On the whole this is a book to be recommended to
experienced workers for reference when moving into pesticide
- substrate combinations not previously examined and to new
entrants to the increasingly important field of pesticide residue
monitoring.

D..E Leé

Selective Sample Handling and Detection in High-per-
formance Liquid Chromatography. Part A

Edited by R. W. Frei and K. Zech. Journal of Chromato-
graphy Library, Volume 39A. Pp. xii + 457. Elsevier. 1988.
Price Dfl 240; $117. ISBN 0 444 42881 X.

With the continuing rapid advances in HPLC column technol-
ogy it tends to be forgotten that the analytical column has two
“ends,” viz., sample treatment and detection, which have
lagged behind somewhat in their development. This book is a
timely reminder that the scope of HPLC analysis can be
considerably broadened by considering pre-column and post-
column treatments. The important point is that many of these
procedures can be carried out on-line.

The book, which is the first of a two-volume series, is
divided into eight chapters. The first two chapters deal mainly
with on-line sample handling techniques, one chapter concen-
trating on the determination of organic compounds in water
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and the other on the determination of drugs and metabolites in
biological matrices. Both chapters describe methods involving
pre-column and valve switching arrangements incorporating
solid- liquid extraction substrates. The third chapter con-
tinues the theme of using solid surface chemistry, pre- and
post-column, for controlling selectivity and sensitivity, con-
centrating on the immobilisation of compounds on silica
substrates. The range of substrates available, immobilisation
techniques and the use of solid-phase reactors is fully
discussed.

The remaining chapters concentrate mainly on detection
processes. Chapter 4 deals with the derivatisation of organic
analytes to enhance detection by UV - visible, luminescence or
electrochemical measurement. In contrast, Chapters 5 and 6
are concerned with the latest developments in detector
hardware. The first reviews photodiode array systems coupled
to powerful microprocessors for data processing and manipu-
lation and the second focuses on electrochemical detectors, in
particular cell design and operation. Chapter 7 further
develops the “pumpless” post-column reactor concept with a
review of solid-phase reactors, although the main emphasis is
on the source of band broadening. The final chapter rounds
off the volume with a detailed critical review of the commer-
cial instrumentation and applications available for post-col-
umn reaction detectors.

I fully endorse the Editors’ comment that the book is a mine
of information and will be a valuable companion not only to
those who are already involved in a lot of HPLC work but also
to those seeking alternative methods and needing an insight
into the scope of HPLC methods. However, few of the
examples involve inorganic applications. Perhaps this will
have more emphasis in the second volume, although surpris-
ingly no indication was given of the contents of Part B.

P. Jones

Laser Raman Spectroscopy. Analytical Applications
Halina Baranska, Anna Labudzinska and Jacek Terpinski.
Pp. 271. Ellis Horwood and PWN Polish Scientific Publish-
ers. 1987. Price £38.50. ISBN 0 85312 339 X (Ellis
Horwood); 0 470 20829 5 (Halsted Press).

For some years there has been an increasing need for a book
that deals with the analytical applications of Raman spec-
troscopy, a technique which has a considerable diversity of
analytical applications both in industry and academia. The
title of this book might lead one to suppose that this shortfall
has at last been rectified, but unfortunately this is not the case.
The book contains nine chapters. Of these, the first three
cover the theory and instrumentation and the last two cover
fundamental concepts and a selected atlas of spectra (66
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compounds in total). This leaves two chapters covering
qualitative identification of organic and inorganic compounds
(62 and 9 pp., respectively), one on quantitative analysis
(17 pp.) and one covering selected applications (9 pp.).
Hence, of the total 271 pp. of the book less than 100 pp. deal
with analytical applications, and most of these relate to the
qualitative analysis of organic compounds, which can nor-
mally be achieved more reliably, more rapidly and with
greater sensitivity by other techniques. The main reason for
the failure of the book to live up to its title is that it is a recent
translation of a 1981 publication and contains no references
later than 1979. As the analytical application of Raman
spectroscopy is a rapidly developing area the value of the book
to the analyst is minimal.

The theoretical background of the Raman effect and group
theory are covered in a reasonably thorough manner and,
together with the chapter on fundamental concepts, form the
most useful part of the book, although they have relatively
little relevance to the analytical aspects discussed. The
deficiencies of the book first become apparent in Chapter 3,
which deals with instrumentation and experimental tech-
niques.

The use of dye lasers is scarcely mentioned and the use of
pulsed laser systems not at all. Other omissions, mainly
relating to the age of the book, are Fourier transform Raman
spectroscopy, the use of fibre-optics, multi-channel detectors
and combined double - single monochromator systems. All of
the industrial spectrometers discussed are obsolete and
several of the instrument manufacturers mentioned no longer
manufacture Raman spectrometers. The problem of fluor-
escence is only dealt with in a perfunctory manner and no
mention is made of the use of picosecond gating, the use of
near infrared lasers or computer simulation in this context.
The analytical value of surface-enhanced and resonance-
enhanced Raman spectroscopy is not considered.

The organic identification chapter is adequate, but the
classic work of Dollish, Fateley and Bentley is probably still a
more useful source of this sort of information. The outdated
nature of the book is again exhibited in the chapter relating to
inorganic compounds, where great advances have been made
in recent years, particularly relating to catalyst and semicon-
ductor studies. The chapter on quantitative analysis is also
inadequate and does not cover the value of stabilised laser
outputs in this context, especially for time-resolved studies.
The chapter relating to specific applications covers several
unrealistic examples which could all have been done much
better by other techniques. Finally, the atlas of 66 Raman
spectra adds nothing to the value of the book, and much more
useful collections of spectra are available elsewhere.

To sum up, this book would probably have been useful 10
years ago, but is so out of date and so inadequate in its
coverage of analytical applications that it does very little to
advance the use of Raman spectroscopy in this area.

D. L. Gerrard
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