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Introduction and Definitions 

Modified-release oral solid dosage forms encompass a wide 
range of types of pharmaceutical finished products with 
different types of drug-release mechanisms. Over the past 30 
years, there has been a plethora of different names applied to 
such products in order to attempt classification of their release 
mechanisms. As often happens in such situations, different 
names have been adopted in different countries and confusion 
abounds. 

Within Europe, there have been proposals in a guideline by 
the Committee on Proprietary Medicinal Products to define the 
categories of 'Modified Release' in two main groups: 'Delayed 
Release' and 'Prolonged Release'. At the draft guideline stage, 
tt was originally proposed to sub-divide the latter further into 
'Slow Release' and 'Extended Release.' However, as this was 
resisted by a signifieant body of opinion in the pharmaceutical 
industry, this attempt at further sub-division was abandoned in 
the final guideline. 1 

In 1984, the United States Pharmacopeia! Convention 
revised2 its published definition of Modified-Release dosage 
forms, Extended-Release dosage forms and Delayed-Release 
dosage forms in the Pharmacopeia! Forum. It has recentJy3 
again revised its definition of an Extended-Release dosage 
form. . .. . 

In 1992, a working party co-ordinated by the Italian 
Association of Industrial Pharmacists published proposals for 

guidelines on modified release dosage forms.4 These proposals 
also included definitions. Surprisingly, there are no definitions 
of these types of dosage forms in the Japanese Pharmaco­
poeia. 

The various definitions proposed are as follows: 
(I) Definitions proposed by the CPMP Working Party on 
Quality of Medicinal Products: 

Modified Release-'This term is defined in the European 
Pharmacopoeia as a modification of the rate or place at which 
active ingredient is released. Modified release products cover a 
wide range of release models, the principal types of which 
would include "delayed release" and "prolonged release" 
products.' · 

Delayed Release-' A modified release product in which the 
release of active substance is delayed for a finite "lag time," 
after which release is unhindered (e.g., enteric coated or "gastro 
resistant" (Ph. Eur.) oral tablets or capsules which remain intact 
in the stomach and only disintegrate in the higher pH of the 
small intestine. Delayed release results in a longer tmax but with 
Cmax • and elimination half life unchanged.' 

Prolonged Release-' A product in which the rate of release 
of active substance from the formulation after administration 
has been reduced, in order to maintain therapeutic activity, to 
reduce toxic effects, or for some other therapeutic purpose.' 
(2) Definitions proposed by the United States Pharmacopeia! 
Convention: 

Modified Releasez_'Products for which the drug-release 
characteristics of time course and/or location are chosen to 
accomplish therapeutic objectives not offered by conventional 
dosage forms.' 

Delayed Releasez_'Products that release a discrete por­
tion(s) of drug at times other than promptly after administra­
tion.' 

Extended Release3-'An extended-release dosage form is 
defined as one that allows a therapeutically beneficial reduction 
in dosing frequency.' 
(3) Definitions proposed by a working party co-ordinated by the 
Italian Association of Industrial Pharmacists: 

Modified Release-'Modified release pharmaceutical dosage 
forms are capable of modifying the rate, and/or the time and/or 
the location of drug release. They make it possible to achieve 
therapeutic objectives beyond the scope of conventional dosage 
forms administered via the same route.' 

Delayed Release or Repeated Release-'Delayed- or re­
peated-release dosage forms release the dose, or a portion (or 
portions) of the dose, at a time (or times) other than soon after 
administration.' 

Extended Release or Prolonged Release-These forms 
release the active component from the formulation more slowly 
than does the correspoilding conventional dosage form that is 
intended for the same route of administr.ation. The prolonged- or 

• Incorrectly stated in the guidelines as T mu-



92R Analyst, October /996, Vol. 12/ 

extended-release dosage form releases the drug at a given rate 
for a given time.' 

Scope 

It is the author's intention to focus on the two main categories 
of modified-release products and not to cover other forms, such 
as buccal or chewable products, even though many of the issues 
and principles raised may also need to be considered or 
addressed in the development of these specialized dosage 
forms. 

Over the past 25-30 years, there has been a wide coverage in 
the literature of different dissolution testing methodologies and 
strategies; it is proposed also not to focus specifically on these 
aspects. The reader is directed to three pivotal text ·books5-7 

which give an excellent insight into the principles and practice 
of dissolution testing and stability enhancement. 

Those aspects involving dissolution testing which are not 
considered to be adequately addressed in the analytical and 
pharmaceutical literature, especially those with a significant 
analytical bias, will be discussed in this review. 

Analytical Involvement in the Development Process for 
Modified-release Dosage Forms 

There are normally several discrete phases in the development 
process; these can be conveniently classified into the following: 
(i) the product concept; (ii) preformulation studies; (iii) 
formulation development studies and design of the tablet core; 
(iv) establishment of the need for a film-coat and optimization 
of the coating level to achieve the required release rate; (v) 
formulation development studies leading to a pelleted product; 
(vi) probe stability studies and establishment of the preliminary 
shelf-life specifications; (vii) scale-up studies and production of 
the validation batches; (viii) stability studies on the validation 
batches; (ix) technology transfer to quality control; and (x) post­
approval studies. 

Product Concept 

Many drug substances have pharmacokinetic or physico­
chemical properties which make them inappropriate for the 
preparation of modified-release products. Cabanas provided a 
rationale for the development of such dosage forms: (i) the 
toxicity and occurrence of adverse reactions is decreased; (ii) 
there is better control on the rate and site of release of the drug 
substance; (iii) there is a more uniform concentration in the 
blood due to the provision of a more predictable delivery of 
drug; (iv) such a form provides much greater convenience and/ 
or better patient compliance; (v) there is better utilization of 
drug. 

For the majority of drug substances intended for oral 
administration, an immediate release product is developed and 
marketed first. For a small percentage of these drug substances 
it may be considered more beneficial to develop and market a 
delayed-release (e .g., enteric-coated) product first. Either of 
these can then be followed some time later with the prolonged/ 
extended release form. 

The pharmacokinetic monitoring of human clinical trials 
conducted during the product development phase of the 
immediate release product generates a wealth of information 
and data on the fate of the drug substance and its metabolites. 
These data can often be used to judge approximately the likely 
theoretical in vivo profile required and the dosage strength for 
the modified release form. In some cases, these data can be used 
directly to compute more accurately the required in vivo profile 
(and sometimes also the corresponding in vitro profile). There 
are, however, very few examples of this latter approach to 
formulation design in the literature.9- 13 In parallel with these 

considerations of the likely in vivo and in vitro characteristics, 
there should be a rapid evaluation of the various types of dosage 
form most suited to the drug substance, bearing in mind its 
physico-chemical characteristics. Will the required in vivo 
profile be best achieved by a simple or complex tablet or an 
encapsulated pelleted product? If it is a tablet, will it require 
film-coating or enteric-coating? It is here that the analyst may 
be expected to advise on issues such as: (i) What are the likely 
physico-chemical changes that the drug substance might 
undergo in the formulation? (ii) What will be the likely 
chemical stability of the drug substance in the formulation? (iii) 
Will there be any photo-instability problems for either the drug 
substance or any of the dyes which may be proposed for use in 
the film-coat (if a film-coat is necessary)? 

Preformulation Studies 

Preformulation studies are a combination of simple or short­
term studies, often involving a high thermal, photochemical or 
mechanical stress. They are designed quickly to force changes 
that would otherwise be slow to appear. If an immediate-release 
dosage form has been previously developed to modem 
standards, then much information would already have been 
generated on the likely requirements for the particle size 
distribution of the drug substance and the basic physico­
chemical and stability characteristics of the drug substance.14 
This would include a full evaluation of the lability of the 
molecule to the various stresses outlined above and an in-depth 
study of the relative stabilities of any polymorphs which may 
have been previously discovered. If the drug substance was 
substantially amorphous, the potential for crystallization under 
compression, using pressures which are representative of those 
in a tabletting press or capsule filling machine, should also have 
been evaluated. If the immediate-release product was a simple 
capsule and a modified-release tablet is being considered, it may 
be advantageous to repeat part of the compression studies at 
significantly higher pressures. 

Relatively simple studies on many drug substancesl5-32 have 
shown that mechanical stress such as compression, grinding or 
micronization can have a profound effect on the crystalline form 
of the drug substance, often resulting in a complete change of 
polymorphic state. 

Preformulation studies directed towards immediate-release 
and modified-release formulations are normally undertaken on 
binary or tertiary mixtures of the drug substance and a range of 
possible excipients that might be considered for use in the 
formulation. The aim of these screening studies is to permit the 
rapid identification of those excipients with which the drug 
substance is chemically or physically incompatible. This 
incompatibility can manifest itself as a significant chemical 
change (e.g., drug substance decomposition and loss of 
potency) or a significant physical change (e.g., a colour change, 
a polymorphism change or the formation of a eutectic 
mixture). 

Various approaches are undertaken within different organi­
zations;33 some groups simply prepare I + I mixtures of the 
active ingredient as a loose, but uniform, powder, and store 
samples under a variety of accelerated conditions for periods 
which usually exceed I month. Others compress the mixtures 
using one or more different pressures in a tabletting press or IR 
(potassium bromide) disk press normally used in IR spectrome­
try and then store the pellet and/or loose compacts under a 
variety of conditions. The pivotal tests undertaken on these 
stored samples usually involve HPLC, for the detection of 
decomposition products, and an evaluation of more subtle 
physical changes using differential scanning calorimetry 
(DSC), occasionally reinforced by other thermal analytical 
techniques, such as thermogravimetric analysis (TGA) and hot­
stage microscopy, and X-ray powder diffraction (XRPD). 



With these early studies using HPLC, it is normal to use only 
a partially validated method which is known to separate the 
major decomposition products formed during preliminary 
accelerated stress studies on the drug substance. Validation can 
be restricted to linearity of response for the drug substance and 
one or two major decomposition products, an assessment of the 
limit of quantification and an assessment of excipient inter­
ference. It is always advantageous to have samples of the 
stressed excipients as a method blank since they can occasion­
ally be used to identify correctly spurious peaks on an HPLC 
trace. 

There are excellent texts available on the use of a wide range 
of techniques which are used in preformulation and compatibil­
ity studies34 and for the specific use of thermoanalytical 
techniques. 35 The results from DSC thermograms should be 
interpreted with care as there are a few excipients which 
invariably create a variety of changes to the thermogram of the 
drug substance. It is our experience that magnesium stearate, 
stearic acid and the various oligomers of polyethylene glycol 
modify the thermograms of most candidate drug substances. 
With the frequency of changes seen with these three excipients, 
it might be expected that they would be rarely used. This is not 
the case, however, and many perfectly acceptable and stable 
oral solid dosage forms contain these excipients at low 
concentrations. We have also observed changes occasionally 
with various grades of polyvinylpyrrolidone, talc and colloidal 
silicon dioxide with some candidate drug substances. If these 
early studies show evidence of the formation of alternative 
polymorphs of the drug substance, that excipient should be 
abandoned or studied in much greater detail using a wider range 
of techniques such as XRPD, isothermal calorimetry, intrinsic 
dissolution studies and IR and Raman spectrometry in order to 
confirm the observation. It is imperative that significant 
physical changes are detected at a very early stage to save the 
huge costs in time and money wasted and expensive clinical 
studies to be repeated. There are a few publications where 
different polymorphs have been detected well after develop­
ment and stability studies have finished on those marketed 
products. 36-JH 

Formulation Development Studies and the Design of the 
Tablet Core 

Once the results from the preformulation studies have been 
assessed and the range of acceptable excipients agreed, it is 
possible for the formulation team to finalize their ideas for the 
proposed dosage form and present them to the marketing 
organization for prioritization and approval. For example, the 
product may be proposed as one of the many forms of 
prolonged-release tablets (swelling matrix, erodible matrix, 
tablet with rate controlling membrane, etc.) or it may be a 
simple tablet core coated with a membrane imparting delayed­
release (gastro-resistant) properties. 

The expected dose(s) of the drug substance may limit the 
formulation team in their choice of formulation approach. 
Highly active (potent) drug substances will generally allow 
more freedom in the choice of dosage form since the ratio of 
excipients to drug substance will be high. This may allow the 
choice of excipients which are suitable for a direct compression 
product since any adverse drug substance properties can be 
outweighed by the appropriate choice of excipients with very 
advantageous properties. As the potency reduces, generally, the 
amount of drug substance required per unit dose increases and 
any adverse physico-mechanical properties of the drug sub­
stance may start to predominate. This gradually forces the 
formulation towards a granulated product (or a pelleted 
product). Eventually, a limit is reached where even pelletization 
becomes impossible owing to the restrictions on capsule volume 
unless multiple capsules are acceptable as a unit dose. 
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When the finished dosage form is known and the range of 
excipients has been chosen, the analyst and the formulator 
together must consider the acceptability (or otherwise) of the 
excipient specifications. For many products, the different 
grades and sources may markedly affect the dissolution process. 
This is especially so for the polymeric excipients chosen for 
their rate-controlling properties. Generally, pharmacopoeial 
monographs are inadequate for full control and additional tests 
should be considered. These may measure directly, or indi­
rectly, the molecular mass distribution, degree of cross-linking, 
crystallinity, particle size, moisture content, glass transition 
temperature, etc. As different batches are used in development 
trials, many of the key properties of each excipient become 
apparent and a database of information is developed. It is 
becoming apparent that excipient 'fingerprinting' using NIR 
spectrometry will be extremely useful to help define the 
boundaries between acceptable and unacceptable batches of 
excipient or sources of excipient, where they are available from 
more than one source. 

In modem processing equipment, the sampling of the 
intermediate powder blend or granule prior to compression into 
a tablet is often judged unnecessary and tablets are often 
compressed directly without this in-process control. For modem 
products, a specification needs to be established for the tablet 
core, even though it may be considered as an intermediate en 
route to the product intended for marketing. For the regulatory 
filing, the specification for the tablet cores would be expected to 
contain most of the following possible tests: appearance 
(general colour and shape; presence of breakline); key dimen­
sions and column height; hardness; identity test for the active 
ingredient; average weight and/or uniformity of mass; assay 
and/or uniformity of content; impurities/decomposition prod­
ucts; disintegration time (or a test for the absence of disintegra­
tion, if appropriate); and dissolution rate. In many cases, it is 
advisable to monitor other parameters as 'in-house tests' . Tests 
that may be considered in this category are friability; water (or 
solvent) content; and microbial contamination. 

Many of these are standard tests for the pharmaceutical 
analyst; requirements and specification limits for many of the 
tests are given in the British or United States Pharmacopoeias. 
It is important to monitor hardness (together with friability on 
occasions) especially when those products are intended for film­
coating. It is also important to determine the uniformity of mass 
at the tablet core stage if the product is to be film-coated, since 
the film-coat applied may vary slightly from tablet to tablet and 
mass uniformity may otherwise be difficult to determine 
accurately later once the product has been coated. Prior to film­
coating it is often useful to determine the dissolution rate, 
whether disintegration does or does not occur (it may be 
designed not to occur) and whether the assay and/or uniformity 
of content are correct. Products intended for sale in the 
European Community (EC) must comply with an assay limit of 
±5% of nominal, unless otherwise justified. The uniformity of 
content requirements for tablets intended for sale in the EC and 
the USA differ considerably. The EC requirement to undertake 
uniformity of content testing applies if the individual tablets 
contain 2 mg or less of drug substance or 2% m/m or less of drug 
substance. The requirement in the USA is invoked if the tablets 
contain 50 mg or less of drug substance. 

Undertaking a significant amount of testing on tablet cores 
before film-coating does often permit their recovery if any 
individual test result is outside specification. Recovery can 
often be achieved by grinding down the tablets back to a 
granular state. This is usually impossible if a film-coat has been 
applied (at considerable cost!). For the uncoated tablet cores, 
there must be a specification, for which the analyst must 
develop and validate the methodology to be used in the 
following specification tests: (i) identity; (ii) assay (drug 
substance content per tablet of average mass); (iii) uniformity of 
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content of individual tablets; (iv) impurities/decomposition 
products; (v) the dissolution rate test conditions and the 
analytical method used for assessing the content and stability of 
drug substance released into the dissolution medium; and (vi) 
water (or solvent) content. 

It is not the author's intention to detail the means by which 
each of these tests can be validated since these are adequately 
addressed in many texts and in a recent draft document39 arising 
through the International Conference on Harmonisation proc­
ess. If the tablet is intended for film-coating, an extra dimension 
of complexity is added for the analyst, especially when the 
coating also is designed to modify the rate of release of the drug 
substance in the dissolution test. 

Establishment of the Need for a Film-coat and Optimization 
of the Coating Level to Achieve the Required Release Rate 

Delayed release tablets are the simpler of the two forms as they 
are usually a relatively standardized tablet core which is coated 
with a gastro-resistant film-coat. Cellulose acetate phthalate is 
the most frequently used film-coating agent; to aid the coating 
process and to yield a more durable tablet, a plasticizing 
additive is used. These additives are normally phthalates or 
other polyesters and a coat mass adding approximately 2% m/m 
to the tablet mass is usually necessary to impart resistance to the 
acidic environment of the stomach. This level of coating is 
usually rapidly dissolved away in the more alkaline environ­
ment of the large intestine, leaving the tablet to disintegrate and 
the drug substance to dissolve prior to absorption through the 
intestine wall. 

The film coating is frequently achieved using a mixture of 
organic solvents such as methanol and dichloromethane and the 
tablet is dried. Tests for residual solvents40-4 1 and decomposi­
tion products are usually undertaken as an in-process control for 
this operation. 

Cellulose acetate phthalate may contain up to 3% (6% in the 
USA) of unreacted phthalic acid, which would be expected to 
dissolve in a solvent for extraction of the drug substance from 
the matrix; the diethyl phthalate or other plasticizer also may be 
soluble in the solvent used for extraction of the drug substance 
and impurities from the matrix. Details of studies using thin­
layer chromatographic detection of some common plasticizers 
have been published.42 Unless additional validation is under­
taken for these soluble excipients at an early stage, there is a 
danger that they could be misinterpreted as unidentified related 
substances of the drug substance. Obviously, they are best 
incorporated into one comprehensive method development and 
validation programme once the core tablet and film-coating 
formulae are known. The detailed evaluation of a compre­
hensive range of physical properties of coated tablets has been 
described.43-49 

The presence of a film-coat also adds extra complications for 
the analyst who may wish to follow the BP method for assay by 
grinding down a representative sample of 20 tablets and 
assaying a portion equivalent to the average mass of one tablet. 
It is almost impossible to grind down many of the film-coats to 
the same size range as that which can be achieved with the tablet 
core. Significant errors are introduced into the sampling process 
if partially broken sheets of film-coat remain in the powdered 
tablet mix. Under these circumstances, we adopt a procedure 
where 10 or 20 tablets are added to a large flask and allowed to 
disintegrate and dissolve in a large volume of extraction 
solvent. 

An identity test is required for each of the colouring agents, 
including Ti02 used in the film-coating formulation. This 
identity test must be validated for use on the finished product. 

Prolonged/extended-release tablets may be compressed di­
rectly from a mixture of excipients (e .!(., cellulose derivatives) 

such that the tablet exerts its own rate controlling mechanism. 
During the formulation development phase, a range of tablet 
batches with different amounts of the main rate-controlling 
excipients can be prepared. Alternatively, for some products, it 
may be more appropriate to produce a range of tablet batches 
using different compression forces. These can be tested in either 
dogs or human volunteers to determine the optimum formula­
tion. The two common types are a swellable matrix and an 
erodible matrix. The former is the more popular and is based on 
the properties of certain cellulosic derivatives which can swell 
slowly in aqueous media. As it swells, micro-channels form in 
the matrix; the dissolution medium permeates these channels 
and dissolves the active ingredient. 

Erodible tablets are designed to disintegrate slowly, present­
ing a constantly renewable surface to the dissolution medium. 

Generally, it is not necessary to film-coat these types of 
tablets with an additional rate-controlling membrane, although 
they may be coated with a rapidly dissolving film-coat to aid 
recognition, for marketing reasons, to reduce friability or to 
protect the product from photodecomposition. Analytical 
controls similar to those described earlier are usually sufficient 
for the analysis of these types of tablets. The specification for 
the dissolution test would be expected to comprise at least a 
three-point control which limits both rate and extent of release 
within a relatively narrow 'window' over the range 10-80% of 
the release. Limits are normally expected for both minimum and 
maximum amount released after 10-20% and 40-60% release. 
An additional control to limit only the minimum amount 
released is usually specified at 70-85% of nominal released. In 
setting these limits, it is standard practice to manufacture a 
range of tablets with different release rates and to test these in 
dogs, together with the immediate release product to generate 
the pharmacokinetic profile of each product. 

From the range of dissolution data and their corresponding 
pharmacokinetic profiles, it is normally possible to choose at 
least three candidate formulations which may be expected to be: 
(i) slightly faster releasing than would normally be acceptable; 
(ii) the ideal release profile; and (iii) slightly slower releasing 
than would normally be acceptable. 

Typical dissolution profiles for the immediate-release prod­
uct and the three experimental products, together with their 
corresponding typical pharmacokinetic profiles are given in 
Figs. 1-4. 
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Fig. I Typical dissolution profile for an immediate-release product. 



These formulations should be fully characterized analytically 
and also evaluated in human volunteers. It is occasionally 
necessary to refine the formulations slightly on the basis of the 
human pharmacokinetic data obtained. Following these mod­
ifications, additional clinical studies are normally necessary to 
confirm the profiles are optimized and the dissolution ' win­
dows' must be set such that batches of tablets with unacceptable 
profiles are always excluded. 

These pharmacokinetic evaluations should be augmented 
ideally by evaluations of how the optimized product releases in 
the presence of food, especially a meal with high fat content. 
This is necessary because of the dramatic changes in the pH of 
the stomach contents and the potential modification to the drug 
absorption process as a result of the fat content of digestive 
fluids. The determination of pH values, typical volumes of fluid 
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Fig. 2 Typical in vivo profile for an immediate-release product. 
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Fig. 3 Typical dissolution profiles for prolonged-release products, where 
product releasing at: A. upper range of acceptability; B. middle of range of 
acceptability; and C. lower range of acceptability. 
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involved and average residence times in the various regions of 
ihe digestive tract has been the subject of several publica­
tions;S<l-57 typical ranges are given in Table I. Some of the 
potential interactions with food can be studied using isothermal 
microcalorimetry, following publication of their initial studies 
by Buckton and co-workers,sM.59 or by other forms of model­
ling. 60-6 1 Various workers and companies have also used 
gamma scintigraphy in order to probe the transit of a finished 
radiolabelled tablet down the intestinal tract.62-67 

There is one additional type of study where the analyst can 
make a significant contribution. A small number of controlled­
release tablets have been designed with a breakline and, 
occasionally, there may be a need to 'blind' a competitor's 
product as a comparator product for use in a clinical trial. One 
common means of blinding the products is to encapsulate them 
in a strongly coloured capsule shell. Some tablets do not fit into 
a convenient sized capsule shell and it has been the practice to 
consider breaking the tablets in half. To stop the products 
rattling to different extents it may be necessary to consider 
filling the void remaining inside the capsule with an inert and 
rapidly dissolving agent. Lactose and mannitol are frequently 
used for this purpose. The analyst should investigate the 
dissolution properties of half tablets in comparison with the 
intact product. 6~.69 Data should be generated on the dissolution 
properties of tablets with a breakline and on potential clinical 
comparators as half tablets. 

Formulation Development Studies Leading to a Pelleted 
Product 

The decision between the development of the drug substance as 
a modified release tablet or as multiple units (pellets) is a 
difficult one. Tablets generally are cheaper to produce in bulk 
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Fig. 4 Typical in vivo profiles for prolonged-release products, where A, B. 
and C are as in Fig. 3. 

Table 1 Typical physiological environments 

Region 

Stomach 

Small intestine 

pH 

1.1-2.7 (fasting) 
1.1-3.5 (after food) 
1.92 (men) 
2.92 (women) 

4.7- 7.3 (fasting) 
4.5- 5.8 (after food) 

Volume/ml 

Mean 50 
Range 1}...180 

5-100 max. 

Average 
residence 
time'/h 

0.5-{).75. 
(for solids) 

3 max. 
(after food) 

4.5-Q 

Large intestine 7.1}...8.0 (fasting) 51}...100 max. 8-12 

• Defined as half of the time required for total discharge. 
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and can be coated, if required, with a high degree of confidence 
in currently available commercial coating equipment. Their in 
vivo performance, however, is sometimes erratic owing to 
differences in physiological factors from one patient to 
another. 

Pelleted products are generally more difficult to produce and 
they usually need to be coated. The pellets invariably require to 
be filled into capsules, although as a fairly recent innovation 
microcapsules may be tabletted70-78 by normal processes such 
as direct compression. The benefit of pelleted or micro­
encapsulated products arises from there being normally at least 
100 individual dosage units which can quickly spread through­
out the gastrointestinal tract. The advantages of multiple unit 
delivery are discussed in excellent papers by Bechgaard,79 
Bechgaard and Nielsenso and Davis.67 The mechanisms by 
which various dosage forms, including pelleted products, are 
distributed throughout the gastrointestinal tract have been 
followed by radiolabelling57 and gamma scintigraphy. As may 
be expected, depending on the drug substance and other 
excipients chosen, considerable differences in density can be 
achieved. The density and pellet size should be considered as 
important factors.sJ,82 There are two commonly adopted 
procedures for formulating pellets with modified-release prop­
erties. For most of the products currently marketed, the pellet 
diameter is normally close to I mm. Pellets of this size can be 
conveniently manufactured directly by extrusion and spher­
onization, then filled into capsules. In this process, a 'wet mass' 
is prepared with the drug substance evenly distributed at the 
required concentration and the 'wet mass' is extruded through a 
screen of the appropriate diameter (about I mm). The extrudate 
is chopped automatically to give cylinders with a length of 
approximately I mm and these are rolled whilst still damp until 
they are approximately spherical; the pellets are then dried. 
These pellets normally require coating with a rate controlling, 
insoluble membrane such as ethylcellulose or an acrylate 
derivative in conjunction with soluble component, such as 
hydroxypropylmethylcellulose. 

The second commonly employed process involves spraying a 
solution or suspension of the drug substance, normally in 
combination with excipients, on to an inert core. The inert cores 
commonly used are confectionary-grade non-pareil seeds.s3 By 
this procedure and with careful balancing ofthe spraying rate to 
the drying rate in the coating pan, the pellet is gradually built up 
to the required size range. Because there is disproportional 
build-up, it is usually necessary to sieve the product regularly to 
remove those pellets at (or above) the required size; the 
undersize pellets are returned to the coating pan for additional 
applications of coating. Alternatively, the cores may be 
rendered tacky by spraying with polyvinylpyrrolidone or 
shellac and the dry drug substance particles fed into the vessel 
at a rate such that they adhere to the core surface. By alternating 
the addition, a pellet is gradually built up. 

Because of the totally different mechanisms of production, 
the development studies, analytical controls and amount of 
involvement by the analyst differ considerably for these two 
processes. 

For the extrusion/spheronization/drying process, the unifor­
mity of distribution of drug substance from pellet to pellet and 
within each pellet is virtually guaranteed; simple assays on both 
individual pellets and multiples of pellets from throughout the 
bulk should confirm this. It should be noted that the drug 
content should be 2-3% higher than theoretical if the pellets are 
to be coated. Depending on the lability of the drug substance, a 
determination of the content of degradation products and an 
assessment of the polymorphic form of the drug substance 
would be expected to be considered, at least for the first few 
batches produced. 

Because the pellets are extruded from a 'wet mass' and dried, 
they normally have a rough surface texture, they are generally 

porous and have a partial honeycombe structure internally. The 
initial film-coating layers may be expected to be at least 
partially absorbed into the pores and surface defects. As the 
pellets are rolled or tumbled in the coating apparatus or as they 
collide with each other in the fluid bed coater, the rougher edges 
and defects tend to be at least partially abraided, creating a new 
surface which may have a slightly lower level of coating at the 
end of the process. As the coating proceeds, the mass of coating 
applied can be calculated and occasionally confirmed by a 
determination of the mass increase; often it is necessary to use 
spectroscopy to determine indirectly the coat mass through the 
measurement of coat thickness. Samples should be taken at 
regular intervals, quickly dried to constant or equilibrium mass 
and tested for release rate. For in-process control purposes, it is 
useful to consider a set of conditions for the dissolution test 
which give results more rapidly than those which might be 
expected to be in the finished product specification. 

Additional samples should be examined by microscopy and/ 
or electron microscopy. As the coating procedure reaches the 
end-point in terms of assay and dissolution profile, smaller 
applications of film-coat, more frequent analytical in-process 
control checks and the use of the dissolution test intended for 
regulatory and quality control use are necessary. Using this 
process, it is possible to consider manufacturing several batches 
with slightly or significantly different dissolution profiles and 
blending them in appropriate proportions to give a final batch 
with exactly the required dissolution profile. Alternatively, it is 
possible to mix two or more batches with release maxima 
several hours apart to give a product which gives 'pulsatile' 
release. 84 Mixing different batches requires careful analytical 
study to ensure that there is the required number of pellets of 
each type in each capsule. 

In the alternative process, the diameter of the pellets is 
usually built up over several hours or days. After several 
applications of coating, the pellets should be dried to an 
appropriate water or residual solvent content before further 
coating is allowed to proceed. The outer surfaces of the pellets 
are usually more perfectly coated than those produced by 
extrusion/spheronization and it is more difficult to dry ade­
quately the water or solvent from the interior if a thick layer of 
coating has been applied. As with the pellets produced by the 
extrusion/spheronization process, it is necessary to undertake 
frequent in-process controls on assay and dissolution rate. 
Because the rate of build-up varies from pellet to pellet, controls 
on the pellet dimensions are critical for this type of product. 

If the pellet build-up process involves spraying a suspension 
of drug particles, or if dry drug substance is fed into the coating 
apparatus, larger crystals of drug substance may not be bound 
into the growing surface. If this occurs, it is possible to create 
nuclei from these drug crystals, which are themselves capable of 
being coated. The pellets which are produced from a crystal 
seed have a much higher drug content but usually they have a 
significantly lower diameter. They can be easily removed by 
sieving before their size increases to a significant extent. By 
careful monitoring of pellet dimensions, drug content and 
residual water or solvent content at regular intervals, it is 
possible to create a batch with uniform appearance, size 
distribution, dissolution rate and drug content when sampled at 
the nominal content mass of the encapsulated product. If the 
pellets produced require additional film-coating, perhaps using 
an enteric coat, because the surface of the pellets is more 
uniform after build-up than by spheronization, the amount of 
coating required to give the required release characteristics is 
usually small. 

A coated, pelleted product gives the formulator ample 
opportunity to produce a range of small batches with different 
release characteristics if samples are reserved from the bulk 
after each application of film-coat. As with the tabletted 
products discussed earlier, it is possible to choose batches with 



appropriate dissolution profiles and evaluate their pharmaco­
kinetic characteristics in animals or human volunteers. Even­
tually a range of acceptable and unacceptable profiles can be 
obtained by evaluation in humans. 

The in vitro dissolution profiles from acceptable batches can 
then be used to establish an appropriate dissolution specification 
range for further batches. The pellets produced by either process 
are considered as an intermediate product and require full 
control testing. An appropriate regulatory specification must be 
established; it should contain most of the following tests: 
appearance of the pellets; typical size range; identity test for 
active ingredient; density of the pellets; assay; impurities/ 
decomposition products; and dissolution rate. 

As discussed previously for tablets, other parameters that 
may be considered as 'in-house' tests, and that may be usefully 
monitored, at least for the first few batches, are: water (or 
residual solvent) content; and microbial contamination. 

The pellets can then be filled into capsules for establishment 
of the finished product release specification which would be 
expected to contain most of the following tests: appearance of 
capsule shell and contents; dimensions of the capsule; typical 
size range of the pellets; identity tests for the active ingredient 
and capsule colouring agents; density of the pellets; average 
mass and/or uniformity of content mass; assay and/or unifor­
mity of content; impurities/decomposition products; disinte­
gration time; dissolution rate; and water (or solvent) content. 

Microbial contamination may be monitored as an 'in-house' 
test. 

Validation requirements are the same as those for the 
methods used for the analysis of tablets. 

Probe Stability Studies and Establishment of the 
Preliminary Shelf-life Specifications 

Once the production of moderately large batches of tablet cores 
and coated tablets or pellets and encapsulated pellets has been 
achieved, their preliminary stability profiles should be deter­
mined. Stability studies should incorporate the requirements of 
the recent ICH Guidelines. ss The stability parameters evaluated 
in these probe studies can range from an evaluation of changes 
likely to be observed in the results from the pivotal tests 
(appearance, disintegration, assay, decomposition products and 
dissolution rate) to a full evaluation of all probable specification 
tests and others that are likely to be stability-indicating. 

The objective of these probe stability studies is to confirm 
quickly that the formulation chosen is likely to be stable in the 
packaging intended for marketing before extensive resources 
are poured into the product to allow scale-up and the eventual 
transfer of the product to the manufacturing or industrialization 
group. 

Stability should be ensured also before major commitments 
are made for larger (Phase III) clinical trials. Stability 
information generated in these early studies is also invaluable 
when used to establish the preliminary end of shelf-life 
specifications for the intermediates and finished products. 
Stability studies on these early batches should be continued for 
at least 12 months. 

There have been several reports in the literature of the types 
of changes which may be detected with enteric coated 
tablets,S6.87 film-coated tablets,86,87 and pellets.95.96 Also, over 
the last few years, it has been determined that some of the 
changes seen in the disintegration and dissolution characteris­
tics of hard gelatin capsules may be due to cross-linking of 
gelatin by aldehydes97.98 or, less frequently, by hydrogen 
bonding to colouring agents98,99 in the gelatin shell. 
HPLC,IOO.IOI fluorimetricl02 and colorimetric microdiffusion 
methods 103 are available, if required, for the determination of 
traces of formaldehyde and acetaldehyde in gelatin products. 
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It is imperative that documented specifications are estab­
lished before moving to the next phase where scale-up studies 
are initiated. 

Scale-up Studies and Production of the Validation Batches 

Once the product developed on a small scale has been 
demonstrated to be suitably stable for marketing, a larger-scale 
manufacturing process must be developed and validated. The 
scale-up studies involve the preparation of a small number of 
batches, typically for tablets, or a larger number of batches, 
typically for pellets. These studies usually initiate the handover 
of responsibility for manufacture to the manufacturing or 
industrial operations group and individuals from both develop­
ment and industrial operations contribute usually to the 
manufacturing of these batches. This stage should also be the 
initiation of handover of analytical responsibility from develop­
ment to QC personnel. The QC personnel should start to 
become involved in project meetings and planning at the start of 
scale-up studies and should ideally be prepared to contribute to 
any of the analytical methodology changes and decisions that 
are made. 

The scale-up studies themselves require extra vigilance on 
the part of the analyst, who should be prepared to test many 
samples, especially during the coating stages. Coating larger 
batches generally gives a more uniform coat to the products but 
balancing the drying as the coating progresses is often 
problematic in the early stages. 

As confidence is gained in the larger scale manufacture of the 
finished products, planning of the validation batches is usually 
initiated. The analyst contributes to the establishment of 
sampling protocols and final acceptance protocols for these 
validation studies. Also, at the stage immediately prior to the 
initiation of validation batch manufacture, the analyst should 
consider undertaking an in-depth evaluation of the validation 
that has been completed on the various analytical methods that 
have been developed. If additional validation is considered 
necessary, it should be completed and thoroughly documented 
as a new, comprehensive, validation report. If not already sent, 
copies of the methodology and validation reports should be 
given to QC personnel to contribute to their familiarization 
process. 

Once all the appropriate documentation (analytical metho­
dology, testing protocols and stability protocols) is in place, the 
manufacture of the validation batches should commence. There 
are usually a minimum of three batches required, each involving 
different batches of drug substance. Consideration should be 
given also to using at least two different batches of each 
excipient. The purpose of the three-batch campaign is to 
confirm that the process can be operated on a large scale to 
manufacture batches within specification and with uniform 
properties. Each batch of intermediate tablet core or pellet and 
each batch of finished tablet or encapsulated pellets must be 
tested in full to the proposed specification. If all batches are 
satisfactory in all respects they can be forwarded for packag­
ing. 

If the analytical testing on the validation batches indicates an 
unexpected result or a failure to meet the requirements of the 
proposed specification for any batch, the manufacture of a 
replacement batch must be planned whilst the cause of rejection 
or problem is investigated and fully documented. 

Stability Studies on the Validation Batches 

The three validation batches of each formulation should be 
submitted for stability evaluation in each of the packs intended 
for marketing. For tablets and capsules, these are normally a 
blister pack and a random pack such as a plastic or glass bottle. 
The protocol setting out the aims of the study, the packs and 
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storage conditions to be used and the criteria of stability to be 
evaluated should be issued before the study starts. The protocol 
should also specify what form of statistical evaluation will be 
used on the results in order to establish a meaningful shelf-life 
statement. 

The core conditions of temperatures and humidity are now 
specifiedB5 at: 25 ± 2 °C/60% RH ± 5% (long-term testing); 40 
± 2 ocns% RH ± 5% (accelerated testing). 

Where a 'significant change' is seen during the first 6 months 
of storage at 40 ± 2 ocns% RH ± 5%, additional testing at an 
intermediate condition such as 30 ± 2 °C/60% RH ± 5% is 
permitted. Obviously it is sensible to initiate storage on samples 
at this third temperature/humidity condition as a fall-back 
position in case unpredicted changes are detected. It is also 
advantageous to include storage of samples under a small range 
of other conditions. Typically, these would include 4-8 °C for 
the full duration of the study and 40 °C/ambient RH and 45 or 
50 °C/ambient RH for a shorter duration (e.g., 6-12 months 
maximum). 

The regulatory submission can proceed with a minimum of 
12 months' data generated at 25 ± 2 °C/60% RH ± 5% and 6 
months under the accelerated condition(s) for products prepared 
from previously unregistered drug substances. If the modified 
release product is a new dosage form (line extension) of an 
existing immediate-release product or an alternative route of 
administration, it is possible to justify a reduction in storage 
time (e.g., 6 months' data at 25 ± 2 °C/60% RH ± 5% and under 
the accelerated conditions) before the data can be submitted. 

When the stability data are collated, the assay results and the 
results from the evaluation of decomposition products and total 
impurities should be analysed statistically, preferably using a 
programme acceptable to the FDA.85 The stability data should 
also be used to finalize the shelf-life specifications for the drug 
substance and drug product(s). 

Technology Transfer to Quality Control 

If not already initiated or under way, at the time of submission, 
discussions should commence with the appropriate QC person­
nel on training programmes for their analysts, the content and 
acceptance criteria for the technology transfer protocol and the 
collaborative studies needed to ensure a well documented 
transfer. We have found that this training can be achieved 
successfully by demonstration of all methods and procedures to 
all the QC analysts by a well trained development analyst. The 
QC analysts then try the method on the same equipment under 
one to one tuitions, before they try the procedure on their 
equipment again with a development analyst standing by as the 
different steps are completed. The next phase is a collaborative 
study, testing samples of the same batch at exactly the same 
time in the two laboratories. The results are then evaluated 
statistically and the whole study is documented fully. If 
differences between the results obtained by the two groups are 
large, compared with the proposed tolerance in the specifica­
tion, the causes should be investigated and the collaborative 
study should be repeated. 

If there is a significant time delay between the date training 
was completed and the date that the first batches for sale are 
manufactured and due to be tested, consideration should be 
given to a short period of retraining. When the first batches for 
testing by QC personnel arrive, consideration should be given to 
seconding the trainer temporarily into the QC laboratory to help 
if problems arise. As more batches are prepared to give an 
adequate launch stock, the increased involvement by QC 
personnel is normally matched by a decreased involvement by 
the development group. It is standard practice that the first three 
production batches of each dosage strength are placed on 
stability trial by the QC stability group. The stability protocol 
for these batches can be considerably reduced in terms of 

storage conditions used but not in terms of the range of tests 
employed. It is normal to store production batches at the 
recommended maximum labelled temperature (25 ± 2 °C and 
60% RH ± 5%) and only one other accelerated condition. 

Post-approval Studies 

There are several types of studies that occur post-approval when 
the product(s) are marketed. Some involve the QC analysts 
(complaints and returned samples, counterfeit products, re­
quests from hospital pharmacists for information on the likely 
stability of the product under 'abnormal' storage conditions, 
modifications to the existing methodology or evaluation of new 
methodology, etc.), others are referred back to the development 
section. Typical of the changes to analytical methodology 
which may be considered is the use of NIR for identity testing 
for packaged products.t 04 There has been a substantial increase 
in the number of pharmaceutical companies investing in NIR in 
the last few years to permit the rapid identity testing and release 
of excipients, packaged clinical trials materials and packed 
finished products for sale. It seems likely that the use of NIR by 
QC groups will increase substantially over the next few years 
because of its sensitivity to crystal form, particle size distribu­
tions and source of supply of excipients. 

With all major pharmaceutical products, it is normal for 
generic copies to appear in the marketplace soon after the patent 
expires. A worrying trend is also the increase in the number of 
counterfeit copies which have appeared over the last decade. 
Generic copies of modified-release oral solid dosage forms are 
obviously more difficult to produce than the equivalent 
immediate-release product. The natural reaction of the market­
ing department as soon as generic copies appear is to instigate 
an investigation to determine how closely the originator product 
has been copied. Often this is linked to an evaluation of the 
source of the drug substance and whether drug substance 
process patents may have been infringed. One procedure that we 
have used successfully to determine the abnormal dissolution 
characteristics of generic copies of a modified release product is 
topographical dissolution characterization. 105,t06 In this proce­
dure, samples of the generic copy and the originator's product 
are separately tested for dissolution rate using a range of media 
of different pH values for 8-24 h. We typically use media of pH 
1.5, 4.5, 6.6, 6.8, 7.2 and 7.5 and monitor the dissolution rate 
continuously. Three-dimensional plots are then constructed of 
amount dissolved against pH and against time. This procedure 
often gives an indication of 'dose dumping' which is more 
readily seen using this technique than by using single-pH 
dissolution tests. Examples of typical dissolution 'surfaces' 
obtained using this technique are given in Figs. 5, 6 and 7 for the 
RPR product, a generic copy which partially 'dose dumps' and 
a close generic copy, respectively. 

We have also made good use of this technique for the 
comparison of batches of the same RPR product made at two 
different sites and were able to use the information to help to 
convince regulatory authorities that both sites were able to 
produce products which gave identical dissolution profiles over 
a wide range of pH values. 

Conclusions 

The development of modified-release oral solid dosage forms is 
a lengthy process which continues to attract regulations and 
guidelines from the various regulatory bodies world-wide. In 
the recent spirit of international harmonization, there is 
adequate scope for harmonization of the definitions of such 
dosage forms and hopefully this might lead to greater 
harmonization of the guidelines for their development and 
clinical evaluation. 

The analytical contribution to the development programmes 
for such products, as exemplified in this text, must be of the 
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Fig. 5 Topographical dissolution characterization surface for RPR UK 
product. 

Fig. 6 Topographical dissolution characterization surface for generic copy 
which 'dose dumps.' 

highest calibre if the project is to succeed and achieve 
expectations. The analytical team must be continually aware of 
the changing regulatory environment and must be ready to 
incorporate and adapt to new requirements. They must 
anticipate trends in regulatory requirements. 

Looking to the future, it is to be hoped that the various 
regulatory bodies world-wide will become more familiar with 
the emerging technique of NIR spectrometry. This is now 
proving to be a valuable method for the identification of all 
types of oral dosage forms, the identification and characteriza­
tion of excipients, film-coats and even the core tablets. 
Supported by sound science, it will prove to be of great value to 
the analysts involved in the development of the modified­
release solid oral dosage forms of the future. 

The author thanks numerous colleagues within Rhone- Poulenc 
Rorer and the previous organizations, Rhone-Poulenc Sante and 
May and Baker, for their advice, support and lively debate on 
this subject over many years and several development pro­
grammes. He is grateful to J. Chilver, Dr. G. Simpkin and Dr. A. 
Coutts for their helpful comments on the manuscript. 
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Fig. 7 Topographical dissolution characterization surface for a close 
generic copy. 
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An analysis of the first harmonic components of the 
sequence resulting from a suitable deconvolution 
operation on a response composed of single partially 
overlapped signals allows the resolution of the over-all 
response into the individual signals. Ideally, it is possible 
to reduce the original response to single impulses with 
suitable height and location. If the number, n, of single 
signals is known, the first n - 1 harmonic components of 
the spectrum of the deconvoluted response, plus the 
continuous term, need only be computed. On the other 
hand, if the over-all response includes an unknown 
number of single signals, a method is suggested that 
requires the calculation of only a few harmonic 
components in order to build up a suitable form of the 
whole spectrum of the deconvoluted signal. The 
effectiveness of the proposed procedures, which are 
suitable for the treatment of responses from different 
analytical techniques, was tested on simulated responses, 
both in the absence and presence of noise, and on 
experimental data, viz., differential-pulse polarographic 
responses recorded on solutions containing two metals 
that were reduced at similar potentials. 

Keywords: Signal processing; digital filtering; resolution of 
signals; Fourier analysis; deconvolution ; self-deconvolution; 
differential-pulse polarofi raphy 

Introduction 

The problem of obtaining the maximum possible information 
from composite signals, i.e., of defining the single components 
with respect to position, height and shape, has been the subject 
of many studies in the field of electrochemistry, spectroscopy, 
chromatography, and any type of detection procedure that can 
be thought of as a multicomponent analysis .l-22 Different 
approaches have been followed, the most popular and effective 
of which appear to be self-deconvolution based on Fourier 
transform, direct curve fitting, or a combination of the two 
techniques. It has been emphasized, however, that Fourier self­
deconvolution , in spite of being, in principle, the procedure of 
choice, presents the serious drawback of involving divisions 
between very small , non-significant numbers, which leads to 
instability of the system: small amplitudes are common to the 
medium-high frequency portion of the signals usuall y encoun­
tered in an analytical context and, consequently, of the 
corresponding deconvoluting sequences; hence , spurious fre­
quencies often pollute the signal resulting from deconvolution. 
On the other hand, a simple boxcar truncation, i.e., the 
application of a rectangular frequency low-pass filter, causes 

* To whom correspondence should be addressed. 

spurious oscillations due to the Gibbs phenomenon 2 ' In order 
to damp the oscillations as much as possible, various apodiza­
tion functions have been studied and proposed;4.5.12.24 however, 
the problem has still to be solved satisfactorily. 

In view of the difficulties encountered in following classical 
approaches to deconvolution of partially overlapped signals , we 
turned our attention to a more accurate analysis of the spectrum 
of the deconvoluted signal. On the basis of the properties of the 
first harmonic components of the spectra obtained from both 
simple and composite signals, two different procedures have 
been established. The first can be followed when the number of 
individual signals comprising the over-all response is not 
known; the second can be applied when the number of 
individual signals is known in advance. As a benchmark for the 
proposed algorithms, this paper considers simulated and 
experimental responses in differential-pulse polarography 
(DPP). It is well known that in this electroanalytical tech­
nique,25.26 the sensitivity of the measurement increases on 
increasing the amplitude of the potential step; on the other hand, 
this may lead to poor resolution with the presence of more than 
one single peak in a narrow potential range. 

Experimental 

Experimental DPP responses were recorded on aqueous 
solutions prepared by dilution of commercial standards. The 
potentiostat was a Princeton Applied Research (PAR) (Prin­
ceton, NJ , USA) Model 174A equipped with a PAR Model303 
stand. The working, auxiliary and reference electrodes were a 
0.5 mm diameter mercury drop, a platinum foil and an Ag­
AgCI-KCI(sat.) electrode, respectively. Pulse heights of 5 
(cadmium and lead solutions) or 10 mY (lead + thallium 
mixture) were superimposed on the potential, which was varied 
linearly at a scan rate of 10 (former case) or 5 mY s- 1 (latter 
case). Solutions ofO.I moll - 1 KCI or I moll - 1 NaF were used 
as supporting electrolytes . 

Basic Theory 

Let us consider two finite sequences, x { n} and z{ 11}, with equal 
length. The convolution sequence, y { 11}, can be conveniently 
computed by taking advantage of the convolution theo­
rem:27.28 

y{n} = x{n} . z{n} =F- 1(F[x{n}] X F[z{n}]) (I) 

where the symbol * indicates the convolution operation; F and 
F- 1 indicate direct and inverse Fourier transform, respec­
tively. 

Conversely, z is defined as the deconvolution sequence of y 
by x: 

z{n} = y{n} . - 1 x {11} = F - l(F[y{n}l/F[x{n}]) (2) 
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where the symbol *-t indicates the deconvolution operation. 
If x coincides with y in shape, but not necessarily in position, 

deconvolution becomes a self-deconvolution. z is, in this case, 
a Ut)it impulse b ( n} , equal to zero over the whole interval of 
definition, but in a single point:29 

li(n±a} =x(n±a}*- 'x(n} (3) 

a being a constant, either equal to, or different from, zero. 
The unit impulse function, li, is defined as: 

li In ± a} = { 0 when n "# a (4) 
I when n =a 

By considering a normalized sequence, x, basis of a vector 
space, a linear combination generates the generic vector v ( n}: 

v(n} = L,xln±a) x cj (5) 

j 

so that deconvolution of v by x can be considered as the 
transformation of v into a vector space generated by b: 

(~''""';I xc}-' •1•1-~ b\d•11 xc1 (6) 

Hence, if the signal can be represented by 

L,xtn±aj}xcj, deconvolution by x leads to a linear 

j 

combination of b sequences with the same values for the 
coefficients aj and '1· 

The discrete Fourier transform operation on a finite sequence 
x consisting of N points is defined as: 

N-1 

Xlk} = L x(n} X e-j(2n/N)kn 0 :s; k < N (7) 

n=O 

where k is the index of a given harmonic component ( = 0 for the 
continuous component). 

In particular, the Fourier transform of <'> leads to: 

A(k} = e-ft.2n/N)ka 0.;.; k < N (8) 

i.e., 

A(O) = I 
A(l) = e-j(2n/N)a 

A(2) = e-j<2n!NJ2a 

!;.(N - I) = e-j(2n/N)(N - l)a 

Deconvolution Procedures 

Procedure 1 

(9) 

Fig. l(b) and (c) shows the vectorial representation of the 
different harmonic components relative to an impulse function, 
() [Fig. l(a)] . It consists of a sequence of unitary modulus 
vectors with phase angles given by: 

ek = (2rt/N) X ka; 0 .;.; k < N (10) 

Eqn. (I 0) can be utilized in order to establish an effective 
procedure to describe the signal using only a small portion of the 
relevant spectrum. Since the result of eqn. (8) can be viewed as 

a rotation, defined by the e. sequence, of every point of b, a key 
point in the analysis of the spectrum consists in ascertaining 
whether the N-element sequence of the angles between two 
subsequent vectors is composed of equal sub-sets, each 
consisting of M elements. A further point is to establish if M is 
small enough with respect toN. An analysis of a large number 
of different situations allowed us to confirm that an affirmative 
answer can be given to both questions, M being defined by the 
following equation: 

<l>"<*>·"<k+M> = 2rtM/N (II) 

which is valid for 0 s k < N - M; <I> is the angle between two 
vectors that are M indices far from each other. The advan­
tageous conclusion is that M harmonic components are suitable 
to describe the signal completely. By properly 'copying ' (see 
the procedure reported below) the first M -element part of the 
spectrum over the whole range of frequencies, the whole 
spectrum of the signal is constructed. Through this operation the 
signal retains fully the information content at low frequencies 
and discards that at higher frequencies, without the inconven­
ience of the usual filtering operations. In particular, the impulse 
in Fig. I (a), located at the 200th point of a 1024 point sequence, 
is described by the first four harmonic components reported in 
Fig. l(c) (M = 4). A different index for the location of the 
impulse leads to different situations with respect to the position 
of subsequent vectors on the imaginary versus real component 
plot on the vectorial plane and, consequently, to the value of 
M. 

Once a vector A (h} (0 s h s M) has been computed, the 
whole spectrum A I k} can be re-constructed as follows : 

A(k} = ii(h} for 0 :s; h :s; M i.e., for the first M +I indices k 

A(k} =Aim+p x M} =A(m+(p-1) X M}e-jq>; 

l:S:m:S:M; l:S:p:S:int(N-l)fork > M 
M (12) 

where qJ = <I> in eqn. (II). Of course, additional !;. terms with 
respect to !;.(N - I) should be disregarded. The original 
sequence, ll, is re-obtained by: 

li(n} = F -t (A(k}) (13) 

For two generic impulses, the sequence to be transformed can 
be written as : 

l 
= 0 when n "# a1 and "# a2 

dln}=pbtfn±atf+'tb21n±a2} =pwhenn=a1 (! 4) 

='t whenn =a2 

Taking advantage of the linearity property of Fourier trans­
form27 one obtains: 

A(k} = F(plit(n} + 1:li2(n}) = p e-j(2n/Nlkat + 't e-j(2n/N)ka2 

(15) 

i.e., 

!;.(0) = p +'t 
!;.(1) = p e-j(2n/Nlat + 't e-j(2niNla2 

!;.(2) = p e-j(2n/N)2at + 't e - j(2n/N)2a2 

t;.(N- I) = p e - j(2n/N)(N- l )a o + 't e-j(2n/N)(N- l)a2 

(16) 

lt is evident that a simple normalization on eqn. (14) can lead 
either p or 't to be unitary, so that only one of the two modulus 
in eqns. (14}-(16) assumes a non-unitary value. 

More complex patterns for the vector representation of the 
spectrum of the signal may be encountered. Apart from the 



computation of M through a simple algorithm written to find the 
solution of eqn. (II), the possibility of identifying sub-sets 
composed of M elements inside the whole N-element frequency 
sequence implies that notable geometric properties are charac­
teristic of the sequence of vectors. It follows that the whole N­
component spectrum is obtained by a 2Jt rotation of a polygon 
defined by just M vectors. 

An example is given in Fig. 2. Two impulses at the 76th and 
300th points of a 1024 point sequence, respectively, with 
relevant heights of2.5: I [Fig. 2(a)]lead to anN-point spectrum 
[Fig. 2(b)] that can be obtained by subsequent rotations of the 
first M ( = 14) harmonic components. Fig. 2(d) shows the result 
of two subsequent rotations of the elemental polygon in 
Fig. 2(c). 

The procedure described can be extended to consider 
complex responses consisting of more than two individual 
signals. Fig. 3 shows the results obtained with a system of three 
impulses: the original sequence (a) is reconstructed on the basis 
of the first ten harmonic components (b). 

When dealing with an analytical response, cleaned of any 
noise, described by a sequence s{n}, the previous discussions 
for x can be extended to s. Notationally: 

s{n} = x{n ±a} 

In view of eqn. (3) one can write: 

s{n} .-I x{n} = b{n ±a} 

(17) 

(18) 

If the response consists of two individual signals, eventually 
partially overlapped: 
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s{n} = x{n±a,} X c1 +x{n±a2} X c2 (19) 

so that: 

s{n} .-1 x{n} = li{n±a,} X c1 +li{n±a2 } X c2 (20) 

The result of the deconvolution by x should hence consist of two 
impulses with heights equal to c1 and c2 and locations at a 1 and 
a2 , respectively. This pattern can be correctly built up by 
calculating a deconvolution sequence ~ { h} limited to the first 
M harmonic components, as discussed above. Defining: 

S{k} = F(s{n}) (21) 

one can compute: 

A{h} = S{k}/X{k} forO~k~M (22) 

and then re-construct the whole spectrum, ~. as described in 
eqn. (12). Finally: 

d{n} = F-'(~{k}) (23) 

Procedure 2 

The method reported above does not require the a priori 
knowledge of the number of impulses in the sequence, because 
the evaluation of M through eqn. (II) is directly performed on 
the spectrum of the signal. On the other hand, in those cases in 
which the number of individual component signals is known, a 

0.8 (b) 
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Fig. 1 Unit impulse (a) with the vectorial representation of the relevant spectrum (b). The first four harmonic components are shown in (c). 
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further simplification of the procedure is possible . Considering 
the sequence expressed by eqn. (14 ). which consists of two 
generic impulses, the continuous and the first harmonic 
components can be obtained by Fourier transform [see eqns. 
(16)]. Expressing ~(I) directly in the form of a single vector 
resulting from the vectorial sum of two p and 1: modulus vectors, 
respectively, one obtains: 

~(0) = p + "t 
~(I) = 0 e-J(2rr/N)h (24) 

where o and (2rt/N)h represent modulus and phase. respec­
tively: 

0 = I~OJI 

( 
lm(~(l)) J N 

b = -arctg Re(~(l)) 2rt 

where Im = imaginary and Re = real. 
~(I). as well as ~(0), are explicitly computed: 

~(0) = S(O)/X(O) 
~(I) = S(l )/X (I) 

(25) 

(26) 

(27) 

o and h, as well as the sump+'· become known quantities from 
which p. 1:, a 1 and a 2 have to be computed. By normalizing the 
response with respect to the height of one of the two impulses, 
e.g .• by setting p to I, "t can be computed as ~(0) - p . The 
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locations of the two impulses, given by a 1 and a 2, respectively , 
are hence the only unknowns: a system of two independent 
equations, representing the projection and the Camot theorems, 
respectively, can be written: 

Solving the equation system (28) leads to: 

(29) 

Hence, starting from a two-peak response slk}, 1t 1s only 
necessary to calculate S(O) and S( I), as well as X(O) and X( I) of 
the deconvoluting function [see eqn. (27)]. 

Any additional individual signal only requires the consider­
ation of one additional harmonic component, i.e., of two 
additional unknowns and of two additional equations in the 
system. It follows that very complicated responses can be 
analysed by considering in any case a small number of harmonic 
components. 
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Fig. 2 Two impulses (a) togelher with the vectorial representation of the relevant spectrum (h); (c) and (d) show the first M (; 14) and 3 X M harmonic 
components, respectively. 



Application to Signals 

Synthetic Signals 

The first problem to solve when dealing with experimental 
situations is the presence of superimposed noise. If the E ( n} 
sequence accounts for the deviations from the theoretical 
'clean' response, s, the signal sequence, r , can be expressed 
by: 

r{n} = s{n} +E{n} (30) 

Deconvoluting r by x, i.e., the sequence representing a single 
'ideal' response [see Fig. 5(b) as an example], leads to a 
sequence p(n} : 

p{n} = r{n} *- 1 x{n} (31) 

Performing the deconvolution operation by the usual self­
deconvolution algorithms, it is usually difficult to extract b [or 
b1 + .. . b.] from p because of the problems discussed above. 
On the other hand, according to the arguments discussed 
previously, even if the number of individual signals is unknown, 
the number, M, of harmonic components necessary to describe 
the proper impulse, or series of impulses, can be computed on 
the basis of the vectorial representation of the spectrum of the 
sequence resulting from deconvolution. Assuming that, as 
regards the first M components, the frequency content of E is 
negligible, it is possible to extract the spectrum of b [or of b1 + 
b2 + . . . b.] from that of p. The procedure is outlined in detail 
below for two individual signals. 

and 
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R{k} = F(r{n}) (32) 
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Fig. 3 Three impulses (a) lead to a spectrum whose first II harmonic 
components are shown in (b). 
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X{k} = F(x{n}) (33) 

Defining: 

P,{h} = R{k}/X{k} limited to 0,;;; k,;;; M (34) 

the remaining part of the P,( k} spectrum, which is obviously 
different from P(k} = F(p(n}), is re-constructed in a way 
similar to eqn (12): 

PJfk} = PJfh} for 0 $ h $ M i.e., for the first M +I indices k 

PJfk} = PJfm + p x M} = PJim +(p-I) x M}e-i<P; 

(N-1) I $ m $ M; I $ p $ int -- fork > M 
M (35) 

Finally, the sequence we are seeking, relative to a single signal 
or to the sum of two individual signals, can be computed: 

(36) 

On the other hand, if it is known in advance that two signals 
compose the over-all response, we have only to compute the 
continuous and first harmonic components by relationships 
similar to eqn. (27). The evaluation of the quantities character­
izing the deconvoluted signals is then straightforward by 
applying eqns. (25)-(29). 

Synthetic DPP Responses 

It is apparent that the deconvolution procedures described retain 
full validity independently of the measurement technique and 
can hence, in principle, be applied to the responses of different 
analytical methods. As an example of their application, let us 
consider a sequence representing a simulated differential-pulse 
polarogram relative to a single reversible uncomplicated one­
electron charge transfer, the oxidized and reduced forms both 
being soluble in the solution phase:25,30 

Oi(£) = 0 0 _ __cA.:._ __ _ nFAD
112c' [ G (1-o

2
) ] 

1tl/2('t- 't')'i2 (o+GA)(l+GAo) 
(37) 

where Oi is the measured quantity, GA and a are exponential 
functions of the electrode potential, £, and of the potential step, 
respectively, 't and T' the times at which the current is sampled 
and the other symbols have their usual meaning.25 An example 
of the application of the described procedures to the self­
deconvolution of a simulated DPP system of two peaks 
representing the reduction of two species present in the solution 
at a relative concentration of 2.5: I and with equal diffusion 
coefficients, is given in Fig. 4. The potential separation between 
the relevant formal potentials is about 120 m V. No significant 
differences between the results obtained with the two proce­
dures are apparent. 

Fig. 5 illustrates the same sequence as that in Fig. 4, but this 
time affected by noise consisting of a linear combination of 
sinusoids with amplitudes proportional to the signal intensity: 
both deconvolution procedures give satisfactory results 
[Fig. 5(a) and (b) for procedures I and 2, respectively] . 
Procedure I preserves the location and height of the individual 
signals with an accuracy of about 5%, while the results of 
procedure 2 are affected by errors lower than I%. Spurious 
spikes are clearly detectable in the result of procedure I 
[Fig. 5(a)]. The choice of the number of harmonic components 
to use in order to reconstruct the whole spectrum of the 
deconvoluted signal (i.e., the value of M) is critical, so much so 
that, when dealing with signals that are very far from being 
'ideal', the useful signal can be completely hidden by spurious 
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spikes. This is a consequence of the fact that M increases on 
increasing the noise. Acceptable results can, however, also be 
obtained with low M values in the presence of noise as high as 
that in Fig. 5. 

The result of the elaboration of this signal is not trivial, 
because the application of a conventional filtering technique to 
a noisy signal can, on the one hand, be capable of reducing the 
random noise efficiently but, on the other hand, can introduce 
into the signal a much more subtle noise, i.e., a type of marked 
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Fig. 4 Two partially overlapped simulated DPP signals, together with the 
result of the deconvolution performed according to procedure I. 
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Fig. 5 Sequence shown in Fig. 4 with superimposed noise, together with 
the result of deconvolution by procedure I (a) and procedure 2 (b), 
respectively. 

'distortion ' , which is the cause of the problems encountered in 
the usual self-deconvolution operations. 

Experimental Signals 

The procedures outlined above were tested in different 
experimental situations, i.e., for signals recorded under condi­
tions that are far from 'ideal', e.g., not completely reversible 
charge-transfer processes, signals distorted by 'faradaic' and 
'charging current' effects,26 and the use of relatively high 
values for the linear potential scan on which the pulses are 
superimposed. In this case, the responses do not fit the 
theoretical eqn. (37), resulting in a peak width different from 
that expected on the basis of the electronicity (the number of 
electrons involved in the charge transfer) of the process and 
asymmetric (distorted) in shape. The procedures were also 
tested for two signals representing processes with different 
electronicity. In this case, the deconvoluting function cannot be 
correctly evaluated by eqn. (37): the operation is no longer one 
of self-deconvolution. We have verified that for symmetrical 
peaks, satisfactory results are obtained by using appropriate 
values e.g., eventually non-integer numbers, for n in eqn. (37), 
provided that they lead to a particular criterion being satisfied, 
such as, for example, a good fit with a portion of the 
experimental curve. Furthermore, asymmetry is well accounted 
for by convolution of the peak with a suitable sequence, 
typically an exponential decay. These additional elaborations 
involve implementing the algorithms described here in more 
complete and flexible procedures. This aspect is currently under 
study in our laboratories. Two examples are given here to 
illustrate how a single-step-signal-treatment based on the 
proposed methods works. An example of the result obtained 
with deconvoluting functions using appropriate values for n in 
eqn. (37) is also provided. 

Fig. 6 displays the sum of DPP responses recorded for I ppm 
cadmium and lead nitrate solutions. The individual responses 
have been shifted so that their maxima coincide with each other 
and, subsequently, the response of cadmium has been further 
shifted at lower abscissa indices to an extent of 40 m V; the final 
response has been normalized. The individual peak heights are 
actually in a ratio of I :0.83 and appear almost equal to each 
other only because of the tailing of the first (cadmium) peak. 
The application of the second proposed procedure leads to the 
signals shown in Fig. 6. The results can be summarized as 
follows: 'impulse' height ratio = 0.6 (theoretical value 0.83); 
location of cadmium response: index 67 (theoretical value 57); 
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Fig. 6 Elaboration, i.e., displacement and sum, of DPP responses recorded 
for I ppm cadmium(n) and lead(n), I mol 1- 1 NaF aqueous solutions, 
respectively, together with the result of deconvolution. An index difference 
of I corresponds to I m V. 
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Fig. 7 Experimental DPP response recorded for a 9 ppm lead( II)+ 10 ppm 
thallium(!), 0.1 mol l- 1 KCI, aqueous solution, together with the result of 
deconvolution. An index difference of I corresponds to I mY. 

location of lead response: index 115 (theoretical value 97). By 
using an n value of 2.3 instead of 2.0, lhe following results are 
obtained: 'impulse' height ratio = 0.838; location of cadmium 
response: index 62; location of lead response: index 112. 

Fig. 7 shows the DPP response recorded for a solution of 
lead(n) and thallium(!) at a relative concentration ratio of9: 10, 
together with lhe result of treating the signal by either of the 
proposed procedures. An intermediate value between the 
electronicity of lhallium and lead reductions was used to define 
the deconvoluting function. The position of the peaks was 
located with an accuracy of about I 0 m V; lhe relative height of 
the impulses was accurate to wilhin 10%. 
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Cross-sections of Spectrochromatograms for 
the Resolution of Folpet, Procymidone and 
Triazophos Pesticides in High-performance 
Liquid Chromatography With Diode-array 
Detection 

J, L. Martinez Vidal, P. Parrilla, M. Martinez Galera and A. Garrido 
Frenich 

Department of Analytical Chemistry, University of Almerfa, 04120 Almeria, 
Spain 

The rapid-scanning photodiode array detector generates a 
considerable amount of data in HPLC, such as the 
three-dimensional (A, 1., t) matrix, but requires 
improvements in data analysis methodology to utilize all 
the available information. In this paper, a graphical 
technique is used for improving the selectivity of HPLC 
analysis, using the available spectrochromatographic 
information in both the time and wavelength domains. 
The technique consists in performing cross-sections 
through the data matrix to obtain selective analytical 
information for each of the analytes. In order to 
demonstrate the validity and simplicity of the method it 
has been applied in the simultaneous determination in 
mixtures of the three pesticides folpet, procymidone and 
triazophos. The procedure was applied with satisfactory 
results in the determination of these pesticides in 
groundwater at ppb levels after solid-phase extraction 
with C 18 cartridges. 

Keywords: Pesticides; folpet, procymidone and triazophos; 
water; high-pelformance liquid chromatography; diode-array 
detection; cross-sections 

Introduction 

The monitoring of pesticides in different environmental matri­
ces is an analytical problem of growing importance. Ideally, the 
deployment of few, inexpensive multi-residue (MR) methods 
would facilitate the rapid identification and quantification of a 
wide range of pestic ides at the required sensitiv ity limit, in 
response to legis lation in many countries. Different techniques 
have been applied in the determination of pesticides, mainly 
employing GCI-3 and HPLC4-7 with a variety of detectors. 
However, the properties of relatively new classes of pesticides, 
such as phenylureas, phenoxy acids, carbamates and quaternary 
amines, make these more suitable to HPLC than to GC. 

There are several detection methods for HPLC analysis, such 
as UV /VIS, refractive index, electrochemical, fluorescence and 
chemiluminescence. UV /VIS-based diode-array detection 
methods (DAD) is one of the most commonly used multi-wave 
length detection methods in HPLC to gain more analytical 
information about the mixtures of interest. H- IO 

The use of HPLC-DAD has several advantages beyond 
simple component identification. In the temporal domain, the 
analysis time can be shortened because the wavelength 
dimension allows the analyst to observe all UV/VIS-absorbing 
components during a single elution. In the spectral domain, an 
improvement in the detection level is gained owing to the 
availability of the total UV /VIS spectrum. 

In multicomponent mixtures, where the analytes are not 
resolved by the column but where spectral overlap is minimal , 
the analytes can be determined simultaneously by monitoring 
each component at a wavelength that is free of interference. 
Hence the analyst can obtain multiwavelength chromatograms 
from a single analysis of one sample in order to resolve 
overlapping signals. 

On the other hand, in the case of complex mixtures, where all 
the analytes comprising a single elution profi le and where 
spectral overlap is severe, 11 - 13 the technique of obtaining 
chromatograms at different wavelengths is not adequate to 
resolve overlapping peaks. Typical examples of overlapped 
peaks can occur if new pesticides have to be checked with an 
established MR method or if interferents from complex sample 
matrices are co-eluted. 

In this situation, where the overlapping signals do not permit 
the analysis of all analytes in a single chromatographic run, it is 
possible to modify the MR method or to apply chemometric 
techniques in order to extract useful information from the 
overlapped region. The first solution is not the most adequate 
because of the great cost involved in developing a new method. 
Therefore, the second solution is usually chosen, but a s'rngle 
compromise detector wavelength has to be selected to apply the 
majority of chemometric methods. Moreover, one intrinsic 
advantage of multiwavelength detection in HPLC is that data 
are directly avai lable in digitized form for storage and software 
manipulation, by a number of experimental procedures for the 
characterization of unresolved peaks. Also, many of the 
algorithms developed for analytical spectroscopy can be used 
for data analysis in HPLC-UV/VIS'4-19 

The objective of this work was to apply a methodological 
approach to extract selective analytical information from the 
data generated by HPLC- DAD. The method consists in the 
generation of cross-sections through the three-dimensional (A, 
A., t) matrix providing the optimum signal relative to possible 
interfering analytes to gain selectivity. The proposed method 
allows the combined use of spectral and chromatographic 
information for the deconvolution of overlapping peaks, 
opening up new prospects for DAD in HPLC. 

This method has been applied in the determination of the 
pesticides fo lpet, procymidone and triazophos simultaneously 
present in synthetic mixtures. Generally, these compounds are 
determined by chromatographic methods, either GC or HPLC. 
Methods for the GC determination of folpet , procymidone and 
triazophos have been reported with electron-capture,20 ther­
moionic N-P,21 flame ionization22 and mass detection.23 HPLC 
methods have been used with UV24.25 and mass detection.26 

The procedure was applied to the determination of these 
pesticides in groundwater at ppb levels after solid-phase 
extraction (SPE) with C 18 cartridges. 
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Experimental 

Reagents 

HPLC-grade solvents were used. The pesticide standards 
(pestanal quality), summarized in Table I, were obtained from 
Riedel-de Haen (Seelze, Germany). Solid standards were 
dissolved in acetonitrile (ACN) and stored at 4 oc in the dark, 
where they were stable for several months. Working solutions 
were prepared daily by appropriate dilution with ACN. Mobile 
phases were de-gassed with helium prior and during use. 
Distilled water was obtained from a Millipore (Bedford, MA, 
USA) Milli-Q water purification system. All solvents and 
samples were filtered through Millipore membrane filters 
before injection into the column. 

Prepacked Sep-Pak C 1" cartridges containing 360 mg of C 18 

chemically bonded silica (Waters, Milford, MA, USA) were 
used. 

Apparatus 

A Waters Model 990 liquid chromatographic system was used, 
equipped with a Model 600E constant-flow pump, a Rheodyne 
six-port injection valve with a 20 ~I sample loop and a Model 
990 photodiode-array detector. The spectral resolution used was 
1.4 nm per diode in the range 200-280 nm. HPLC separations 
were carried out using a Hypersil Shandon Green Env. ISO X 3 
mm id (5 ~m particle size) C 18 column. 

Software 

A compatible personal computer provided with a 486 micro­
processor and mathematical coprocessor was used for acquisi­
tion and treatment of the data. The liquid chromatographic 
system allows the acquisition of a series of chromatograms at 
different wavelengths. The Waters 991 software controlling the 
instrument generates a three-dimensional file (A, A, t) in binary 
format. Then, the three-dimensional file is converted into a 
series of n individual spectra, each corresponding to an 
absorption spectrum, acquired at a different time, with the 
ASCII converter included in the Waters 991 program. The 
resolution used in the time domain is 1.4 s. 

A converter program in BASIC was used to transform the 
two-dimensional files into ASCII format for the software 

Table l Retention times of pesticides in the multi-residue method 

Peak No. 

4 
5 
6 
7 
8 
9 

10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Pesticide 

Metomyl 
Dimethoale 
Aldicarb 
Diclorvos 
Carbofuran 
Atrazine 
Diu ron 
Dichloran 
Methiocarb 
Fo1pet 
Procymidone 
Triazophos 
lprodione 
Vinclozolin 
Chlorfenvinphos 
Chlorpyrifos methyl 
Endosulfan sulfate 
Tetradifon 
~-Endosulfan 
a<-Endosulfan 
Chlorpyrifos ethyl 
Carbophenothion 

Retention time/min 

2.3 
3.1 
4.4 
5.6 
6.2 
7.3 
8.6 
9.9 

11.2 
13.1 
13.4 
13.7 
13.9 
14.7 
14.9 
16.4 
16.7 
17.8 
18.0 
18.4 
18.7 
19.4 

packages SURFER and GRAPHER.27 The three-dimensional 
spectrochromatograms are obtained and presented as isometric 
plots (A, A, t). Alternatively, the data are presented as a contour 
plot in both the time and wavelength dimensions, by linking 
points of equal intensity to form the contour map. The SURFER 
program permits the generation of cross-sections and shows the 
trajectory followed in the contour or isometric plot. Using 
GRAPHER software, cross-section data are plotted to produce 
a profile from the two-dimensional data projection [A-j(A, 1)]. 
When the data are plotted, the absorbance value is plotted as the 
y coordinate. 

HPLC Operating Conditions 

The following conditions were used: flow rate, I ml min- I; 
chart speed, 0.5 em min-I; detector sensitivity, 0.02 a.u.f.s .; and 
column at room temperature. The solvent programme was as 
follows: initially 2 min isocratic with water-ACN-MeOH (56+ 
27 + 17), followed by a 20 min linear gradient water-ACN­
MeOH (5 + 90 + 5); an additional period of 10 min of gradient 
programme was sufficient to return the system to the initial 
conditions for subsequent analysis runs. The solvents were 
filtered daily through a 0.45 ~m cellulose acetate (water) or 
PTFE (ACN) membrane filter before use, and degassed with 
helium during and before use. 

Results and Discussion 

Fig. I (a) shows a chromatogram corresponding to 21 pesticides 
selected for their agricultural interest. The mixture contains 
organochlorines, triazines, organophosphorus compounds, car­
bamates and ureic and imidic derivatives with very different 
polarities. The composition of the mobile phase was optimized 
by an automated sequential procedure.25.2R However, over­
lapping of peaks occurs if the number of analytes increases. 
Fig. l(h) shows a chromatogram containing a new analyte, 
procymidone (peak II), and overlapping among the peaks of 
folpet, procymidone and triazophos can be observed. Taking 
into account the absorption data of the mixture in question, 210 
nm was first selected as the monitoring wavelength for the 
detection of the three compounds as a compromise value. The 
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Fig. l (a) Chromalogram obtained by injection of 20 f!l of pesticide 
standard solution with a 20 min gradient (2 f!£ ml - 1 of each pesticide at 210 
nm). Numbers above the peaks correspond with those given in Table I. (h) 
Chromatogram with a new analyte, procymidone (peak number II), is 
observed with 20 min gradient (9 f!£ ml- 1 of folpet, 4 f!£ m]- 1 of 
procymidone and 6 f!g m! - • of triazophos). 



R, values are 0.9 for folpet and procymidone and 0.7 for 
procymidone and triazophos. Table I summarizes the retention 
times of each pesticide. 

Three-dimensional Spectrochromatograms 

The diode-array detector allows the collection of full spectral 
data at rates of up to several scans per second. With the data it 
is possible to construct three-dimensional plots of absorbance, 
wavelength and time. Moreover, these plots can be manipulated 
to allow the data to be viewed from different angles, including 
from the end of the chromatogram towards the beginning. The 
corresponding absorption maxima are located at 226 nm for 
folpet, at 206 nm for procymidone and at 200 and 245 nm for 
triazophos (Fig. 2). From the observation of the corresponding 
absorption spectra, it is evident that folpet and procymidone 
present their absorption maxima at close wavelengths, whereas 
triazophos presents the second maximum absorption at a longer 
wavelength, but its absorption spectrum overlaps in part with 
that of procymidone. 

A potentially more informative way of presenting the 
chromatograms is to use the cartographic technique of a contour 
plot, a map of signal intensity in the wavelength-time domain 
(Fig. 3). From this plot it is easier to see the incomplete 
resolution of folpet, procymidone and triazophos. Because of 
the highly overlapping peaks, conventional measures of the 
different analytical signals (area or height of chromatographic 
peaks) cannot be realized. With the aim of resolving the ternary 
mixture, a chemometric approach was evaluated. 

Cross-section Optimization Through the Three-dimensional 
Data Matrix 

The contour plots are especially useful in making cross-sections 
through the data matrix, in order to pass as close as possible to 
the wavelength maximum of each analyte avoiding absorption 
regions of the others in order to optimize both resolution and 
sensitivity. 

Trajectories can be defined, through the contour plot, by the 
initial and final coordinate (/.., t) pairs. In this work, two 
trajectories were performed to establish the corresponding 
cross-sections (Fig. 3). In order to select the first linear path, 
four cross-sections were tested. Their initial coordinates (/.., r) 
are 200 nm, in the wavelength domain, and in the time domain 
they are 700,725,750 and 760 s (lines a, b, c and d, respectively, 
in Fig. 3); the final coordinates (/.., 1) are (240, 900) in all cases. 

0.60 

~ 
c 

"' -e 0.40 
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<( 

0.20 

200 240 280 320 360 400 
Wavelength/nm 

Fig. 2 Absorption spectra of(!) Sf'g ml- 1 ofprocymidone, (2) 3f'g ml- 1 

of folpet and (3) 6f'g ml- 1 of triazophos. 
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In the second path the initial and final coordinates (/.., 1) are (240, 
900)-(280, 500). 

The two-dimensional projections on the wavelength domain, 
generated by the selected cross-sections through the data 
matrix, are represented in Fig. 4. The analytical signals obtained 

!£ 
E 
F 

Wavelength/nm 

Fig. 3 Contour plot of (I) folpet, (2) procymidone and (3) triazophos at 
concentrations of 9, 4 and 6 f'g mi- 1, respectively. where the four 
trajectories selected (a, b. c and d) in the first linear path optimization of the 
cross-section are plotted. 

0.12 0.12-.---:--------, 
(a) (b) 

0.06 
0.08 

2 

Wavelength/nm 

Fig. 4 Two-dimensional projections of the cross-sections produced from 
the three-dimensional data by plotting absorbance versus wavelength: (a) 
trajectory a in Fig. 3, (b) trajectory b, (c) trajectory c and (d) trajectory d. 
Numbers above the peaks correspond to (I) folpet, (2) procymidone and (3) 
triazophos. 
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after this process are very different from those of the original 
chromatograms. 

The four cross-sections tested were selected in order to obtain 
two-dimensional projections with the best analytical character­
istics (resolution and/or sensitivity). It is evident that the four 
trajectories selected are not the only possibilities. More 
complicated trajectories, with more than two linear paths, or 
even non-linear paths, may be selected for the analysis. In the 
optimization of the first linear path, triazophos is separated from 
the other analytes whilst the resolutions between folpet and 
procymidone are for trajectory a 0.9, b 0.9, c 1.2 and d 1.1. We 
decided to use the two-dimensional projection obtained from 
trajectory c as it gave good resolution and sensitivity for the 
three compounds. 

In the selection of the second linear path, the initial 
coordinates (A, t) are (240, 900) and to select the final 
coordinates (A, t) the wavelength values used are 250, 260 and 
280 nm, while the time is 500 s in all cases. In Fig. 5 are shown 
the trajectories of the selected cross-sections in order to 
optimize the sensitivity of triazophos. 

The trajectories tested have little influence in the sensitivity 
of triazophos (Fig. 6), but in the two-dimensional projection 
corresponding to Fig. 6(c) the interference due to the peak that 
appears close to the triazophos peak is avoided. We selected the 
trajectories defined for the coordinates (A, r) (200, 750)-(240, 
900) for the first path and (240, 900)-(280, 500) for the second 
path. In Fig. 7 is presented the isometric projection of the 
complete spectrochromatogram of the mixture analysed, in 
which the trajectory of the optimized cross-section is marked. In 
this way, the resolution of the mixture is accomplished, 
allowing the quantification of each of the analytes through the 
adequate calibration lines. 

200 21 0 220 230 240 250 260 270 280 

Wavelength/nm 

Fig. 5 The three trajectories selected (a. band c) in the second linear path 
optimization of the cross-section, plotted across the contour plot, of the 
spectrochromatogram of a mixture containing 9 !lg mJ - 1 of folpet (1) , 4 
!lg ml - 1 ofprocymidone (2) and 6 !lg ml - 1 oftriazophos (3). 

Calibration graphs 

Calibration graphs were obtained from peak heights of two­
dimensional projections for samples of mixtures of the three 
compounds, containing different concentrations of folpet , 
procymidone and triazophos. Good linearity was obtained for 
all pesticides in the 1.0-10.0 f-Ig ml - 1 range. Table 2 lists the 
straight-line equations obtained for the concentration intervals 
tested and the corresponding statistical parameter values 
obtained without replicating the experimental points. In order to 
study the repetitivity of the method, a series of six solutions 
were prepared, containing 2.0 f-Ig ml - 1 offolpet, 2.0 f-Ig ml - 1 of 
procymidone and 2.0 f-Ig ml - 1 of triazophos, with results of 3.8, 
4.5 and 3.1 %, respectively , for the RSDs. The values obtained 
show the high repetitivity of the method. 

Resolution of Synthetic Ternary Mixtures 

To validate the method, mixtures of folpet, procymidone and 
triazophos, in the concentration range 1.0-10.0 f-Ig ml - 1 for 
each pesticide, were prepared, and chromatograms were 
recorded according to the described procedure. Table 3 presents 
the results of the analysis of different mixtures. Satisfactory 
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Fig. 6 Two-dimensional projection of the cross-sections produced from 
the three-dimensional data by plotting absorbance versus wavelength: (a) 
trajectory a in Fig. 5, (b) trajectory band (c) trajec1ory c. Numbers above the 
peaks correspond to (I) folpet , (2) procymidone and (3) triazophos. 

Fig. 7 Isometric projection of the spectrochromatogram of the mixture 
analysed, in which the trajectory of the selected cross-section c is 
marked. 
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Table 2 Calibration graphs for the determination of folpet , procymidone and triazophos by measuring the peak heights at the selected projection of the cross­
section 

Equation• r2 
Standard 
deviation 

Standard 
error 
of estimate Pesticide 

Folpet 
Procymidone 
Triazophos 

y = 1.6154 X 10-3 + 6.6993 X 10-3 X 

y = 1.6105 X 10-3+ 1.0103 X I0-2x 
0.9973 
0.9973 
0.9993 

0.02235 
0.03370 
0.01081 

0.00912 
0.01376 
0.00441 y = -1.4452 X 10-3 + 3.2468 X 10-3 X 

'x = Concentration of pesticide in flg ml- 1; y = peak height. The calibration graphs were obtained from six experimental points. 

Table 3 Mean recoveries and RSDs (n = 5) of folpet, procymidone and 
triazophos in synthetic ternary mixtures 

Folpet Procymidone Triazophos 

Recovery RSD Recovery RSD Recovery RSD 
C' (%) (%) c· (%) (%) c· (%) (%) 

3 91.0 6.2 I 95.8 4.9 4 90.1 6.4 
4 105.3 4.4 I 106.3 5.2 7 98.3 5.4 

10 106.0 4.8 10 104.9 5.0 10 103.7 5.6 
8 96.5 4.5 8 108.4 4.5 8 107.2 3.9 
8 90.7 5.0 6 93.5 3.8 7 108.5 5.4 

• C = Concentration of pesticide added (flg ml- 1). 

results were obtained, with recoveries ranging from 90.7 to 
106.0% for folpet, from 93.5 to 108.4% for procymidone and 
from 90.1 to 108.5% for triazophos. The results indicate that the 
complete resolution of the mixture has been accomplished by 
the proposed approach, showing the high resolving power of the 
technique. 

Preconcentration of Pesticides in Water by Solid-phase 
Extraction (SPE) 

The proposed method was applied in the determination of 
pesticides in environmental water samples. A trace enrichment 
step is necessary to obtain detection limits as low as ppb levels. 
To evaluate the potential of trace enrichment of the pesticides, 
samples of ultra-pure water, spiked with 3 11g t-1 of pesticides, 
were analysed. 

The 360 mg Sep-Pak C18 cartridges were conditioned with 5 
ml of ACN followed by 5 ml of ultra-pure water without 
allowing the cartridges to dry out. Water samples of 400 ml 
were passed through a 0.4 11m filter, connected by PTFE tubes 
to the conditioned cartridges, at a rate of 8-10 ml min-t; the 
cartridges were then sucked dry for 5 min. ACN was chosen as 
solvent for the elution of analytes owing to its suitability for the 
RP-HPLC system and, finally, 20 111 were injected. 

Good linearity was obtained for all substances in the ranges 
studied (3-11 11g 1-1 ). The regression coefficients are higher 
than 0.991 in all cases (n = 7). The detection limits,29 

calculated statistically, are 0.31, 0.29 and 0.43 11g 1- 1 for folpet, 
procymidone and triazophos, respectively. 

The mean recoveries of the pesticides were 101,98 and 85% 
for folpet, procymidone and triazophos, respectively. The 
repeatability in terms of peak height at various concentrations 
was studied using the conditions described above. The data 
obtained for 3 11g 1-1 indicate that the RSD ranged from 5.5% 
(triazophos) to 8.4% (procymidone). 

With groundwaters spiked at a level of 3 11g ]-t, the 
recoveries were 91, 85 and 83% for folpet, procymidone and 
triazophos, respectively, and the RSDs were 8.3, 9.1 and 8.7%, 
respectively. A blank of water without fortification was also 
analysed in each experiment. The proposed method was applied 
to the determination of pesticide levels in ground waters from 
Almeria (Spain) and the chromatograms obtained showed no 
peaks of the studied pesticides. 

Conclusions 

The determination of folpet , procymidone and triazophos 
mixtures was performed by means of the proposed technique 
with good repetitivity and sensitivity. The technique is 
particularly useful for analysing mixtures of analytes in 
complex samples, as is the case in MR pesticide analysis. The 
usefulness of the proposed methodology is the resolution of 
overlapping chromatographic peaks maintaining, at the same 
time, as much sensitivity in the determination as possible. In 
addition, the approach would allow a decrease in the time of 
analysis in certain cases. This can be the case in the separation 
of several analytes with similar polarities from one with a very 
different polarity. The method has been applied to the 
determination of folpet, procymidone and triazophos in water 
samples at ppb levels with good results. In conclusion, the 
combination of advanced computational capability with the 
DAD technology applied in HPLC offers a powerful approach 
for the resolution of highly overlapping peaks. 

The authors are grateful to DGICYT (Project PB95-1226) for 
their financial support. 
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Study of the Interaction of a Soil Fulvic Acid 
With U02

2+ by Self-modelling Mixture Analysis 
of Synchronous Molecular Fluorescence 
Spectra 
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Oliveira 

LAQUIPAJ, Faculdade de Ciencias, Alegre 687, P4150 Porto, Portugal 

The interactions between U022+ and fulvic acids (FUA) 
were studied by a methodology that involves synchronous 
molecular fluorescence spectroscopy, to monitor the 
quenching of the intrinsic fluorescence of FUA by U022+, 
and a self-modelling mixture analysis method 
(SIMPLISMA), to treat spectroscopic data. This 
methodology was applied to the analysis of the interaction 
of U022+ with salicylic acid at pH 3.5 and with a soil FUA 
at pH 3.5 and 7.0, in this case in the presence of various 
concentrations of carbonate ion (lo-s, l0-4 and 10-3 
moJJ-1). From the calculated quenching fluorescence 
intensity profiles, using either the Stern-Volmer 
relationship or a non-linear least-squares method, mean 
conditional stability constants (log values with standard 
deviations in parentheses) were estimated for salicylic acid 
[respectively 2.72(4) and 2.77(6)], for FUA at pH 3.5 
[3.93(2) and 4.4(1)] and pH 7.0 [4.06 and 4.1 (average 
values for the various concentrations of carbonate ion)]. 
The non-linear least-squares method also allowed the 
estimation of the number of binding sites that exist in 
FUA (0.11 and 0.24 mol g-1 at pH 3.5 and 7.0, 
respectively). 

Keywords: Fulvic acids; uranyl ion; soils; synchronous 
molecular fluorescence; self-modelling mixture analysis 

Introduction 

The effect of humic substances (HUS) on the environmental 
speciation of uranium and other actinides has been studied for 
assessing the safety of radioactive waste repositories and 
deactivated or open mines. 1~10 Owing to their natural ubiquity 
and to the existence in their molecules of relatively large 
amounts of carboxylic and hydroxylic structures, which are 
hard oxygen donors for metal ion coordination, HUS may play 
an important role in the environmental migration of actinides. 

In work 11- 15 to obtain quantitative information about the 
coordination of metal ions by humic substances using spectro­
scopic techniques, it was observed that the U022+ ion induces 
significant quenching of the molecular fluorescence of the most 
soluble fraction of HUS, fulvic acids (FUA). This effect is 
similar to that observed for other paramagnetic ions, 11. n. 14, I6-2o 
which allowed the calculation of quantitative information about 
the complexation reactions for some, particularly Cu". The 
quenching of the fluorescence of ligands by metal ions as a 
consequence of complex formation (static quenching) is the 
basis of a recently developed methodology for the analysis of 
equilibria between FUA and metal ions. 13 This methodology is 
based on the use of (i) the synchronous fluorescent mode for 
collecting spectra of FUA solutions during titrations with the 
metal ion, (ii) SIMPLISMA,21,22 a self-modelling mixture 
analysis method, for analysis of spectral data and (iii) a non-

linear least-squares procedure, for the estimation of equilibrium 
parameters. The use of a self-modelling mixture analysis 
method as a pre-processing step before the analysis of the 
quenching profiles is important in the case of complex mixtures 
such as FUA, because different spectral variations may exist in 
the raw data and need to be resolved before adjusting the 
experimental data to a simple model. 

The objective of this work was to investigate the usefulness 
of the above methodology for the study of the interactions 
between a FU A extracted from the lower soil horizon of a 
pinewood soil and U022+ at pH 3.5, where the formation of 
UQ22+ hydrolysis products is greatly reduced, and at pH 7, 
which is a representative pH for natural waters, at several 
concentrations of carbonate ion (from the environmental point 
of view this is the most important inorganic ligand for UQ22+ 
apart from hydroxide).2,23 To assess the experimental and data 
analysis methodology, a preliminary study of the interaction of 
U022+-
with salicylic acid at pH 3.5 was also carried out. This ligand 
was chosen because it forms stable complexes with U022+ and 
is usually considered as a model structure for the binding of 
metal ions to FUA. 

Theory 

FUA are complex mixtures of macromolecules with different 
constitutions. The spectrum of these substances will always be 
that of a mixture with superimposition of bands, even if the most 
selective analytical technique is used. Any improvement on the 
purity of the analytical signal, i.e., an experimental signal 
proportional to the amount of a single species, will result in an 
over-all improvement of the detection methodology. In the 
context of a set of species with similar chemical properties such 
as FUA, binding sites with similar complexation properties may 
be detected. This increase in purity isparticularly useful when 
relatively simple models, such as those described below, are 
used. 

The analytical methodology used in this work was intended 
to achieve the highest possible purity at two different levels: (i) 
the experimental methodology is the synchronous mode of 
molecular fluorescence, which is a very selective technique, 24,25 
and also, .. as this technique measures only the fluorescent 
fractions of FUA which contain the most reactive structures, 
other structures, i.e., part of the structures of FUA, do not 
interfere in the measured signal; and (ii) the spectroscopic 
signals are subjected to treatment by a self-modelling mixture 
analysis method to resolve, as far as possible, the raw data into 
the pure components. 

Self-modelling Mixture A1111lysis Method (SIMPLISMA) 

The first step of the SIMPLISMA procedure 21,22 is the 
determination of the number of components of the system under 
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analysis (represented by a data matrix D, size nv X ns, where nv 
is the number of variables (wavelengths) and ns is the number 
of spectra). This is done by a 'user-friendly ' graphic interface 
based on three spectra: mean spectrum, m; standard deviation 
(SD) spectrum, s; and, purity spectrum, p. The elements of the 
mean spectrum are defined by 

m; = (!Ins) Iu . 1 ... ns)diJ 

those of the SD spectrum by 

S; = [(1/ns) Iu = I . . . ns) (d,J - m;)2] 112 

and those of the purity spectrum by 

p, = s;/m; 

(i = I. . . nv) 

(i = 1 .. . nv) 

(i = 1 ... nv) 

(1) 

(2) 

(3) 

The visualization of vectors s and p in the form of a spectrum 
allows the detection of variables with the highest pure character 
(pure variables). The variations associated with the selected first 
pure variable are then removed from the SD and purity spectra 
and the procedure is repeated to determine the second pure 
variable, and so on. This process is .repeated until the mean and 
SD spectra show only noise, i.e., when all the useful information 
has been removed from the data. Two error functions, R, 
(relative total intensity of the SD spectra) and R, (ratio of the 
relative total intensities of the j SD and the j + 1 SD spectra), can 
be used as a rough indication of the number of components: 

Rsj = 100 I(l =l ... nv) s;fl(i = l ... nv> s1.1 (4) 

R,j = Rs/Rsu+ I) (5) 

The second step of the SIMPLISMA procedure is th~ resolution 
of the raw data into spectra (matrix S, size np X nv) and 
concentration profiles (matrix C, size ns X np) for the detected 
species. Assuming that all the components have the same 
fluorescence efficiency, the concentration profiles are equal to 
the fluorescence intensities of the correspondent pure variables 
after normalization. If the data matrix is expressed as 

DT = CS (6) 

the spectra and concentration profiles can be calculated by a 
least-squares procedure: 

s = (CT C)- I CT DT 

c = DT sr (S ST)-1 

(7) 

(8) 

In eqn. (7), the intensities of the pure variables in the D spectra 
matrix are used in the C matrix. 

Analysis of Quenching Profiles 

Stern-Volmer analysis 

When a ligand (L, fluorophore) shows fluorescence, the 
following processes occur: 

L+hv-->L* 

L*-->L+hv 

L*--> L 

(9a) 

(9b) 

(9c) 

where eqh. (9a) represents the absorption of radiation, eqn. (9b) 
the emission of radiation and eqn. (9c) a non-radiative decay. If 
U022+ is present and forms no fluorescent complexes with L 
(static quenching), the following reaction occurs (charges of the 
ligand and complex are not shown for simplicity), with 
conditional stability constant K': 

L + U022+ :o= [(U02)L] (9d) 

The quenching of the ligand fluorescence may also be due to a 
dynamic process: 

L * + U022+ --> L + U022+ (9e) 

In this work, as the effect of FUA on the UQ22+ environmental 
speciation is due to complexation and both FUA and salicylic 
acid form stable complexes with U022+4.6,26 [eqn. (9d)], our 
interest is focused on static quenching, but dynamic quenching 
must be considered to evaluate its influence on the data. 

In the absence of dynamic quenching, if the fluorescence 
intensity of the ligand solution is measured (/0) together with the 
fluorescence intensity of mixtures of the ligand with increasing 
amounts of U022+ (/),the Stem-Volmer relationship for static 
quenching is obtained:27-29 

loll = I + K' Cuo2 (10) 

If only static quenching is observed, the plot of loll as function 
of the total metal concentration ( C uo,) allows the calculation of 
K'. 

If both static and dynamic quenching are present, a plot with 
upward curvature will result_27-29 An estimation of K' and of the 
Stem--Volmer constant for dynamic quenching (K,v) can be 
obtained from the following rearranged Stem--Volmer equa­
tion:>7-29 

[(loll)- I]/Cuo2 = (K,v + K') + K,.K' Cuo2 (11) 

If [(loll - I)/Cuo2 versus Cu02 is linear, K,v and K' can be 
calculated from K,v + K' = intercept and K,vK' = slope. On the 
other hand, a plot of loll versus Cuo, [eqn. (10)] that deviates 
from linearity towards the x axis ipdicates the existence of two 
or more binding structures (fluorophores), not equally acces­
sible to the complexation of UQ22+,>0.3o 

Non-linear least-squares analysis 

For poorly defined ligands such as FUA, the method used for 
the calculation of the conditional stability constants from the 
observed quenching of fluorescence due to a static mechanism 
should also provide an estimation of the concentration of the 
ligands. The fraction of the total FUA bound ( = [U02L)/CL) is 
given by 16-18 

[UOzL]/CL = (/o - 1)/(/o - luo,d (12) 

where CL is the total ligand concentration and luo2L is the 
fluorescence intensity due to the bound ligand. 

After setting 10 = 100, the following relationship between the 
synchronous fluorescence SyF intensity profiles I and K', lu<>:zL• 
CL and eM. is obtainedl3.14,16-18 

I= [luo,L- 100/(2K'CL)) {(K'CL + K'Cuo, + 1)-

[(K'CL + K'Cuo, + 1)2 - 4K'2CLCuo,] 112 1 + 100 (13) 

For the cases where experimental evidence suggests that the 
complex formed between L and U022+ is not fluorescent 
(/uo2L = 0), this equation simplifies to 

I= 100- [100/(2K'Cd] {(K'CL + K'Cuo, + 1)-
[(K'CL + K'Cuo2 + 1)2 - 4K'2CLCuo2Jl12 1 (14) 

Eqns. (13) and (14) can be solved forK', CL and luo2L by non­
linear regression analysis, using the concentration profiles 
calculated with SIMPLISMA, using a procedure described 
previously.l3.14 The quality of the non-linear adjustment of the 
quenching fluorescence intensity data for the calculation of K 
and the concentration of the binding site is assessed by the 
analysis of two error functions, the sum of the squares of the 
residual (SSR) and the average deviations (AD); 

SSR = I (I exp - I calc)2 

AD = (I I fexp - l.aic I )/Np 

(15a) 

(15b) 

where the summations are over the total number of points used 
in the calculations (Np). lexp is the experimental fluorescence 
intensity and I calc is the calculated fluorescence intensity. 



Experimental 

Reagents 

Analytical-reagent grade reagents were used. The extraction of 
FUA and its characteristics were described previously.l2.15 

Aqueous solutions of 100 mg 1-1 FUA and 0.3 mmol 1-1 
salicylic acid were prepared in 0.1 mol(-1 potassium nitrate 
solution. For adjusting the titrated solutions to a constant pH 
value, 0.04 mol (-I decarbonated potassium hydroxide solu­
tions were used. Aqueous solutions of U022+ were prepared by 
dissolving 0.050 g of U02(N03h·6H20 in 0.1 mol (-I nitric 
acid (approximately 10 ml) and diluting with water to 100.0 ml 
(the pH of the final solution was 2). 

Procedures 

pH adjustments, titrations and SyF measurements (a 20 nm 
wavelength increment was used) were made at 25.0 °C as 
described previously .13.14 The ranges of UQ22+ concentration in 
the titration vessel were 0.008-1.1 mmol I- 1 for the salicylic 
acid experiments, 0.004-0.2 mmo((-1 for the FUA experiments 
at pH 3.5 and 0.001-0.2 mmoll-1 for the FUA experiments at 
pH 7 .0. At these concentration levels, and for the instrumental 
settings used (slits and synchronous wavelength increment), no 
U022+ fluorescence was detected and consequently no inter­
ference occurred with the measurements of the fluorescence of 
the ligands. 

Programs and Data Treatment 

All data analysis (SIMPLISMA and equilibrium calculations) 
and data simulation software were developed in this laboratory 
and written and compiled with Turbo Pascal 5.0 (Borland 
International, Scotts Valley, USA). 

Results and Discussion 

Salicylic Acid Data 

Fig. I (a) shows the effect of the presence of UQ22+ on the SyF 
spectra of salicylic acid. The decrease in fluorescence intensity 
with increase in UQ22+ concentration at pH 3.5 shows that 
quenching occurs. The shape of the spectra in Fig. I (a) is 
identical with that of the spectrum of the hydrogensalicilate 
species (LH-), which is the predominant form at pH 3.5.31 

SyF spectral data analysis 

The SO spectra resulting from the SIMPLISMA analysis of the 
salicylic acid data set are shown in Fig. 2(aHc). The first SO 
spectrum [Fig. 2(a)] is identical with the spectrum of the LH­
species of salicylic acid, suggesting that the main spectral 
variation is due to the over-all quenching of this spectrum. The 

-~ 
c: 
J!! 
.5 

Wavelength!nm 
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analysis of the second and third SO spectra only shows the 
existence of a relatively high noise band in the lower 
wavelength range. Therefore, the SIMPLISMA analysis of the 
salicylic acid spectral data shows that only one component is 
sufficient to account for all the observed spectral variation 
besides experimental noise. The values of the error functions in 
Table I support this conclusion. Indeed, the R, parameter of the 
second component is small whereas the R, parameter of the first 
component is relatively large.IJ.zo.zl 
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Fig. 2 Standard deviation spectra resulting from the SIMPLISMA 
analysis: (a)-(c) Salicylic acid; (d)-(g) FUA (pH 3.5); and (h)-(k) FUA (pH 
7.0). 

Fig. 1 Synchronous fluorescence spectra of (a) salicylic and (b) and (c) FUA [(b) pH 3.5; and (c) pH 7.0] as a function of UQ22+ concentration. 
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The result of the second step of SIMPLISMA, i.e., the 
calculation of the spectrum and fluorescence intensity (quench­
ing) profile of the detected component, is shown in Figs. 3(a) 
and 4(a), respectively. The spectrum in Fig. 3(a) (see also Table 
2) is that of salicylic acid at pH 3.5.31 This result shows that the 
only spectral variation observed when U02

2+ is added is due to 
a decrease of the amount of free salicylic acid. 

Stern-Volmer analysis of the quenching 

The Stem-Volmer plot [ eqn. (I 0)] for the quenching of salicylic 
acid by U022+ is linear. The parameters from the least-squares 
adjustment of loll versus Cu02 are given in Table 3. The 
correlation coefficients of the plots obtained in repeated 
experiments were always larger than 0.9990 and the intercepts 
were close to the theoretical value of 1.0 expected from the 
Stem-Volmer equation. The average log K' value obtained from 
the slopes of five plots was = 2.72(4). The absence of upward 
curvature suggests that static quenching occurs between 
salicylic acid and U022+, which form stable complexes.26 The 
absence of downward curvature confirms that there is only one 
type of binding site. 

Using the data in Table 4, which describe the most important 
equilibria in aqueous acidic solutions of mixtures of salicylic 
acid and U022+.26.32 a conditional stability constant of log 
K' = 2.52 was calculated for pH 3.5 and typical concentrations 
of salicylic acid and U022+ used in this work, 0.6 and 0.3 

Table 1 Typical values of the SIMPLISMA error functions for the salicylic 
acid and FUA quenching experiments 

Salicylic acid FUA 

pH 3.5 pH 3.5 pH7.0 

N' R, R, R, R, R, R, 

I 100.0 396 100.0 54 100.0 294 
2 0.3 186 1.8 3337 0.3 1117 
3 1.4 X 10- 3 5.5 X I0- 4 2538 3.0 X 10-4 2286 
4 2.2 X 10-7 1.3 X 10-7 

• Number of the pure variable. 

mmol J-1, respectively. Owing to the limitations of these 
calculations, this value can be considered similar to the 
experimental value of 2.72(4). 

In conclusion, the present analysis shows that only static 
quenching occurs owing to the formation of a complex between 
salicylic acid and U02

2+. 

Analysis of the quenching by the non-linear least-squares 
method 

To assess the performance of the non-linear least-squares 
method for the calculation of the conditional equilibrium 
parameters, the quenching profiles were also treated by this 
procedure. A first attempt to estimate the three unknown 
parameters of eqn. (13) (K, CL and lu02L), failed to provide a 
value for C L (concentration of the experimental salicylic acid 
solution) but gave good estimates forK and for luo2L (/uo2d. 
As the complex is not fluorescent, in a second attempt to obtain 
an estimate for C L eqn. (14) was used. The results, presented in 
Table 5, show that no reasonable value could be obtained for 
CL. Indeed, values for this parameter in the range I0-9- J0-3 

mol )- 1 were found. However, this failure did not affect the 
values of the other calculated parameters. The conditional 
stability constant, log K = 2.77(6), is similar to that obtained 
from eqns. (13) and to the value calculated from the Stem­
Volmer equation. The analysis of the error functions, SSR and 
AD, shows that the adjustment of the experimental data to eqns. 
(13) and (14) is fairly good, as indicated by the low AD obtained 
[typical values in the 0.2 units range (Table 5)]. 

These results show that, although the calculation of the 
concentration of the ligand is impossible, the method provides 
adequate values of the conditional stability constants. Indeed, 
reasonable estimates of CL can only be obtained by this method 
if the magnitude of the stability constant is higher than in the 
present situation. 13•16-l& 

Fulvic Acid Data 

Fig. l(b) and (c) show the effect of the presence of U02
2+ on the 

SyF spectra of FUA. Although the spectra at pH 3.5 and 7.0 
differ, because their shape is pH dependent,33 quenching is 
detected at both values. 
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Fig. 3 Calculated spectra of the (a) salicylic acid and (b) and (d) first and (c) and (e) second FUA components; (b) and (c) pH 3.5; and (d) and (e) pH 7.0. 



SyF spectral data analysis 

The SD spectra from the SIMPLISMA analysis of the FUA 
spectral sets at the two pH values are shown in Fig. 2(d)-(k). 
Their analysis indicates that the number of components showing 
linear independent variations is two for both data sets. Indeed, 
for the pH 3.5 experiment, only the first two SD spectra 
[Fig. 2(d) and (e)] contain signals, the others [Fig. 2(j) and (g)] 
containing only noise. For the pH 7.0 experiment, the 
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Fig. 4 Calculated fluorescence intensity profiles for the (e) first and <•l 
second components: (a) salicylic acid; (b) FUA (pH 3.5); and (c) FUA (pH 
7.0). 
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observation of the SD spectra [Fig. 2(hHk)] allows no clear 
attribution of the number of components. Indeed, there is a high 
noise band in the lower wavelength range [Fig. 2(i)] that masks 
the detection of the second component. 

However, the analysis of the error function, shown in Table 
I, provides evidence for the existence of two components. 
Indeed, after selection of the second pure variable, there is a 
marked increase in the R, parameter. However, the identifica­
tion of the second component in the pH 7.0 experiment is not as 
sound as that for pH 3.5. 

The calculated spectra and quenching profiles of the two 
components detected are shown in Figs. 3(bHe) and 4(b) and 
(c), respectively. Table 2 shows the position of the main bands 
of the spectra. The comparative analysis of the calculated 
spectra of the first component at the two pH values shows the 
existence of similarities. Indeed, the main band of both spectra 
is located in the 470 nm range, suggesting that U022+ is 
inducing the quenching of fluorescence of similar structures at 
the two pH values. 

The calculated quenching profiles shown in Fig. 4(b) and (c) 
are similar to that of salicylic acid, have the expected shape of 
a decreasing curve and show that the quenching for the first 
component is larger than for the second. This result is expected 
because SIMPLISMA detects first the larger relative spectral 
variations. For the pH 7.0 experiments, the quenching profiles 
are similar. This situation is compatible with the above­
discussed doubts regarding the selection of the number of 
components. 

Stern-Volmer analysis of the quenching 

The Stem-Volmer plots for the quenching profiles of the two 
components of the pH 3.5 experiments (shown in Fig. 5) and of 
the first component at pH 7.0 (the second component at this pH 
is almost identical with the first) have different characteristics. 

Table 2 Positions of the SyF bands of the components detected in salicylic 
acid and FUA quenching experiments 

Position of 
main bands/ 

pH Component nm 

Salicylic acid-
3.5 I 

FUA-
3.5 I 

2 
7.0 I 

2 

340 

465,360 
345,390 
470, 455, 440 
390 

Table 3 Results of the linear Stem-Volmer plots for the quenching induced by U02'• on the components detected by SIMPLISMA for salicylic acid and 
FUN 

pH N, pi CO,'- I N, LogK' Intercept Np ~IU0,2•1 

Salicylic acid-
3.5 I 4 2.72(4) 1.018(7) 28 0.9993 0.008-1.1 

FUA-
3.5 2 3.93(2) 0.95(1) 27 0.9992 0.002-0.3 
7.0 I 4.06(1) 1.02(1) 26 0.9995 0.001-0.2 
7.0 I 4 4.03(3) 0.99(2) 24 0.9992 0.001-0.2 
7.0 I 3 4.09(2) 0.985(1) 25 0.9994 0.001-0.4 

• pH = pH at which the experiment was performed; N, = number of the component; piC03'-I = antilogarithm of the concentration of the 
carbonate anion; Ne = number of independent experiments used in calculations; K' ;;;; conditional stabiJity constant; Np = number of points used in 
calculations; r =correlation coefficient; ~IU022•1 = U022+ concentration range used in calculations (mmoll-'). Average and standard deviations in 
brackets for log K and intercept, and typical values for the other parameters. 
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Indeed, whereas the plot for the first component at pH 3.5 shows 
marked upward curvature, the other two plots are linear with a 
quality of the adjustment similar to that for salicylic acid. 

These results show that the two components detected by 
SIMPLISMA for the experiments at pH 3.5 have different 
quenching mechanisms. Indeed, the upward curvature of the 
Stem-Volmer plot of the first component suggests that both 
static and dynamic quenching is being observed,27-29 whereas 
the linear plot for the second component shows the existence of 
static quenching only, since stable non-fluorescent complexes 
are formed. 

To obtain further information about the quenching observed 
for the first component at pH 3.5, the quenching profiles were 
analysed using eqn. (II). A linear plot was obtained although 
the quality of the adjustment was worse than for the previous 
cases (a lower correlation coefficient, 0.997, and a narrower 
U022• concentration range of linear variation were observed 
between 0.02-D.20 mmoJJ-I) . This suggests that the static and 
dynamic quenching are probably occurring at pH 3.5 and that 
the first quenching profile calculated by SIMPLISMA, corre­
sponds to the cumulative effect of both. However, no physical 
meaningful values could be obtained from these plots. This is 
probably a consequence of the complex photochemistry of both 
U022+ and FUA and to the oversimplified model implicit in 
eqn. (II). 

As no downward curvature was observed in the Stem­
Volmer plots at pH 3.5 and 7.0, only one type of binding site 
structure in the molecules of FUA participates in the complexa­
tion reaction in each case. zo 

In the pH 7.0 experiments, no marked variation of the 
estimated conditional stability constant is observed for the three 
levels of carbonate concentration (Table 3) and an average of 
log K' = 4.06 is obtained. At pH 7.0 the carbonate does not 
compete with the hydroxide and FUA for the complexation of 
U022+, because it is almost completely converted into hydro­
gencarbonate, and the stabilities of the complexes formed with 
the other two ligands are large. The estimated log K' at pH 3.5 

Table 4 Major chemical species in mixtures of salicylate (L2-) and U022• 
in water and corresponding stability constants (K) at 25 oc and ionic 
strength 0.1 mol J-126.32 

Reaction 

U0, 2• + H,O :;=: [(UO,)(OH)]• + H+ 
2U022• + 2H20 :;=: [(U02) 2(0H),]'• + 2H• 
3UO,'• + 5H, O :;=: [(UO,),(OH),]• + 5W 
U- + W :;=: (HL)-
L' - + 2H+ :;=: (H2L) 
U0,2• + L'- :;=: [(U02)L] 
U0,2 + L'- + H+ :;=: [(UO,) (HL)]+ 

LogK 

-5.95 
-5.79 
-16.15 

13.0 
15.72 
12.041 
14.6 

[3.93(2)] is smaller than at pH 7.0 (about 4.06) and both are 
larger than that for salicylic acid [2.72(4)]. 

Analysis of the quenching by the non-linear least-squares 
method 

Table 5 shows the results from the non-linear adjustment to eqn. 
(12) to the FUA quenching profiles of the components that 
originated linear Stem-Volmer plots, namely the second 
component of the pH 3.5 and the first of the pH 7.0 experiments. 
The over-all analysis of the SSR and AD parameters shows that 
the quality of the adjustment was good, particularly because AD 
< I. However, the number of experimental points, i.e., the 
range of U02

2• concentration, used in this adjustment is smaller 
than for the Stem-Volmer analysis. 

The conditional stability constants calculated by this proce­
dure are similar to those from the Stem-Volmer plots for the pH 
7.0 experiments, similarly to the results found for salicylic acid, 
and higher for the pH 3.5 experiments. 

The estimated fuo2L parameter has a value of zero for the pH 
7.0 and about 15 for the pH 3.5 experiments. These results 
suggest that the complex is not fluorescent. At pH 3.5, the IuozL 
parameter is not zero, probably owing to the existence of a 
background signal or to a more complex complexation scheme, 
involving competition of the proton for the binding sites. This 
was probably the cause of the observed differences in the Jog K' 
estimated from the Stern-Volmer plots and from the present 
adjustment. 

As the stability of the FUA complexes is larger than for 
salicylic acid, values for the ligand concentration (Cd at the two 
pH values were obtained in the present case, as shown in Table 
5. Similarly to what was observed for the conditional stability 
constants, the calculated concentration of binding sites at pH 7.0 
is independent of the carbonate ion concentration (average CL ~ 
0.024 mmol I- 1). The number of binding sites available to 
complex U022+ at pH 7.0 is larger than at pH 3.5 (0.0 11 
mmol ] - I). This increase is due to the deprotonation of weaker 
acid structures with binding properties as the pH is raised. 

As 100 mg J-I FUA solutions were analysed in this study, the 
number of binding sites in the FUA molecules is about 0.11 and 
0.24 mmol g-I at pH 3.5 and 7 .0, respectively . These values are 
of the same order of magnitude as calculated for the same 
sample of FUA when the complexation of AI"' (at pH 4)34 and 
Cu" (at pH 6)35 were studied by SyF spectroscopy, 0.35 and 
0.48 mmol g-I, respectively, and when the complexation of Cu" 
(at pH 6) was studied by potentiometry (Cu" ion-selective 
electrode)35, 0.31 mmol g- I. Moreover, the calculated values 
for K' fall in the range reported for other humic substances, 
namely 4.0 (pH 7 and I = 0.1)1 and 5.11 (pH 4 and I = 0.1).1 

These results support the quality of the methodology for the 
study of the interactions of U02

2• with HUS presented in this 
paper. 

Table 5 Equilibrium parameters for the complexation of U0,2• by salicylic acid and by the stronger binding site of FUA obtained from non- linear least­
squares adjustment• 

pH N, pi CO,'- I N. LogK' Cone. luo2L Np SSR AD ~ IUO,'• I 

Salicylic acid-
3.5 I 2.77(6) _ t 14 1.6 0.2 0.2-1 

FUA-
3.5 2 3 4.4(3) 0.011(2) 15(3) 17 2.2 0.3 0.06-{).3 
7.0 5 2 4.18(5) 0.021(2) 0.0 20 3.2 0.3 O.OHJ.2 
7.0 4 2 4.06(1) 0.03(2) 0.0 12 3.2 0.4 0.03-{).2 
7.0 3 3 4.13(4) 0.022(4) 0.0 16 2.6 0.3 0.01-{). t 

'See footn.ote to Table 3; Cone. = co~centration of the ligand (mmol t- 1); luo,c = fluorescence intensity due to the bound ligand; SSR = sum of 
squares of reSiduals; AD = average deviation of the estimates. Average and average deviations in parentheses for log K and Cone. and typical values for the 
other parameters. t No reasonable values were obtained, but fixed concentration values between 10- • and t0-3 moJJ- 1 did not affect the other calculated 
parameters. 
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Fig. 5 Stem-Volmer plots for the calculated FUA quenching profiles at 
pH = 3.5: (e) first and (•) second components. 

Conclusions 

The methodology described for the analysis of the interactions 
of fluorescent ligands with U02

2+ at the micromolar concen­
tration level, owing to its high sensitivity (which is dependent 
on the fluorescence equipment) and resolving power, which 
results from the coupling of SyF spectroscopy with a self­
modelling mixture analysis method, shows great potential for 
the analysis of equilibria involving structurally complex ligands 
such as FUA. 

The linear Stem-Volmer plots of the quenching induced in 
the FUA fluorescence by UQ22+ at pH 3.5 and 7.0 suggests that 
there is one type of binding site structure that predominates. 
Both the Stem-Volmer and the non-linear !east-squares analy­
sis allowed the calculation of the conditional stability constants 
between FUA and UQ22+. The latter method also provided FUA 
binding site concentrations. 

From the environmental point of view, the stability of the 
complexes is relatively high, suggesting that FUA play an 
important role in the speciation of U022+ in acidic soils, in the 
absence of other factors. 
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Pesticides by Solid-phase Microextraction. 
Results of a Round Robin Test* 

Tadeusz G6recki•·t Raymond Mindrupb and Janusz Pawliszyn•·* 

" Department of Chemistry, University of Waterloo, Waterloo , Ontario , 
N2L 3G I , Canada 
"Supe/co, Inc. , Supelco Park, Bellefonte, PA 16823, USA 

The applicability of solid-phase microextraction (SPME) 
for the analysis of semi-volatile compounds in water was 
verified by an interlaboratory study on pesticide analysis 
by SPME. Eleven laboratories in Europe and North 
America took part in the test. No previous experience 
with SPME was required. The test sample contained 12 
pesticides representing all main groups (organochlorine, 
organonitrogen and organophosphate) at low ppb levels. 
The results of the test proved that SPME is an accurate 
and fast method of sample preparation and analysis. It 
can be an excellent alternative to currently used methods. 

Keywords: Solid-phase microextraction; pesticide analysis; 
round robin test 

Introduction 

Solid-phase microextraction (SPME) is being applied increas­
ingly often in many applications. The method utilizes a fused­
silica fibre coated with a polymeric stationary phase for analyte 
extraction from the matrix. The fibre is mounted for protection 
in a syringe-like device. The analytes partition into the 
stationary phase until an equilibrium is reached in the system. 
The amount extracted under these conditions is dependent on 
the partition coefficient between the sample and the coating. 
Initially, SPME has been used mainly for the analysis of volatile 
organic compounds, including substituted benzenes, 1- 3 volatile 
organic compounds in wate~ and chlorinated hydrocarbons7 
The reported applications for semi-volatile compounds include 
among others caffeine in beverages,8 polycyclic aromatic 
hydrocarbons and polychlorinated biphenyls,9 phenolsi0- 12 and 
pesticides. 13- 20 

In order for SPME to gain further acceptance, it is necessary 
to demonstrate that this method can perform reliably for a 
variety of semi-volatile compounds at trace concentration 
levels. Pesticides were chosen for this purpose, as this broad 
group includes many classes of compounds with very different 
chemical characteristics. The test was designed to verify the 
possibility of using SPME in its simplest form. No attempts 
were made to optimize the analysis conditions by matrix 
modifications or coat ing selection to avoid additional com­
plex ity. The basic 100 [!m poly(dimethylsiloxane) (PDMS) 
fibre was chosen, as it is usually the first choice in SPME. 

Experimental 

Test Procedure 

The following compounds were selected for the test (in elution 
order): dichlorvos, EPTC (eptam), ethoprofos, trifluralin, 

• Presented at the 18th Internat ional Symposium on Capi llary Chromatography. Riva 
del Garda. haly, May 20-24, 1996. 
t On leave from the Faculty of Chemistry. Technical University of Gdansk. Gdansk, 
Poland. 
* To whom correspondence should be addressed. 

simazine, propazine, diazinon, methyl chlorpyriphos, hep­
tachlor, aldrin, metolachlor and endrin. Two solutions of the test 
compounds in methanol were prepared by Supelco (Bellefonte, 
PA, USA): a 10 [lg ml - 1 standard solution and a blind solution 
containing an unknown to the participants amount of each 
analyte. Each participant obtained a test kit containing a 30m X 
0.25 mm id x 0.25 [!m SPB-5 column (Supelco), an SPME 
holder and three fibres coated with 100 [!m poly(dimethylsilox­
ane) (Supelco), 5 X I ml of a 10 ppm standard solution of 
pesticides in methanol , 3 X I ml of a methanolic pesticide test 
mix, description of the procedure, sample chromatogram of the 
standard mixture, NIST library spectra of the analytes, table of 
quantitation ions and results report forms. Each participant was 
required to use the following equipment: a gas chromatograph 
equipped with a split-splitless, PTV or SPI (Varian, Palo Alto, 
CA, USA) injector; a quadrupole or ion trap mass spectrometer 
coupled to the gas chromatograph; a data acquisition and 
processing system, preferenti all y capable of library searching; 
an ultrapure water system as the source of water for the 
preparation of aqueous solutions; and a quality magnetic stirrer 
ensuring a constant and repeatable stirring rate. 

The following laboratories took part in the test (in alphabet­
ical order): 

Analytical Chemistry Chair, Technical University of Gdansk, 
Poland; 

CISM, Florence University, Italy; 
ENEA CRE Ambiente, La Spezia, Italy; 
Fraunhofer-Institut fiir Toxikologie und Aerosolforschung, 

Hanover, Germany; 
Istituto di Ricerche Farmacologiche, Milan, Italy; 
Joint Research Centre, lspra, Italy; 
PEl Food Technology Centre,·Charlottetown, PE, Canada; 
Research Institute for Chromatography, Konrijk, Belgium; 
Soil Science Department, University of Manitoba, Winnipeg, 

MB, Canada; 
South Carolina Department of Natural Resources, Charles­

ton, SC, USA; and 
UFZ Centre for Environmental Research Leipzig, Ger­

many. 
Each laboratory was assigned a code number on a random 

basis to be used throughout reponing. Laboratory numbers 
given in the tables are the code numbers, and bear no relation to 
the sequence presented above. The participants received their 
kits in November 1995 and were expected to deliver the results 
by the end of January 1996. 

The test procedure included the following steps: 

(I) Conditioning of tlie column according to the manufactur­
er's specifications and check of the column blank. 

(2) Conditioning of the fibre according to the manufacturer's 
specifications and check of the fibre blank. 

(3) For quadrupole MS users only: syringe injection of the I 0 
ppm standard in order to establish the retention times of the 
analytes and set up the selected-ion monitoring (SIM) 
acquisition method. 
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(4) Preparation of a 30 ppb aqueous standard followed by 
SPME/GC-MS analysis and subsequent carryover check. 

(5) Repeated analysis of a freshly prepared 30 ppb aqueous 
standard. 

(6) Analysis of 10 and I ppb aqueous standards in a similar 
way. 

(7) Determination of the calibration curves for all the analy­
tes. 

(8) Preparation of the aqueous solution of the blind sample 
followed by SPME analysis. 

(9) Calculation of the concentration of the analytes in the blind 
aqueous sample. 

The test procedure specified that extractions should be 
carried out with samples vigorously stirred. The extraction time 
was set at 45 ± 0.5 min. The chromatographic conditions were 
as follows: injector and transfer line temperature, 250 °C; 
temperature programme, 40 °C held for 5 min, increased at 
30 °C min- 1 to 100 °C, at 5 °C min-I to 250 °C and at 50 °C 
min- 1 to 300 °C, held for I min. Each participant was required 
to report the results using the forms included in the test kit and 
to attach the following: 

chromatograms of the column blank and fibre blank; 
chromatogram of the syringe injection and spectra of the 
analytes (quadrupole MS only); chromatogram of the 30 ppb 
standard (all systems) and the spectra of the analytes [ion trap 
(IT) MS] only; chromatograms of the remaining standards (one 
for each level of calibration); sample chromatogram of 
carryover determination; chromatograms of the unknown 
sample; and a copy of the spreadsheet used for calculation of 
results. 

Processing of Results 

In order to ensure that all the data were processed in the same 
way, the entire processing of results was carried out on the basis 
of raw data (peak areas) reported by the participants. A 
spreadsheet was designed for this purpose using Lotus 1-2-3 
for Windows, release 5 (Lotus Development, Cambridge, MA, 
USA). The calibration curves were forced through the origin, as 
the blank values reported by the participants were all zero. In 
addition, the deviations from linearity at low concentration 
levels affect the course of the regression line calculated by the 
least-squares method (calibration curve) to a much lesser extent 
than similar percentage deviations at higher concentrations, 
which can lead to relatively large errors at low concentrations if 
the calculated intercept is non-zero. The slope, its standard error 
and linear correlation coefficients were calculated for each 
regression line. The data were also plotted to permit visual 
examination of the possible trends. The entire procedure was 
aimed at eliminating data processing as the source of the 
observed variability. 

Further processing of the results was based on ISO Standard 
5725.21.22 This standard utilizes the ANOVA technique for the 
estimation of gross average, intralaboratory and interlaboratory 
variances, repeatability and reproducibility of the method. The 
following is a brief description of the procedure used. 

In order to use the ANOV A technique, the following 
assumptions must be true: 
(I) the data distribution within a given cell follows the normal 

distribution law; 
(2) the laboratory mean distribution follows the normal 

distribution law; and 
(3) intralaboratory variances are equal, i.e., the data distribu­

tions are homoscedatic. 
Tests are applied to verify assumptions (I) and (2). The 

within-laboratory variability is examined using Cochran's test 
and the between-laboratory variability using Grubb's test. In the 
rest of the text the following notation is used: i denotes the 

laboratory number, varying from I top (p = II), andj denotes 
the replicate number varying from I to n, (n; = 3). 

Cochran's test uses the following statistic: 

Smax 
2 

C=-P--

Is,2 

i=l 

(I) 

where si is the standard deviation of results from laboratory i 
and Smax is the highest standard deviation in the set. If the test 
statistic is greater than its 5% critical value and less than or 
equal to its I% critical value, the item tested is called a straggler, 
and is left in the set. If the statistic is greater than the I% critical 
value, the item is called an outlier and the result is rejected. 
After an outlier is detected, the test is repeated on the remaining 
values. 

Grubb's test is performed on the results that were not rejected 
in the first test. This test uses the following statistic for the 
largest value in the set: 

where 

and 

I P 

x=-Ix, 
p i=l 

I P 

s= --~ (x,-x)2 

p-1£..J 
i=l 

For the lowest value, the statistic is 

G1 = (.R- x1)/s 

(2) 

(3) 

(4) 

(5) 

Similar rules apply to detection of stragglers and outliers as in 
Cochran's test. 

If Grubb's test does not detect single outliers, a variation of it 
is applied to detect if two largest or two smallest observations 
can be outliers. The test statistic in this case is 

G = Sp- 1.i/so2 

for two largest observations and 

G = sl.22/so2 

for two smallest observations. where 
p 

so2 = L(x, -x)2 

i=l 

p-2 

sp-l.p 2 = L(x, -xp-l,p)2 

i=l 
p=2 

xp-l,p =-
1
- ~ x, 

p-2 £..J 
i=l 

s1/ = !(x, -x1,2 )
2 

i=3 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 
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x •. 2 = p-2 Lx; 
i=3 

(12) 

If the test statistic is less than its 5% critical value and greater 
than or equal to its I% critical value, the two results are called 
stragglers, and are left in the set. If the statistic is lower than the 
I% critical value, the item is called an outlier and the result is 
rejected. 

Following the detection of outliers, the statistical analysis is 
performed. The following statistics are calculated: 

Estimate of the repeatability variance: 

2 ss, 
s =--
' N-p 

(13) 

where 

[ ]

2 

~> 
SS = ~ ~ x2- j=l 'J 

r L..J L..J 11 

i= l i=I n; 

(14) 

p 

N = L n; (total number of data), and p is the number of 
i= l 

laboratories. 
Estimate of interlaboratory variance: 

where 

(p-I)( SSL -s/) 
SL2 = p-l 

N' 

SSL = SS, - ss, 

p 

_Ln/ 
N' = N - ....!=!...._ 

N 

Estimate of reproducibility variance: 

(15) 

( 16) 

(17) 

(18) 

(19) 

Analyst, October 1996, Vol. 121 1383 

lntralaboratory mean: 

(20) 

Gross average: 

(21) 
X= i=t i=t 

N 

Estimate of intralaboratory variance: 

(22) 

Repeatability: 

r = 2.83s, (23) 

Reproducibility: 

R = 2.83sR (24) 

Repeatability is an estimate of method reliability, whereas 
reproducibility is related to a measurand rather than method.21 
The accuracy of the results obtained by the participants was 
evaluated by comparing their confidence intervals (gross 
average ± repeatability) with the confidence interval of the 
'true' value. The latter was estimated based on the accuracy of 
preparation of the blind sample (±0.5% relative, as reported by 
Supelco), in addition to the accuracies of the syringe and pipette 
used for the preparation of aqueous standards from the 
methanolic solution (0.5 ~tl for a 25 ~tl syringe and 0.1 ml for a 
25 ml pipette). The law of propagation of errors was used for 
this purpose. If the confidence intervals of the ' true' value and 
the gross average for a given compound overlap, the difference 
between the two values is not statistically significant and the 
method is accurate. 

Results and Discussion 

The participants did not report any problems with the test 
procedure. However, some of them did not follow the protocol. 
For example, laboratory No. 002 did not run the standard at the 
I ppb level, and made only two replicates for the blind sample 
(three were required). Laboratory No. 006 used 4, 10 and 20 ppb 
standard solutions instead of I , I 0 and 30 ppb. Laboratory No. 
011 used a different column for the separation (DB-5, J & W 
Scientific, Folsom, CA, USA), which resulted in a reversed 
elution order for aldrin and metolachlor. Also, the column 
blanks from some other laboratories indicated that the new 
column obtained in the test kit was not used for the test. 

Some of the laboratories indicated in the follow-up after the 
test that the aqueous pesticide solutions (standard and blind) 
were all prepared at the same time and stored before the analysis 
for a certain time, instead of being freshly prepared directly 
before the extraction. This is another potential error-prone area, 
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as the stability of aqueous solutions is much poorer than that of 
methanolic solutions, and some of the pesticides are easily lost 
as a result of adsorption on the walls of non-silanized glass 
vials. As the low concentration standard and the blind sample 
were the last ones to be analysed according to the protocol, this 
might have resulted in deviations from linearity observed on 
some of the calibration curves and in lowered results for the 
blind sample. Finally, vials of different sizes were used by the 
participants. The protocol recommended the use of 40 ml vials, 
as it has been established previously that the use of small vials 

results in significantly worse precision. The choice of vials, 
however, was probably dictated by their availability in the 
participating laboratories. 

Several test participants (laboratory Nos. 004, 006, 007 and 
009) reported instrumental problems. In at least one case they 
were successfully overcome (laboratory No. 006), as indicated 
by the results reported. The results from laboratory Nos. 007 
and 009 were submitted I month after the deadline, which might 
have affected the composition of the methanolic solutions 
(depending on the storage conditions). 

Table l Standard deviations of analyte detennination for the participating laboratories 

Standard deviation, .\·; 

Compound Lab. 001 Lab. 002 Lab. 003 Lab. 004 Lab. 005 Lab. 006 Lab. 007 Lab. 008 Lab. 009 Lab. 010 Lab. 011 

Dichlorvos 1.075 0.976 2.158 2.999 1.057 1.489 - . 2.689 3.067 0.525 1.467 
EPTC 0.507 0.499 0.284 1.100 0.295 0.441 0.452 0.380 0.861 0.100 0.264 
Ethoprofos 1.017 0.786 0.904 3.400 0.746 0.516 0.716 0.371 1.169 0.769 0.679 
Trifluralin 0.567 0.116 0.201 0.101 0.216 0.153 0.317 0.288 0. 170 0.268 0.094 
Simazine 1.120 1.158 2.585 4.686 0.423 1.731 2.019 1.813 2.150 
Propazine 0.333 1.251 0.581 0.259 0.227 0.299 2.59 1 0.567 0.750 2.344 0.216 
Diazinon 0.566 0.343 0.411 1.261 0.184 0.038 0.699 0.743 0.941 0.121 0.106 
Methyl chlorpyriphos 0.196 0.083 0.137 0.629 0.055 0.054 0.155 0.116 0.178 0.033 0.060 
Heptachlor 1.324 0.334 2.724 2.578 1.795 0.828 2.233 4.175 0.846 0.464 0.350 
Aldrin 0.975 0.540 0.774 0.322 0.552 0.269 1.249 0.370 0.251 0.314 0. 112 
Metolachlor 0.487 0.770 0.850 2.373 0.107 0.704 0.736 0.342 1.124 0.538 
Endrin 1.135 0.019 0.984 1.718 0.332 0.256 2.758 0.866 0.911 0.324 0.397 

* Dashes indicate values not reported by the participants. 

Table 2 Cochran's test results 

Level I Level 2 

Critical Critical Outlier Critical Critical Outlier 
value value or value value or 

Compound :E(s;)' Lab. No. c 5% 1% straggler :E(s;)' Lab. No. c 5% 1% straggler 

Dichlorvos 38. 159 009 0.247 0.445 0.536 
EPTC 3.249 004 0.372 0.417 0.504 
Ethoprofos 17.921 004 0.645 0.417 0.504 Outlier 6.360 009 0.215 0.445 0.536 
Trifluralin 0.749 001 0.429 0.417 0.504 Straggler 
Simazine 46.401 004 0.473 0.478 0.573 
Propazine 15.359 007 0.437 0.417 0.504 Straggler 
Diazinon 4.183 004 0.380 0.417 0.504 
Methyl chlorpyriphos 0.539 004 0.733 0.417 0.504 Outlier 0.144 001 0.266 0.445 0.536 
Heptachlor 43.306 008 0.402 0.417 0.504 
Aldrin 4.194 007 0.372 0.417 0.504 
Metolachlor 9.903 004 0.569 0.445 0.536 Outlier 4.272 010 0.296 0.478 0.573 
Endrin 14.834 007 0.513 0.417 0.504 Outlier 11.883 004 0.248 0.445 0.536 

Table 3 Mean concentrations (!'g I- 1) of the analytes detennined by the participating laboratories (values rejected by Cochran's test not included) 

Compound Lab. 001 Lab. 002 Lab. 003 Lab. 004 Lab. 005 Lab. 006 Lab. 007 Lab. 008 Lab. 009 Lab. 010 Lab. 011 

Dichlorvos 30.9 35.2 20.6 33.8 27.3 27.5 - . 30.1 23.6 26.5 19.2 
EPTC 10.9 13.6 8.9 10.3 10.8 9.9 9.3 10.8 7.4 10.8 7.8 
Ethoprofos 19.7 22.1 13.5 18.0 17.3 12.8 18.5 12.4 18.3 5.2 
Trifluralin 1.9 1.8 1.2 0.5 1.5 1.9 1.8 1.9 1.3 2.6 0.9 
Simazine 26.8 30.8 19.2 21.9 24.3 23. 1 25.1 25.7 18.0 
Propazine 10.2 10.8 7.8 8.4 10.5 9.7 13.8 8.0 7.2 11.6 6.6 
Diazinon 8.9 11.3 7.2 5.3 9.6 8.4 9.7 10.8 7.4 8.7 4.0 
Methyl chlorpyriphos 1.8 1.9 1.3 1.7 1.8 1.3 2.4 1.6 1.4 1.5 
Heptachlor 10.0 5.4 9.6 3.2 7.5 9.8 10.8 14.1 6.5 12.3 7.8 
Aldrin 2.6 3.0 1.9 0.6 1.7 2.8 6.4 2.6 1.0 2.8 1.8 
Metolachlor 17.9 18.8 13.2 17.9 17.1 17.7 10.3 15.2 12.9 
Endrin 8.9 15.5 6.2 3.9 9.3 9.2 12.0 7.0 10.9 7.6 

*Dashes indicate values not reported by the participants or rejected by Cochran's test. 



Table I gives the standard deviations of analyte determina­
tion for the participating laboratories. The values in this Table 
were used for the calculation of Cochran's test statistics, 
presented in Table 2. Cochran's test performed on all the data 
(Level I in Table 2) indicated the presence of two stragglers 
(trifluralin in laboratory No. 00 I and propazine in laboratory 
No. 007), and four outliers (ethoprofos, methyl chlorpyriphos 
and metolachlor in laboratory No. 004 and endrin in laboratory 
No. 007). The stragglers were left in the set and the outliers were 
rejected. No further stragglers or outliers were found after 
repeated application of Cochran's test to the remaining values 
(denoted Level 2 in Table 2). 

Table 3 presents mean analyte concentrations in the blind 
sample , as determined from the raw data reported by test 
participants, using the spreadsheet designed for this purpose. 
Values rejected by Cochran's test were not used in the 
calculations. The values reported in Table 3 differ slightly in 
some cases from the values reported by the participants, as the 
calibration curves were not determined in exactly the same way. 
The values presented in Table 3 were used for the calculation of 
Grubb's test statistics. Table 4 presents the results of application 
of Grubb's test for single largest and single lowest value in the 
set. No stragglers and one outlier (aldrin in laboratory No. 007) 
were found. The outlier was rejected from further data 
processing. 

Table 5 presents the results of application of Grubb's test for 
two largest and two smallest observations in the set. This 
variation of Grubb's test is applied only when no single outlying 
observations are found, and therefore it was not used for aldrin. 
No stragglers or outliers were found when analysing two 
extreme observations. 

Table 4 Grubb's test results for single extreme observation 
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In general, the linearity of the calibration curves was 
excellent for all the analytes. Table 6 presents mean correlation 
coefficients and the highest and the lowest coefficient values 
reported for each compound. For all the analytes the mean linear 
correlation coefficients were better than 0. 99000. The highest 
values reported ranged from 0.99967 to 1.00000 (with five 
significant digits). The lowest values ranged from 0.95555 to 
0.99265. In most cases they originated from laboratories that 
reported instrumental problems (five compounds in laboratory 
No. 004, two compounds in laboratory No. 007 and one 
compound in laboratory No. 009). In some cases the course of 

Table 6 Mean, maximum and minimum values of the correlation 
coefficients of the calibration curves reported for each analyte 

Correlation coefficient 

Compound Mean Max. Min. 

Dichlorvos 0.99640 0.99995 0.97878 
EPTC 0.99737 0.99998 0.97726 
Ethoprofos 0.99425 0.99999 0.95765 
Trifluralin 0.99667 0.99997 0.97122 
Simazine 0.99794 0.99985 0.99200 
Propazine 0.99812 0.99997 0.99265 
Diazinon 0.99559 0.99995 0.97769 
Methyl chlorpyriphos 0.99823 1.00000 0.99204 
Heptachlor 0.99410 0.99967 0.95555 
Aldrin 0.99171 0.99976 0.96912 
Metolachlor 0.99249 1.00000 0.95822 
Endrin 0.99641 0.99999 0.97180 

Critical Critical 
value value Outlier or 

Compound Mean/Jlg I- 1 Lab. No. G high Lab. No. Glow 5% 1% straggler 

Dichlorvos 27.47 5.005 002 1.547 Oil 1.661 2.290 2.482 
EPTC 10.03 1.626 002 2.194 009 1.631 2.355 2.564 
Ethoprofos 15.76 4.637 002 1.371 011 2.287 2.290 2.482 
Trifluralin 1.57 0.559 010 1.850 004 1.994 2.355 2.564 
Simazine 23.89 3.693 002 1.873 011 1.603 2.215 2.387 
Propazine 9.50 2.039 007 2.114 011 1.445 2.355 2.564 
Diazinon 8.29 2.100 002 1.434 011 2.04 1 2.355 2.564 
Methyl chlorpyriphos 1.65 0.309 008 2.238 003 1.311 2.290 2.482 
Heptachlor 8.82 2.995 008 1.752 004 1.881 2.355 2.564 
Aldrin 2.47 1.447 007 2.728 004 1.881 2.355 2.564 High outlier 
Metolachlor 15.67 2.773 002 1.146 009 1.940 2.2 15 2.387 
Endrin 9.05 3.083 002 2. 100 004 1.669 2.290 2.482 

Table 5 Grubb's test results for two extreme observations 

Critical Critical 
value value Outlier or 

Compound Jo2 -"r - 1./ G Lab. No. SJ,22 G Lab. No. 5% 1% straggler 

Dichlorvos 250.52 125.89 0.502 002.004 105.71 0.422 011 , 003 0.149 0.085 
EPTC 29.07 13.36 0.460 002, 001 14.41 0.496 009, 011 0.145 0.221 
Ethoprofos 215.05 145.86 0.678 002, 001 66.33 0.308 011,009 0.186 0.115 
Trifluralin 3.43 2.05 0.597 010, 008 1.39 0.404 004, 011 0.145 0.221 
Simazine 122.71 52.79 0.430 002, 001 49.75 0.406 011,003 0.149 0.085 
Propazine 45.74 18.47 0.404 007,010 28.89 0.632 011,009 0.145 0.221 
Diazinon 48.50 29.91 0.617 002.008 15.52 0.320 011 , 004 0.145 0.221 
Methyl chlorpyriphos 0.95 0.32 0.339 008,002 0.61 0.644 003, 007 0.149 0.085 
Heptachlor 98.70 50.19 0.509 008,010 46.11 0.467 004, 002 0.145 0.221 
Aldrin 
Metolachlor 69.20 49.80 0.720 002, 001 23.03 0.333 009, 011 0.149 0.085 
Endrin 95.02 33.30 0.351 002,008 52.65 0.554 004, 003 0.186 0.115 
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Table 7 Statistical characteristics of the results obtained by the participating laboratories for the blind sample. s,. Repeatability standard deviation; sL. 
interlaboratory standard deviation; sR, reproducibility standard deviation; r , repeatability; R, reproducibility; GA, gross average; Cl, confidence interval of 
the gross average; TV, confidence interval of the ' true ' value. All values expressed in (!g 1-1 

Compound s, SL SR 

Dichlorvos 2.06 5.04 5.44 
EPTC 0.56 !.56 1.66 
Ethoprofos 0.82 4.79 4.86 
Trifluralin 0.27 0.57 0.63 
Simazine 2.34 3.45 4.17 
Propazine 1.21 2.04 2.37 
Diazinon 0.63 2.13 2.22 
Methyl chlorpyriphos 0.12 0.32 0.34 
Heptachlor 2.03 2.89 3.53 
Aldrin 0.54 0.73 0.91 
Metolachlor 0.73 2.83 2.92 
Endrin 0.87 3.00 3.13 

the calibration curves indicates that aqueous solutions might not 
have been freshly prepared. 

Table 7 presents the statistical characteristics of the results 
obtained by the participants for the blind sample. In general, the 
results are characterized by good repeatability, which proves 
that SPME is a valid method for the determination of a very 
diversified group of semi-volatile compounds at trace levels. As 
expected, the reproducibility standard deviations are higher, but 
still satisfactory. The values of sR were significantly affected by 
the results from the laboratories that reported instrumental 
problems. Even though several results from those laboratories 
were rejected, the remaining ones, not fulfilling the statistical 
criteria for rejection, contributed significantly to the observed 
value of reproducibility standard deviation SR. 

The results in Table 7 indicate that SPME is an accurate 
method. In all cases the confidence intervals of the gross 
average and the 'true' value overlap, which indicates that any 
differences between the two respective values are due to 
random factors. Interestingly, for 10 out of 12 compounds the 
values of the gross average are slightly lower than the 'true' 
values. This might be due in part to the losses of analytes 
through adsorption (as described at the beginning of this 
section) in cases when the aqueous solutions were not prepared 
directly before the analysis. 

Conclusions 

The laboratories taking part in the test included both those 
which use SPME on a regular basis and those which used this 
technique for the first time. No significant differences in 
performance were observed between the two groups. The 
results obtained indicate that SPME is a valid method for the 
determination of trace amounts of semi-volatile pesticides in 
water, even though the method was used 'as is', without any 
attempt to optimize the conditions. The repeatability, repro­
ducibility and accuracy of the results were satisfactory in all 
cases. Taking into account the diversity of the compounds 
studied, it can be concluded that it should be possible to use 
SPME successfully for the determination of many other classes 
of semi-volatile compounds. Compared with other currently 
used methods, SPME offers several very significant advantages, 
including complete elimination of solvents, very low cost 
related to reusability of the fibre and no requirements for 
dedicated instrumentation, over-all simplicity and time savings. 
The sensitivity of the method is very good, and can be further 
improved by optimization of the analytical procedure (coating 
selection, matrix modification, etc.). 

The authors thank Dr. A. Boyd-Boland for her input during the 
planning stages of the test and Professor P. Sandra for giving the 

R GA Cl TV 

5.83 15.40 27.3 27±5.8 25± 1.35 
1.57 4.70 9.9 10± 1.6 10±0.54 
2.32 13.74 15.5 16±2.3 17±0.92 
0.76 1.79 1.6 1.6±0.76 2±0.11 
6.61 11.79 23.6 24±6.6 25 ± 1.35 
3.42 6.71 9.5 10±3.4 10±0.54 
1.79 6.29 8.2 8± 1.8 10±0.54 
0.35 0.97 1.6 1.6±0.35 2±0. 11 
5.75 10.00 8.9 9±5.8 10±0.54 
1.53 2.58 2.0 2± 1.5 2±0.11 
2.07 8.28 15.7 16±2. 1 17±0.92 
2.47 8.85 8.8 9±2.5 10±0.54 

idea of the test. We gratefully acknowledge all test participants 
for their contribution to the success of this study. Financial 
support of Supelco Canada, Varian and the National Sciences 
and Engineering Research Council of Canada is also ac­
knowledged. 
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Flow Injection Method for the Determination of 
Arsenic(m) at Trace Levels in Alkaline Media 

Joseph H. Aldstadt and Alice F. Martin 
Environmental Research Division, Argonne National Laboratory, 9700 South 
Cass Avenue, Argonne, 1L 60439, USA 

A flow injection (FI) method for the determination of 
trace levels of trivalent arsenicals in environmental 
samples is reported. The method is applicable to arsenic 
compounds that can be base hydrolysed to yield arsenious 
acid, which is then detected electrochemically. By using 
the constant-current mode of potentiometric stripping 
analysis (PSA), a method was developed for the 
determination of arsenious acid in basic media at Ep z 

-475 mV versus Ag!AgCI (3 moll- 1 NaCI). The method 
parameters were optimized, including pH, supporting 
electrolyte, deposition potential, deposition time, stripping 
current and stripping delay. Additionally, possible 
electrochemical interferences, including Asv, Bi"', Cd", 
Cu", Hg", Pb", Sb"', SeiV and Sn", were studied. A 
detection limit of 0.21 Jlg t- 1 was achieved for As"' in 
aqueous samples (100 111) over the range 0.10--50 11g 1- 1 in 
the stopped-flow FI manifold. The precision (RSD) of the 
method at 5 11g 1- 1 (n = 8) is <5%. The method was 
applied to the indirect determination of 
dichloro(2-chlorovinyl)arsine (Lewisite), a chemical 
warfare agent that is difficult to measure in the 
environment because it rapidly decomposes to form its 
geminal diol, 2-chlorovinylarsonous acid (CV AA). CV AA 
can be base hydrolysed to form arsenious acid for 
detection by FI-PSA. 

Keywords: Flow injection; potentiometric stripping; arsenite; 
arsenious acid; 2 -chlorovinylarsonous acid; Lewisite 

Introduction 

Arsenic is widespread in the environment, both naturally and as 
a result of activities such as fossil fuel combustion, glass 
manufacture and non-ferrous metal smelting.' The determina­
tion of arsenic species in the environment encompasses many 
techniques.2 Arsenic has been determined over the past several 
decades with various electrochemical techniques, including 
amperometry,3 cathodic stripping voltammetry,4 anodic strip­
ping voltammetry,5 and potentiometric stripping analysis 
(PSA).&-to Particularly because of the requirement in voltam­
metry to deoxygenate the sample, all but PSA are cumbersome 
to implement in the field. Furthermore, PSA has been shown to 
possess advantages in sensitivity and selectiv ity over the 
voltammetric techniques.'' 

PSA is a sensitive and selective method for electrochemically 
detecting several heavy metals and metalloids such as arsenic in 
aqueous environmental samplesi2- 14 In acidic solution, As"' 
exists as metaarsenious acid, HAs02, a weak acid with 
pK. = 9.29. 15 The reductive electrochemistry of arsenious acid 
involves a three-electron transfer to metallic arsenic. t6 This 
reaction occurs in an acidic solution at a formal potential (£0

') 

of +240 mV, as shown in the following simplified reaction: 

(I) 

Metallic arsenic can then be dissolved on to a gold electrode 
surface as a gold-arsenic amalgam [i.e., As(Au)]. The analytical 

signal is measured by ox idizing elemental arsenic from the cold 
surface by using either a chemical oxidant in solution or an 
applied constant current (or both). The time required to pass 
through the As"' redox potential is directly proportional to the 
concentration of ions in solution. In addition, this approach can 
be used to speciate trivalent arsenic from pentavalent arsenic by 
maintaining the potential during the deposition step at a more 
positive value than that required to reduce the high valence 
species. In this work, we explored the use of a flow injection 
(FI}-PSA system for quantifying arsenic(m) species (as 
arsenious acid) in alkaline media as an alternative to the 
published methods for determining As'" under acidic condi­
tions. The development and optimization of the field-portable 
methodology for this method is described. 

Experimental 

Reagents and Supplies 

All chemicals were of analytical-reagent grade or better and 
were prepared in high-purity (18 MQ) water (Barnstead 
NANOPure system, Bamstead{fhermolyne, Dubuque, lA, 
USA). Optima-grade acids were obtained from Fisher Scientific 
(Pittsburgh, PA, USA). All solution containers were acid 
washed to remove background contamination. 

Instrumentation 

A PSU22 TraceLab potentiometric stripping analyser was 
obtained from Radiometer America (West Lake, OH, USA). FI 
system components were obtained from Global FIA (Gig 
Habor, W A, USA): an Ali tea XV four-channel peristaltic pump, 
VIC! six-port, two-position injection valve and VIC! serial 
valve interface controller and software. 

Batch PSA experiments were used for detection parameter 
optimization using the Radiometer SAM20 sample station. For 
batch PSA studies, a saturated calomel reference electrode 
(SCE) and Pt wire counter electrode with a salt bridge from 
Radiometer were used along with a 3 mm id gold disc working 
electrode (BAS, West Lafayette, IN, USA). 

For FI studies, a wall-jet (0.33 mm id jet capillary) flow­
through electrochemical cell was used.l7 The spacer in the flow 
cell was cut from a 0.70 mm thick Teflon sheet; the volume of 
the flow cell above the plane of the working electrode was 
calculated to be I 10 ttl. The 3 mm id gold disc working 
electrode and Ag/AgCI (3 mol t- 1 NaCI) reference electrode 
were obtained from BAS. The stainless-steel outlet to the flow 
cell served as the auxiliary electrode. The working electrode 
was stored in 6 molt- • HN03 and polished daily with 0.05 rtm 
y-Al20 3, followed by sonication in water at 55 kHz for 5 min. 
All potentials reported herein for the FI system are versus the 
Ag/ AgCI reference electrode at 20 °C unless indicated other­
wise. Discoloration of the Ag/AgCI (3 molt - • NaCI) reference 
electrode occurs slowly over time because of the formation of 
AgOH<sl on the Ag wire from the basic solution. However, the 
variation in measured potential was negligible under these 
circumstances. 
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Procedures 

Sample preparation 

Arsenic(m) standards were prepared from reductimetric stan­
dard-grade As20 3 as described previously.' 8 All arsenic­
containing solutions with concentrations less than I mg ]- 1 
were prepared on the day of use. Solutions were not deoxy­
genated. 

Potentiometric stripping 

Optimum deposition conditions determined during the course of 
this work were an initial potential of -1050 mV, a final 
potential of +300 mV and a deposition time of 180 s over the 
0.5-100 J.lg 1- 1 calibration range. Shorter deposition times can 
be used to extend the calibration range to higher values. 
Stripping was performed in the constant-current mode (typic­
ally +0.1 0 J.IA applied current) and stripping data were treated 
by using a digital filter (eight-point boxcar average, followed by 
a nine-point third-order Savitzky-Golay filter) and digital curve 
fitting for background subtraction. 

Flow injection 

The FI carrier solution (0.75 ml min- 1) was 10 mmol J-1 
sodium hydroxide at 0.90 ml min-I using 0.030 in id Teflon 
manifold tubing. Samples were loaded into the six-port, two­
position injection valve fitted with a 100 J.l] injection loop. Im­
mediately prior to each deposition period, the electrode was 
cycled (from +500 to -II 00 m Vat 3 s intervals for ten cycles) 
under carrier flow to clean electrically the surface of the solid 
gold working electrode. The carrier flow was stopped during the 
deposition and stripping steps. 

Calibration 

A linear calibration model was constructed by using arsenious 
acid standards prepared in carrier solution at 0, 0.5, 5 and 50 
J.lg )- 1 in random order. Carryover between standards was less 
than I% under these conditions. 

Results and Discussion 

Development of Detection Method 

For the determination of As111 species in basic media, a 
complication arises because the caustic solution must be 
acidified in existing PSA methods for inorganic arsenicals.6-IO 
The acidification step would complicate the Fl manifold design 
(see below) and also the safe operation of a field-portable 
instrument. Further, the use of a gold-film electrode would also 
complicate the instrument because separate lines for Au111 

plating solution would be required in the Fl manifold. Although 
these modifications would be routine for a bench-top FI system, 
they present practical problems for a field-portable instrument. 
Therefore, our goal was to develop a method for determining 
arsenious acid directly in basic solution by using a solid 
working electrode. 

Above pH 8, metaarsenious acid dissociates to form its 
conjugate base, the arsenite ion (As02-).19 Attempts by 
previous workers to determine arsenite ion by voltammetry or 
polarography in basic solution resulted in poorly defined 
reduction waves, presumably caused by an equilibrium shift 
toward orthoarsenious acid, HAs03. zo Arsenite ion reduces 
from alkaline solution on to a mercury surface, as shown in the 
following reaction (£0' = -680 mV):I9 

(2) 

The complex nature of the cathodic deposition of arsenite ion 
in basic solution has been studied by polarography, in which 

arsenic was thought to undergo crystallization polarization on a 
mercury surface;2l,22 however, we found that reaction (2) could 
be reliably implemented on either a gold film (on glassy carbon) 
or solid gold disc working electrode with £0' = -680 mV. The 
solid gold disc working electrode was chosen for further 
optimization because it would be easier to support in the field. 
To our knowledge, the work presented here is the first reported 
use of reaction (2) for the determination of arsenic species in 
solution. 

Optimization of the method for arsenite ion in base was 
focused on solution (pH and supporting electrolyte concentra­
tion) and detection (deposition potential, deposition time and 
stripping current) conditions. The optimum pH level was found 
to be 12, as the response was linear from pH 9 to 14 (results not 
shown). The expected Nemstian cathodic shift in potential was 
observed at increasing pH levels. Although an improvement of 
the signal was found under more alkaline conditions, the 
uncertainty ofthe response was found to be unacceptable. Either 
10 mmol I-1 Na2C03 or 10 mmol ]-1 NaOH was found to 
provide adequate signal-to-noise ratios. The effect of added 
supporting electrolyte on the PSA signal was also studied, and 
an enhancement at concentrations above 10 mmoll-1 for KCl 
and above 100 mmoll-1 for KN03 was observed (results not 
shown). The enhancement is apparently due to the decreasing 
solubility of dissolved oxygen with increasing ionic strength.23 

In the constant-current mode of PSA, dissolved oxygen 
contributes significantly as a chemical oxidant in addition to the 
applied constant current. At higher ionic strengths, a lower 
dissolved oxygen concentration is reflected in longer stripping 
times. Concern over the oxidation of the surface of the gold 
working electrode by the formation of chlorine at the auxiliary 
electrode made KCI a poor choice.24 The signal-to-noise ratio 
for KN03 proved to be too low to justify its further use because 
impurities in the KN03 reagent became troublesome above a 
concentration of 100 mmoli- 1. 

Cathodic reduction of arsenite ion at pH 12 indicated an 
optimum deposition potential of -1050 m V (Fig. I) and a 
deposition time of 180 s (Fig. 2). At longer deposition times in 
the batch cell, a monolayer of metallic arsenic (along with ultra­
trace amounts of interfering species) that prevents further 
amalgamation apparently forms . In the FI system, we observed 
a linear increase in the signal even at long deposition times 
( > 15 min). We suspect that the presence of pure carrier solution 
in the flow cell during the analytical step as a result of medium 
exchange is responsible for this behaviour. In this way, trace 
levels of impurities in the sample matrix that could 'poison' the 
working electrode surface are absent during the stripping of 
arsenic. The optimum stripping current was a more complex 
parameter because negative currents resulted in significant 
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Fig. I Optimization of deposition potential. Normalized responses for 
batch PSA (---)and Fl-PSA (-)experiments at pH 12 for 50 14g J- 1 As'" 
derived from base-hydrolysed CV AA. Deposition time (10), 300 s; stripping 
current (i,), +0.1 14A. Potentials are normalized to Ag/AgCI (3 mol J- 1 

NaCI). 



signal enhancement. Beyond i = -2 ~A. the response was 
uninterpretable (results not shown). Further, the response under 
a negative current was more variable, and the associated 
background (blank) response was approximately tenfold higher 
than that observed with positive currents. The successful use of 
negative currents for an enhanced response in other PSA 
methods25 indicates that the electron transfer kinetics of arsenite 
ion are apparently too slow for redeposition on the gold surface 
under a reducing current. 

The design of the flow cell was important in understanding 
the reactivity of the gold surface; in a three-electrode cell using 
I mol J- 1 HCI for the determination of As111 ,6-10 chlorine is 
generated at the auxiliary electrode concurrently with arsenic 
deposition at the working electrode. Chlorine can then diffuse to 
the working electrode, where it will readily oxidize the gold 
surface, thereby inactivating it. The use of an auxiliary electrode 
with a salt bridge helps to minimize this effect in a batch cell. 
Although we avoided the use of chlorides in our system, it is 
nevertheless useful to have the auxiliary electrode downstream 
of the working electrode to prevent chlorine oxidation of gold. 
In fact, the only automated flow analysis system for trace levels 
of As111 found in the literature, which used voltametric stripping 
analysis based on the acidic deposition of arsenic as shown in 
reaction (I), used a flow cell design incorporating this 
feature. 26 

Development of Flow Injection Method 

'Incorporating a PSA detector in an automated on-line flow 
analysis system is straightforward and would yield advantages 
that include higher throughput of samples, improved precision 
by minimizing the opportunities for human error and a lower 
risk of contamination. Medium exchange, the performance of 
the electrolytic stripping step in an electrolyte that is different 
from the solution (i.e., sample matrix) present during the 
deposition step, can also be implemented conveniently in a flow 
system. The miniaturization that is possible with Fl methods is 
advantageous for analytical problems that benefit from compact 
instrumentation and minimum logistic needs. 

Although PSA is used widely for batch analysis, it has been 
commonly implemented in continuous-flow systems for the 
advantages of automation and reduced risk of sample contam­
ination. Potentiometric stripping analysis has been adapted to 
on-line flow systems and has been demonstrated for more than 
12 metal ion determinations, including As111 and Asv.21 Flow 
injection techniques are used principally as a 'front end' to PSA 
for the precise handling of microlitre samples in a closed 
system. In comparison with other flow methods, FI affords 
higher sample throughput, Jess complexity and virtually no 
carryover between adjacent samples. The miniaturization that is 
possible with Fl is also advantageous for analytical problems 
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PSA (---) and FI-PSA (-) experiments with a -1250 mV deposition 
potential (Ed) and a 30 s stripping delay time. 

Analyst, October 1996, Vol. 121 1389 

that benefit from a small instrument 'footprint' and minimal 
logistic needs. 

The sensitivity for an Fl-PSA experiment can be improved 
by using larger sample volumes at slower flow rates, thereby 
allowing a large sample bolus to pass by the working electrode 
slowly for a long 'effective plating time'.28 Small sample 
volumes can be used if, in the extreme case, one stops the flow 
as the bolus reaches the working electrode (i.e., the 'stopped­
flow' experiment).29 We observed that an additional reason to 
use stopped flow in PSA is the signal enhancement observed as 
a function of stripping delay time (i.e., the delay between 
stopping the flow and beginning the stripping step) (results not 
shown). The decrease in the diffusion of oxygen to the electrode 
surface in the absence of convective forces causes the signal 
enhancement. While other workers have observed the enhance­
ment of the PSA signal by delaying stripping by 10-30 s,25.30.31 
we found that up to 120 s resulted in a tenfold increase in the 
response. 

The wall-jet flow cell design used in this work provides well 
defined hydrodynamics, low dead volume, high mass transfer 
rates, high signal-to-noise ratio, a simple design that is easy to 
maintain, working electrode placement that minimizes ohmic 
drop and flow interference and a stable reference electrode. 32 
The optimum flow cell volume was determined to be 110 ~1. as 
the linear least-squares regression model for the dependence of 
the PSA signal on flow cell volume was y (ms) = -0.551 
(±O.IOI)x (~g J-1) + 576 (±24.1), with a standard error of the 
estimate (s,) equal to 1.58 ~g 1-1 and a coefficient of 
determination (r) equal to 0.984 over the range 110-330 ~1. The 
ratio of the jet capillary to the spacer thickness was approx­
imately 3.2, thereby approaching the accepted criterion (2.3) for 
creating the 'wall-jet effect' in the flow cell.27 Thinner spaces 
(i.e., volumes < 110 ~I) were impractical because the occa­
sional air bubbles that formed in the system could not readily 
pass through the flow cell. A restrictor (I m) made of 0.020 in 
id Teflon tubing placed at the flow cell outlet eliminated the 
formation of air bubbles in the flow cell. A schematic diagram 
of the computer-controlled Fl-PSA system is shown in 
Fig. 3. 

Method Performance 

We studied possible electrochemical interferences, including 
Asv, Bi111, Cd", Cu11, Hg11 , Pb11 , Sb111

, Se1v and Sn". Of these, only 
Bjl", Pb" and Sb111 produced a PSA signal under the conditions 
used. Bi111 and Pb11 will place on to gold adjacent to the As111 peak 
potential, but both can be baseline resolved from As111

, as shown 
in Fig. 4 for I 0 ppb concentrations of each ion. An increase in 
the response for both Bi111 and Pb" is apparent in Fig. 4, while the 
As111 signal is reproducible. This indicates irreversible adsorp-

Peristaltic 
Pump 

Fig. 3 Schematic diagram of the FI-PSA instrument. Flow direction is 
indicated by arrows. The prototype instrument in a custom-designed 
carrying case for field portability weighs approximately 30 kg. 
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tion of Bi111 and Pb11 on to the solid gold surface. Typically, 
stepping the potential anodically removes the plated metal by 
oxidation into solution,33 but under the alkaline conditions used 
here, these metals remained tenaciously adsorbed to the 
electrode surface. The performance of the working electrode 
following Bi111 and Pb11 experiments could be restored only by 
repolishing. For this reason, attempts to incorporate Bi111 or Pb11 

into the method as internal standards were abandoned. 
In Fig. 5, the signals for 10 ftg 1- 1 Sb111 and As"' are shown. 

The two Sb111 peaks were unexpected, and the more cathodic 
peak overlaps with the As"' peak. Our observation of two peaks 
in the stripping of Sb111 may be the result of Sb(Au) dissolution 
not being as facile as As(Au) dissolution, the formation of 
antimonous oxides in solution, the presence of trace levels of 
impurities or a combination of these effects. Nevertheless, for 
situations in which Sb111 is present, the anodic peak can be 
monitored to indicate (and possibly correct for) the degree of 
Sb"' interference. Under acidic conditions, it has been shown7 
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Fig. 5 Interference of Sb"' ( ··-) with the As"' signal (-). Batch PSA 
experiments as in Fig. 4 with As"' and Sb"' at 10 i!g 1- 1 in pH 12 NaOH 
solution. 

that Sb111 can be resolved from the As111 peak if high levels of 
chloride ion (e.g., 4 moll-1 HCI-4 moll-1 CaC12) are present 
during the stripping step. Thus, another way to circumvent the 
Sb"' interference is by using medium exchange to change the 
stripping solution from 10 mmoll-1 NaOH to4 moll- I HCI-4 
moll- I CaCh. Medium exchange allows the analyst to control 
the selectivity of the experiment because the stripping solution 
can be designed to complex an interfering species, to separate 
the peak potentials of overlapping analytes or to eliminate 
electroactive interferences.34 Our results with medium ex­
change under these conditions yielded one Sb111 peak that did not 
overlap with the As111 peak (results not shown). Nevertheless, 
because antimony is (like arsenic) normally found in the 
environment in the higher oxidation state (Sbv), a deposition 
potential could be selected that would not plate Sbv while 
plating As111 • We also observed that although Cu" and Hg" did 
not give rise to a signal, they attenuated a 10 ppb As11

' signal 
when present at more elevated levels ( > I 00 ppb ). We corrected 
this attenuation effect ( .;;45% reduction in signal) by using the 
method of standard additions when analysing samples of 
unknown composition. This effect may arise from Cu or Hg 
depositing on the gold surface, which alters the surface and 
consequently the efficiency of As"' deposition and stripping.35 
Thus, the basic method for As"' described here possesses 
advantages over other methods performed under acidic condi­
tions in that the effect of interfering metals can be eliminated. In 
the basic method, the medium exchange solution is simpler, as 
only fresh carrier enters the flow cell, and the solid disc working 
electrode is easier to maintain than the gold film electrode used 
in other PSA methods for As111

• 

We applied the method to the determination of trace levels of 
2-chlorovinylarsonous acid (CVAA), the degradation product 
in the environment of dichloro(2-chlorovinyl)arsine (Lewisite), 
a chemical warfare agent developed during World War I that is 
of interest to environmental remediation efforts at military 
installations and to the verification of international arms control 
agreements. 36 Lewisite undergoes the following series of 
reactions. 37 

C2H2AsCI3 + 2 H20 :;=: C2H2AsC1(0Hh + 2 HCI (3) 
Lewisite CV AA 

C2H2AsCI(0Hh +OH- :;=: C2H2 + HAs02 + H20 + Cl- (4) 

In the first step, slightly water-soluble Lewisite (560 mg 1-1) 
hydrolyses to form its geminal diol, CV AA, which is the 
predominant form of Lewisite found in the environment. 38 The 
kinetics of reaction (2) were too fast to study under the 
conditions used. The concentration range for measuring CV AA 
in aqueous samples was linear up to 100 ftg 1- 1• The RSD at 
5 ftg 1-1 (n = 8) is <5%. A typical calibration model using a 
least-squares regression was y (ms) = 24.9 (±0.338)x (ftg J- 1) 
+ 0.357 (±1.70), r = 0.999, and s, = 5.67 ftg I- 1 over the range 
0-100 ftg J- 1 (n = 4 at each level). The application of a more 
sophisticated regression model to fit better the slight parabolic 
curvature of the data has been suggested, 9 although the use of a 
linear model appears to be adequate. The average detection limit 
for three different calibrations over a 3 month period was 0.210 
± 0.173 ftg J- 1; the average sensitivity over the same period was 
28.4 ± 3.55 ftg 1- 1. The carryover between a 100 ftg 1- 1 CVAA 
sample and a subsequent blank injection is < I% (results not 
shown). Five minutes are required per sample determination, 
which includes 60 s for working electrode conditioning, 180 s 
for deposition and approximately 60 s for stripping of arsenic 
metal from the gold disc and data analysis. Using a four-point 
calibration and periodic quality control samples, approximately 
30 samples (100 ftl each) can be processed in (duplicate) per 8 
h period, generating less than 250 ml of waste under these 
conditions. We are currently studying the application of this 



method to other arsenicals of environmental interest in a variety 
of sample matrices. 
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Simultaneous Assay of Nitrite, Nitrate and 
Chloride in Meat Products by Flow Injection 
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R. Perez Olmosh and A. Riosh 
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"Departamiento de Quimica AnaUtica, Escuela Universitaria de 1ngenieria 
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A tlow injection (FI) analytical method for the 
simultaneous assay of nitrite, nitrate and chloride in meat 
products is reported. The method is based on the 
potentiometric determination of chloride using a tubular 
ISE and on the spectrophotometric determination of 
nitrite. The FI system consisted in splitting the tlow after 
potentiometric detection using a tubular detector and the 
subsequent confluence of the tlow before reaching the 
spectrophotometric detector. This allowed the reduction 
of nitrate to nitrite in part of the sample plug on an 
on-line copper cadmium reductor column. Since each 
channel had a different residence time, two peaks were 
obtained for nitrite and nitrite plus nitrate. 
Spectrophotometric determination was made after a 
diazotization~oupling reaction. The results obtained were 
in good agreement with reference procedures and showed 
adequate precision (RSDs less than 6% for chloride and 
nitrite and 2% for nitrate). A high sampling rate was 
obtained (120 determinations per hour corresponding to 
40 samples per hour). 

Keywords: Flow injection; nitrite; nitrate ; chloride; meat 
products; spectrophotometry; potentiometry 

Introduction 

Nitrate and nitrite, as inhibitors o( potential pathogenic 
microorganisms, are substances commonly used in meat 
products as additives.~ -3 Their toxic effects, derived from the 
formation of nitrosamines, require their frequent determination 
in the food industry.4 

Common salt is usually added to cured meat to preserve it and 
improve its taste. Since a correlation between salt ingestion and 
hypertension has been found , its control in food products is 
therefore justified. 

The reference method for the determination of chloride in 
food productss is liable to many interferences and is based on a 
potentiometric titration using a second kind of chloride 
electrode as indicator. The official methods used for nitrite and 
nitrate quantification6.7 recommend spectrophotometric analyt­
ical methodologies of tedious execution, involving a high 
consumption of reagents and their handling, incurring consider­
able cost. 

Flow injection (FI) analytical systems incorporating tubular 
selective electrodes allow combination with other on-line 
detection systems for multidetermination, since the aforemen­
tioned detectors do not produce significant changes to the flow 
hydrodynamic characteristics8 In addition to an improvement 
in the sample processing there is also a significant reduction in 
reagent consumption and it is possible to increase the analysis 

• To whom correspondence should be addressed. 

efficiency, since several sequential determinations can be 
carried out on the same sample. 

Although FI sequential analyses have recently been fre­
quently used for the quantitation of the above species, the 
analyses are usually confined to two determination maxima on 
the same sample.9- t2 The developed systems have been used in 
the determination of nitrate and nitrite in different matrices and 
used two different spectrophotometric detectors9 or two injec­
tion valves coupled in the interior of the system, with a reductor 
column incorporated in the loop of the second valve, to a 
commutator injector operating in two positions'' or a reagent 
injection into the sample carrier system.'2 However, the 
determination of more than two parameters on the sample has 
not been referred to before. This work reports the development 
of an automatic methodology using Fl, to perform the 
simultaneous assay of nitrate, nitrite and chloride in meat 
products. 

The determination of chloride was carried out using a tubular 
potentiometric chloride detector, with a homogeneous crystal­
line membrane.13 In the developed set-up, the sample plug is 
split into two streams after the potentiometric determination, 
which prevents significant changes in the sample plug, and each 
stream is allowed to flow through two channels with different 
diameters and lengths, one of them containing a copper­
cadmium reductor column. Afterwards, confluence of the flow 
occurs and the colour developing reagent is added before the 
flow reaches the spectrophotometric detector. Since each 
channel has a different residence time, two peaks are obtained 
for nitrite and nitrite plus nitrate. Therefore, it is possible to 
perform the appropriate sample treatments of each detection 
system inside the FI system, except for preparation of the 
extracts, allowing the simultaneous assay of the above spe­
cies. 

Materials and Methods 

Reagents and Solutions 

All reagents were of analytical-reagent grade and the de-ionized 
water had a specific conductivity less than 0.1 f.lS cm- 1• 

Chloride standard solutions (0.1 mol 1- 1) were prepared 
from solid sodium chloride previously dried in an oven at 
I 00 oc for at least I h. More dilute standard solutions, used in 
the calibration curves, were obtained from the concentrated 
solutions by dilution. 

Standard solutions of nitrate (I ml = 1000 mg N03--N) and 
nitrite (I ml = 1000 mg N02- -N) were prepared by dissolving 
6.07 and 4.92 g of NaN03 and NaN02 (dried for I hat 100 °C}, 
respectively, carefully weighed and diluted to 1000 mi. The 
riitrite solution was standardized against a 0.1 mol J- 1 

permanganate solution. The solutions were treated with some 
chloroform drops to prevent the development of microorgan­
isms and were stored in a refrigerator. Working standard 
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solutions containing nitrate and nitrite were prepared by 
appropriate dilutions. 

The sample carrier solution used in the FI manifold consisted 
of 5 X 10-2 moiJ-1 sodium sulfate and 2 X 10-5 mol (- 1 
sodium chloride. A buffer solution was introduced through the 
auxiliary channel (R2), and was prepared by dissolving a 
mixture of 100 g of ammonium chloride, 20 g of sodium 
tetraborate and 1 g of Na2EDTA in 1000 ml of water. This 
solution remains stable for a long time. II 

The colour reagent solution was prepared by dissolving 20 g 
of sulfanilamide and 1 g of N-(1-naphthyl)ethylenediamine 
dihydrochloride in 100 ml of 80% phosphoric acid and diluting 
to 1000 ml with water.ll This solution was stored in a 
refrigerator. 

The cadmium column used in the reduction of nitrate to 
nitrite was prepared as described elsewhere 14 by using a glass 
tube (3 mm id) filled with cadmium--<:opper filings, held in 
position by glass wool plugs. 

Apparatus and Electrodes 

The absorbance was measured with a Hitachi U 2000 UV NIS 
spectrophotometer, equipped with an 8~o~l Hellma type 178.713 
flow cell, connected to a BD 112 Kipp & Zonen (Bohemia, NY, 
USA) recorder with two needles. 

A Crison model2002 potentiometer (sensitivity of± 0.1 m V) 
also coupled to the above recorder was used to perform the 
potentiometric measurements. 

A tubular electrode, with a homogeneous crystalline mem­
brane sensitive to the chloride anion, was used as potentiometric 
detectorl3 with an Orion (Cambridge, MA, USA) 900200 as 
reference electrode. 

The support of the reference electrode and the earth 
connection contact as well as the support of the tubular 
electrode sensitive to the chloride anion were constructed as 
described elsewhere.l3.15 

The potentiometric titrations, used as a reference method in 
the determination of the chloride anion, were carried out in an 
automatic titration system composed of a Crison model Micro 
BUR 2031 burette, controlled by a Hyundai computer equipped 
with a Advantech Model PCL 720 card and connected to an 
Epson LX 800 printer. A Metrohm 6.0762.100 Ag/AgCI 
electrode was used as the reference electrode and a silver cation­
sensitive electrode with an homogeneous crystalline membrane 
as indicator electrode. 16 

An Ismatec model S 820 peristaltic pump was used in this FI 
system. The insertion of samples and standards into the system 
was carried out with a Rheodyne 5020 six-port valve. Omnifit 
Teflon tubings (0.8 and 0.3 mm id), Gilson (Worthington, OH, 
USA) end fittings and connectors were used. 

Sample Preparation 

Different types of meat products, including ham, sausages, 
smoked pork sausages and smoked ham were purchased at 
random from the local market. 

Samples were pre-treated by homogenization in a triturator 
according to the process recommended by the International 
Standards Organisation. 6.7 Samples were extracted with hot 
water, followed by purification and filtration. 

Reference Methods 

As no certified reference materials were available and in order 
to evaluate the accuracy of the results obtained by FI, the 
reference methods of the International Standards Organisation 
ISO 3091-1975 and ISO 2919-19756·7 were used for the 
determination of nitrite and nitrate levels, respectively, in meat 
products. 

For the chloride determination in the same products, the 
referred norms do not mention any specific method. Therefore, 
the process described by AOAC, relating to food products,5 
which is based on potentiometric titration using a silver cation 
solution as titrant was used. A selective electrode with a 
homogeneous crystalline membrane sensitive to silver cations 
was used as indicator electrode in this potentiometric titra­
tion.16 

Results and Discussion 

Determinations of chloride, nitrite and nitrate in meat products 
without any sample pre-treatment other than the preparation of 
the extracts, required the development of a flow manifold 
similar to that represented in Fig. I. The FI system was 
constructed to enable the sequential measurement of three 
chemical parameters while allowing the performance inside the 
system of all procedures of the sample adjustment to each 
measuring system used. These procedures included the reduc­
tion of nitrates to nitrites, which was accomplished by 
circulating part of the sample plug through a copper--<:admium 
reductor column, by the colorimetric reaction with N-(1-naph­
thyl)ethylenediamine dihydrochloride, and also by the adjust­
ment of the ionic strength of the standards and samples. 

In order to perform chloride, nitrite and nitrate measurements 
with high sensitivity and with a good sampling rate, some of the 
FI manifold parameters were optimized, namely, the injection 
volume, the flow rate and the sample dispersion level. 

Optimization of Fl Manifold 

To obtain a better response performance from the FI system 
(high sample throughput, adequate sensitivity and working 
range and minimum waste of carrier solutions), a univariant 
optimization procedure was applied by varying the injection 
volume, the flow rates of the R~o R2 and R3 solutions and the 
lengths of the coiled tubes (L~o k. L3, L4, L5). 

The tubular configuration of the detector sensitive to the 
chloride anion allows the sample plug, in which the poten­
tiometric measurement will be performed, to flow through it 
without changing the flow hydrodynamic characteristics. More­
over, potentiometric determination does not require a sig­
nificant change of the chemical composition of the sample but 
only an ionic strength adjustment. These two aspects enable, 
after the measurement of the chloride anion by the tubular 
detector, the sample plug to reach the point of the system where 
nitrite and nitrate are determined, without undergoing sig­
nificant chemical variations. 

Fig. 1 FI manifold used in the sequential multiparametric detennination of 
chloride, nitrate and nitrite in meat products. Vi, injection volume; B, 
peristaltic pump; L1, length of the reaction coils (em); Q1, flow (ml min- 1), 

Q1 = 2.9, Q2 = 0.5, Q3 = 1.0; ER, reference electrode; DT, tubular 
potentiometric detector; P, decimillivoltmeter; R, double needle recorder; 
ET, earth contact; CR, copper--<:admium reductor column; D, spectrophoto­
metric detector; X andY, confluences; R., 5 x 10-2 moil- sodium sulfate 
solution and 2 X 10-s mol]-! sodium chloride; R2, a solution containing 
I 00 g of ammonium chloride, 20 g of sodium tetraborate, I g of N a2EDT A 
in I I; R3, a solution containing 20 g of sulfanilamide, 1 g of N­
(1-naphthyl)ethylenediamine dihydrochloride and 100 ml of 80% phos­
phoric acid diluted to 1 I with water. 



The FI system was optimized in order to allow, with the 
highest sampling rate, determinations of the chloride anion 
within the concentration range 10- 2 to 10-1 mol J-1, 
determinations of nitrate within the concentration range I to 4 
ppm in N03-N and of nitrite within the range 0.03 to 0.2 ppm 
in NOz-N. 

The sample carrier solution of the established set-up, 
composed of 5 X I 0-2 mol J- 1 sodium sulfate and 2 X I o-s 
mol J- 1 sodium chloride, was selected with the aim of enabling 
the adjustment of the ionic strength and of stabilizing the line 
base of the potentiometric measurement. The reference elec­
trode was placed in a lateral channel by a confluence, in which 
the solution worked as a salt bridge between the indicator and 
the reference electrode. The sequential arrangement of the 
tubular detector and the reference electrode could produce a 
non-controlled sample dispersion, which could affect the 
reproducibility of the subsequent determinations of nitrite and 
nitrate by spectrophotometry, besides causing an excessive 
dilution of the sample plug. 

The injection volume used (180 ~-tl) derived from the 
optimization based on a compromise between the best sampling 
rate, a good reproducibility and the highest sensitivity. The 
highest injection volumes of the sample caused two peaks for 
nitrate and nitrite that slightly overlapped and therefore were 
difficult to quantify. The total separation of the peaks was only 
possible if the length of the tube (L4) which included the 
reductor column was greatly increased, which would com­
promise the sampling rate. 

Teflon tubing with a 0.8 mm id was used in the manifold, 
except after the splitting of the stream, where tubes with 
different diameters were tested. When the diameter of the tube 
which did not incorporate the copper-cadmium column (L3) was 
reduced, the sensitivity of nitrite plus nitrate determination 
increased. A diameter of 0.3 mm was enough to obstruct the 
sample flow through that part, compelling its flow through the 
reductor column. 

In order to minimize the sample dispersion level, before 
spectrophotometric detection, the lowest possible length (30 
em) ofL1 was selected allowing, however, the adjustment of the 
ionic strength by mixing with the carrier solution, and therefore 
ensuring good reproducibility. 

After the potentiometric measurement, the sample plug was 
mixed along the reaction coil (L2) with R2 reagent, which was 
used as buffer and catalyst of the reduction reaction. The length 
of 20 em established for Lz (see Fig. I) was enough to promote 
the mixture of the sample plug with R2 reagent. 

The spectrophotometric measurements of nitrate and nitrite 
were performed on the sample plug after the system was split 
through two channels with different lengths and diameters, one 
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of which included a copper-<:admium reductor column. After­
wards, the confluence of the flow occurred just before the colour 
reagent was added through the R3 auxiliary channel. Since each 
channel had different lengths and ids, the residence time of the 
flow in each one was different and therefore two peaks were 
obtained for nitrite and for nitrite plus nitrate. 

At pointY, the colour-developing reagent, responsible for the 
diazotization that occurred along L5 reaction coil, was added. 
After the reaction, the measurement of the absorbance peak 
relating to the nitrite level was performed first and then that 
corresponding to the nitrite plus nitrate levels. 

In the tests carried out with the purpose of optimizing the L3 
and L4 tube lengths, when the L3 tube length was reduced, the 
separation of the peaks for nitrite and nitrite plus nitrate was 
facilitated. In the same way, when increasing the L4 tube length 
(which contained the reductor column), the separation of the 
peaks was also improved. However, as the L4 length increased, 
its peak increased too, whereas the second peak besides 
becoming shorter also become wider, which means that there 
was a dispersion increase and consequently a decrease in the 
sensitivity of the determination. Moreover, the sampling rate 
decreased. 

The length for L5 (100 em) was selected after its optimization 
so that the colour-developing reaction for the spectropho­
tometric detection was quantitative, thus enabling the highest 
sensitivity. When shorter lengths (50 and 70 em) were used, the 

t D 

2 
c 3 5 

B 4 

Time~ 
1 min 

Fig. 2 Record of a typical calibration curve and of a series of 
concentration samples of the injected solutions. A, 0.05 ppm N02-- N + 1 
ppm N03--N + 8 x 10-2 moll- 1 CI-; 8, 0.05 ppm N02- - N + 2 ppm 
N03--N +2 x I0-2moll- 1 CI-; C,0.05 ppmN02- -N +3ppmN03- -N 
+ 5 X 10-2 moll-1 CI-; D, 0.05 ppm N02--N + 4 ppm N03--N + 8 x 
10-2 moll- I Cl-; E, O.o3 ppm N02 --N; 1 to 5, samples. 

Table 1 Results obtained for chloride, nitrate and nitrite determination in meat products by FI and reference methods 

Chloride' Nitrate* Nitrite§ 

Sample' c, C, c, c, Cr c, 
I 45.12 44.83 0.58 40.48 40.090 0.970 0.98 0.931 5.26 
2 27.76 28.41 -2.28 42.03 42.120 -0.210 1.15 1.13 1.77 
3 42.48 41.54 2.26 31.97 31.670 0.950 2.07 2.02 2.48 
4 64.96 63.06 3.01 40.45 39.950 1.250 1.33 1.275 3.38 
5 21.81 23.19 -5.95 31.37 31.560 -0.600 1.51 1.59 -5.03 
6 41.81 40.18 4.06 35.05 35.070 0.950 1.49 1.53 -2.61 
7 73.27 70.27 4.27 47.69 47.240 0.953 1.01 0.982 2.85 
8 109.2 l!O.l -0.82 36.76 37.450 -1.840 0.907 0.956 -5.13 
9 42.83 4l.l2 4.16 26.52 27.190 -2.046 0.91 0.954 -4.61 

10 69.36 70.47 -1.58 31.06 31.820 -2.380 1.35 1.275 5.88 

'Smoked pork sausages (samples I, 9); sausages (samples 2, 3, 6); ham (samples 4, 5, 7); smoked ham (samples 8, 10). All analyses were carried out 
in duplicate. ' Concentration expressed in g of NaCI/1000 g of meat product. ; Concentration expressed in mg of KNO,-N/1000 g of meat product. 
'Concentration expressed in mg of NaNO,.-N/1000 g of meat product. 
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colour development was incomplete, whereas with longer 
lengths (150 em) the analytical signal diminished significantly 
because the sample dispersion increased. 

Oto Q2 and Q3 flow levels were selected so that the flow 
within the spectrophotometric cell did not exceed 4.5 ml min- 1, 

in order to avoid overpressurization in the manifold. The flow of 
R3 colour-reagent solution was established using a 0.2 ppm 
NOrN solution and varying the flow from 0.5 to 1.5 ml min-I, 
thus obtaining a maximum absorbance within a 0.9-1.1 
ml min- 1 range. 

Analytical Applications 

After being optimized, the developed manifold enabled analy­
ses to be performed within a linear response range from I 0-2 to 
10- 1 moJJ-1 for chloride, I to 4 ppm for NO-rN and from 
0.03 to 0.2 ppm for N02--N, with a sampling rate of 40 
samples per hour, corresponding to 120 determinations per 
hour. 

Fig. 2 represents an Fl record corresponding to a linear 
calibration graph for chloride, nitrite and nitrate, and several 
injections of samples of different meat products, the preparation 
of which was mentioned above. The results obtained are also 
shown in Table I as well as the values obtained from the 
analysis of the same products using the reference proce­
dures. 5•6•7 

With the purpose of evaluting the accuracy of the FI 
methodology, a correlation between the values obtained from 
the FI method (Cf) and those given by the respective reference 
methods (C,) was established in 10 samples of meat products. 
By establishing a linear regression (Cf = Co+ SC,) between the 
results given by the FI and corresponding reference methods, 
the intercept value (C0 ), the slopes (S) and r obtained for each 
species, represented in Table 2, indicate that the results are in 
reasonably good agreement, an average of relative error less 
than about 6% for chloride and nitrite and 2% for nitrate being 
obtained. 

The precision of the results obtained by FI analysis was 
assessed by measuring the RSD corresponding to 10 consecu­
tive determinations of nitrate, nitrite and chloride levels in a 
sample of intermediate concentration. RSDs of 2.5% for 
chloride, 0. 7% for nitrate and 1.1% for nitrite were obtained. 

Conclusions 

The FI system proposed for the multiparametric analysis of 
nitrate, nitrite and chloride in industrial meat products consisted 
of an on-line potentiometric tubular detector and a spec­
trophotometric detector; a non-complex manifold, easy to 
operate, robust and fairly economic. The method compares well 
with reference methodologies usually applied to the analysis of 
these products, since it avoids sample pre-treatment, as it is 

Table 2 Comparison between the results for chloride, nitrate and nitrite 
determination in 10 samples of meat products by FI (Cr) and the Reference 
procedures ( C,) 

Co' s· 
Chloride 0.399 1.00 0.9975 
Nitrite 0.0005 1.00 0.9836 
Nitrate -1.78 1.04 0.99P 

• Parameters of the equation Cr = Co+ SC, (see text). 

adjusted to the measurement system used by the manifold 
itself. 

Moreover, while the reference procedure for the determi­
nation of nitrite and nitrate requires control of the time of the 
colour development, which affects the measurement reprodu­
cibility, the method proposed in this work performs the 
determination within a constant time interval, dependent on the 
flow rate of the FI system. These aspects result in smaller 
analysis times, a sampling rate of 40 samples per hour being 
obtained. 

As the amount of the sample that flows through the cadmium 
reductor column is much less in the proposed method than that 
used by the reference method, the durability of the column is 
consequently higher. The quantity of material necessary to 
prepare the sample is greater in the reference method, which 
increases the cost of the determinations. 

The sensitivity of the proposed method is high and the results 
given by the Fl method are comparable with the corresponding 
values given by the reference method. Additionally, the FI 
method gives more accurate results with relative errors of less 
than 6% for chloride and nitrite and 2% for nitrate. 

This work was supported by the Research of the Basque 
Government, Spain, Project PI 94/08. 
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The proposed enantiomeric resolution of aspartic acid is 
based on the inhibition of the crystallization of L- and 
o-histidine. A flow-through system permits the 
turbidimetric multi-detection of the signal produced in the 
crystallization of histidine from a supersaturated solution. 
The presence of L- or o-aspartic acid delays the growth of 
L- or o-histidine crystals, respectively, the delay being 
proportional to the concentration of aspartic acid. 
Calibration graphs are linear down to 40 mg J-1 of L-and 
o-aspartic acid, with a precision (repeatability, as RSD, 
n = 11) of 2.5%. The method was applied to the 
determination of L-aspartic acid in pharmaceutical 
preparations (spiked with o-aspartic acid) and the 
resolution of a racemic sample of n,L-aspartic acid. The 
results obtained were consistent with the nominal 
contents. 

Keywords: Turbidimetry; flow-through system; L-and 
a-aspartic acid; chiral resolution; pharmaceutical 
preparations; racemic sample 

Introduction 

From Pasteur's very first optical resolution of a racemate' to 
today' s fast chromatographic techniques, there has been a 
formidable accumulation of stereochemical knowledge. The 
importance of optically active compounds for the elucidation of 
reaction mechanisms and the dynamic behaviour of chiral 
molecules in organic chemistry has grown dramatically. The 
pharmaceutical industry is becoming increasingly interested in 
methods for resolving racemates into optical antipodes in order 
to be able to subject them individually to pharmacological 
testing.2 

In recent years, HPLC has become the most popular choice 
for the resolution of enantiomeric compounds.3-5 However, this 
technique has some disadvantages, such as the high price of 
chiral stationary phases. Alternative techniques for the resolu­
tion of racemic mixtures are based on fractional crystallization 
of conglomerates. Growing crystal surfaces can be thought of as 
being composed of 'active sites' that interact stereospecifically 
with molecules in solution, in a manner similar to the 
interactions of enzymes and substrates or antibodies and 
antigens.6 The molecules that interact with the active sites are 
known as 'tailor-made' inhibitors. Grases and March 7 reviewed 
the potential applications of these crystallization inhibitory 
processes in analytical chemistry. They have developed various 
methods for the determination of L-amino acids in which a 
supersaturated solution of a substrate is obtained by changing 
the solvent composition; the analyte (L-amino acid) inhibits 
crystallization of the substrate.s.9 The applicability of enantiose-

• To whom correspondence should be addressed. 

lective biosensor systems depends on the availability of suitable 
group-specific/enantiospecific and D- and L-enantiospecific 
enzyme pairs. These enzymes can be combined with suitable 
potentiometric, amperometric, calorimetric and optical trans­
ducers. Schiigerl et al. 1D recently discussed the potential of 
biosensors for enantio-sensitive analysis with non-enantio­
meric, enantiomeric and D- and L-enantiomeric enzyme pairs. 
They reported that biosensors for enantiomeric analysis can be 
used for process monitoring and control of the enantiomeric 
purity of organic chemicals, whereas HPLC is suitable for 
quality control of the product but not for process monitoring. 

Recently, our group developed several turbidimetric methods 
for the continuous determination of L-lysine, L-arginine and L­
ornithine in pharmaceutical preparations. 11 •12 In this work, two 
enantiomers (L- and o-) of aspartic acid were discriminated by 
their inhibitory effect on the crystal growth of L- and D­
histidine, respectively. For this purpose, a continuous method 
was developed that permits the sequential determination of L­
ando-aspartic acid in the presence of other amino acids with no 
need for a prior separation. The method was applied to the 
analysis of pharmaceutical samples, where the determination of 
L-aspartic acid is of special interest. Since the method is 
integrated in a flow-through system, it can be implemented on­
line for process control purposes. 

Experimental 

Chemicals and Apparatus 

Propan-2-ol, ethanol, methanol and acetonitrile, all of HPLC 
grade, were purchased from Romil Chemicals (Lough borough, 
UK). Amino acids (L- and o-aspartic acid, racemate of D,L­
aspartic acid, L- and o-histidine and the other amino acids used 
for the study of interferences) were supplied by Sigma (St. 
Louis, MO, USA). Sodium hydroxide and hydrochloric acid 
were obtained from Merck (Darmstadt, Germany). 

Stock standard solutions containing I g l- 1 of L- or o­
aspartic acid were prepared in Milli-Q-purified water and stored 
in glass-stoppered bottles. Solutions containing 3.0 or 2.8 g t- 1 

of L- or o-histidine were used as substrates. These solutions 
remained stable for at least 1 week. 

Turbidimetric measurements were made on a Unicam 8625 
UV/VIS spectrophotometer (Unicam, Cambridge, UK) 
equipped with a Hellma (Jamaica, NY, USA) flow cell (path 
length tO mm, inner volume 18 ~1). The absorbance was 
continuously recorded at 550 nm by a Radiometer (Copen­
hagen, Denmark) REC-80 Servograph recorder. The flow 
manifold consisted of two peristaltic pumps [Gilson (Wor­
thington, OH, USA) Minipuls-2] fitted with poly(vinyl chlo­
ride) and Solvaflex pumping tubes for aqueous and organic 
solutions, respectively. A Rheodyne (Cotati, CA, USA) Model 
5041 injection valve, two Rheodyne Model 5301 switching 
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valves and PTFE tubing of 0.5 mm id for coils were also 
used. 

Sample Preparation 

Five tablets (BOI-K aspartic acid, Laboratory BOI, Barcelona, 
Spain) or ten pills (Aspartono, Laboratory MEDIX, Madrid, 
Spain), chosen at random from several samples, were placed in 
a mortar and ground to a fine mesh. A portion of about 0.5 g 
(pills) or 5 g (tablets) of the resulting powder (containing 
approximately 300 mg of L-aspartic acid) was accurately 
weighed and dissolved in I 00 ml of Milli-Q-purified water with 
electromagnetic stirring for 60 min. The solution was filtered , 
the residue washed with water and the filtrate was diluted to 
volume with water in a 250 ml calibrated flask . Aliquots of 
I 00-200 J.l) of these final solutions were placed in I 0 ml 
calibrated flasks and diluted to volume (pH 3-1 0) for analy­
sis. 

Procedure for the Resolution of Enantiomers 

The continuous-flow procedure for the resolution of L- and o­
aspartic acid involves several steps (Fig. 1). 

For the determination of L-aspartic acid [Fig. l(a)], an 
aqueous sample containing 3-40 mg 1- 1 of L-ando-aspartic 
acid at pH 3-10 is continuously aspirated at 0.3 ml min- 1 and 
mixed with a substrate stream containing 3.0 g J-I of L-histidine 
at 0.3 ml min-I . Then, the mixed stream is merged with another 
ofpropan-2-ol circulated at 1.3 ml min- 1• The mixed solution 
is homogenized in coil c2 and then passed through the injection 
valve (IV). Simultaneously, the open system is filled with 
carrier (propan-2-ol) by means of the second pump (P2) at 0.7 
ml min-I. Then [Fig. l(b)], IOOJ.II of the loop contentsofiV are 
injected into the carrier and SV 2 is switched to close the circuit. 
At that moment, the absorbance curve, which reflects the time 
course of crystal growth, is recorded at 550 nm. Finally, SV 2 is 
switched to flush the open-dosed system with Milli-Q-purified 
water. 

For the determination of o-aspartic acid [Fig. l(a)], SV 1 is 
switched and the same aqueous sample is mixed with o­
histidine solution (2.8 g 1-1). The procedure is then executed as 
described above for L-aspartic acid. 

The signal profile obtained during the crystallization of L- or 
o-histidine is shown in Fig. I. The induction period (t) was used 
as the analytical parameter." 

sv • • 

Fig. 1 Manifold for the continuous-flow discrimination of L- and o­
aspartic acid. (a) Introduction of sample (L-ando-aspartic acid}, substrate 
and propan-2-ol into the system. (b) Closed system and signal multi­
detection of crystal growth of L- or o-histidine. P, pump; SV, switching 
valve; IV, injection valve; C, coils (C 1, C2 and C3, 40, 100 and 40 em long, 
respectively); W, waste; D, spectrophotometer; R, signal recording; t, 
induction period. 

Results and Discussion 

Selection of the Substrate and Organic Solvent 

The continous-flow system depicted in Fig. I was used to select 
the most suitable reagent and solvent. Initially, a sample 
containing 10 mg 1- 1 of L- and o-aspartic acid was introduced 
into the flow system and merged with a solution containing 3.0 
g I- 1 of L- or o-substrate solution. Two amino acids (histidine 
and lysine) were examined as substrates. L- and o-aspartic acid 
exhibited an inhibitory effect on the crystal growth of L- and o­
histidine, respectively; however, using lysine to determine 
aspartic acid was inadvisable as L- and o-aspartic acid showed 
no inhibitory effects on the crystal growth of L- and o-Iysine. 
For this reason, L- and o-histidine were selected as the 
substrates for the discrimination of L- and o-aspartic acid, 
respectively. 

A previous study'' revealed that some organic solvents 
(methanol, ethanol, propan-2-ol and acetonitrile) induce crys­
tallization of the substrate. Such solvents, all miscible with 
water, were used to prepare supersaturated solutions of the 
substrate. Propan-2-ol was finally selected as the organic 
solvent because the resulting induction period (5 min) was 
shorter than that obtained with other solvents (longer than 20 
min) and the analysis time was thus the shortest. 

Optimization of the Working Conditions 

In aqueous solution, amino acids are present as cations, zwitter­
ions or anions, depending on the pH; their crystallization is 
especially favourable in the zwitterion form. The effect of pH on 
the crystallization of L- and o-histidine was studied between pH 
2 and 12 (adjusted with O.oJ mol I- 1 HN03 or NaOH). For this 
purpose, aqueous solutions oft.- and o-aspartic acid (10 mg J-I) 
or blanks (Milli-Q-purified water) at different pH values were 
processed in the system. As can be seen in Fig. 2, the induction 
period in the crystallization of L-histidine (for sample and 
blank) remained constant over the pH range 3-I 0, outside 
which the period was considerably longer. Similar results were 
obtained for the o-enantiomer (Fig. 2). The induction periods 
were similar (approximately 6 min) for both blanks. A water 
blank and a sample pH of 5-6 were selected, which were 
directly obtained by preparing the samples in water. 

In order to select the best L- and o-histidine concentrations, 
several calibration graphs for L- and o-aspartic acids (3-40 
mg I- 1) were run at a various concentrations of the substrate 
between 2.5 and 3.5 g I- 1• Fig. 3(a) shows the influence of the 
substrate concentration on the sensitivity (slope of the calibra-
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Fig. 2 Effect of pH on the crystallization of L- or o-histidine (3.0 and 2.8 
g J-1, respectively) for a sample containing 10 mg 1-1 of L-ando-aspartic 
acid (I and 2, respectively) and for the blanks (water) of the L- and o­
enantiomers of histidine (3 and 4, respectively). 



tion graph) of the method. These experiments allowed the 
following conclusions to be drawn: (I) the sensitivity increases 
as the concentration of substrate decreases; (2) the sensitivity is 
slightly higher for L-aspartic acid than for the D-enantiomer at 
all substrate concentrations (probably because the crystalliza­
tion of o-histidine in propan-2-ol is more favourable than that of 
L-histidine); and (3) increased sensitivity can be obtained at the 
expense of longer induction periods [Fig. 3(b)]. Concentrations 
of 3.0 and 2.8 g 1-1 for L-ando-histidine, respectively, were 
selected because the sensitivity for L- and o-aspartic acid was 
similar and the sample throughput acceptable. 

The flow variables affecting the performance of the con­
tinuous-flow system were optimized by using an aqueous 
sample containing 10 mg 1- 1 of L-and D-aspartic acid, water as 
the blank and a substrate solution containing 3.0 or 2.8 g 1-1 of 
L- oro-histidine, respectively. The influence of the flow rates 
used in this system was studied by varying one at a time while 
keeping all others constant. Increasing the sample flow rate 
increased the induction period for the substrate crystallization 
through an increased concentration of L- and o-aspartic acid and 
increased dilution of the substrate in the final mixture. 
Conversely, increasing the substrate flow rate decreased the 
induction period. Increasing the flow-rate of propan-2-ol had a 
similar effect to diluting the sample and substrate in the final 
mixture. Flow rates of 0.3, 0.3 and 1.3 ml min-I were therefore 
selected for the sample, substrate and propan-2-ol, respectively, 
as compromises between acceptable sensitivity and sample 
throughput. The effect of the flow rate of the carrier (propan-
2-ol) in the open-dosed system was studied over the range 
0.3-1.5 ml min-I; the signal remained constant above 0.5 
ml min- 1. A flow rate of 0.7 ml min-1 was chosen to transfer 
the contents of the sample loop into the closed system. The 
crystallization of L- and o-histidine was significantly affected 
by the injected volume of valve IV throughout the range studied 
(50--250 fLI); the induction period decreased with increasing 
volume injected through decreased dilution of the sample and 
substrate. An injected volume of 100 1!1 was selected. The 
influence of the length of the coils for mixing the sample and 
substrate [C1 in Fig. l(a)], and both with propan-2-ol (C2) was 
studied between 25 and ISO em (0.5 mm id). Lengths of 40 and 
100 em were selected for C 1 and C2, respectively, as they 
proved sufficient for homogenizing the solutions. Finally, the 
length of the coil inserted in the closed system [C3 in Fig. l(b)] 
was varied between 25 and 100 em. Increasing length of C3 
increased the dilution of the sample and substrate in the closed 
system and hence increased the induction period for histidine 
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Fig. 3 (a) Sensitivity (slope of the calibration graph) for L-ando-aspartic 
acid (solid and dashed lines, respectively) and (h) induction period for a 
sample containing 10 mg J- 1 of L- and o-aspartic acid at various 
concentrations of L- or o-histidine, respectively. 
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crystal growth. A length of 40 em was chosen as a compromise 
between acceptable sensitivity and sample throughput. 

Analytical Performance 

The performance and reliability of the continuous-turbidimetric 
system (Fig. I) were tested by determining the sensitivity (slope 
of the calibration graph), analyte delectability, linearity range 
and RSD for the determination of L- and o-aspartic acid. For this 
purpose, solutions containing various concentrations of L- and 
o-aspartic acid were introduced into the system and merged 
with a substrate stream containing 3.0 or 2.8 g ]-1 of L- or D­
histidine, respectively . The calibration graphs obtained by 
plotting the induction period [1, difference between the 
induction period for the sample and blank (about 6 min), in 
minutes] against the aspartic acid concentration (mg 1-1) 
were 

r = -0.08 + 0.26 [L-aspartic acid] 

t = 0.03 + 0.19 [o-aspar1ic acid] 

r = 0.997; linear range 
3-40 mg 1- 1 

r = 0.998; linear range 
4-40mg 1-1 

The detection limits, calculated as three times the standard 
deviation of the induction period for I 0 determinations of the 
same blank (Milli-Q-purified water), were I and 1.8 mg 1- 1 for 
L- and o-aspar1ic acid, respectively. The RSD, obtained by 
measuring II samples containing 10 mg 1-1 of each enantiomer, 
was 2.1 and 2.5% for the L- and o-enantiomer, respectively. 

Study of the Interference of Amino Acids 

The influence of L-amino acids frequently encountered in 
pharmaceutical products was studied by adding different 
amounts of each potential interferent to samples containing I 0 
mg 1-1 of L-aspar1ic acid. As can be seen from Table I, most of 
the species tested were tolerated at high concentrations in the 
determination of L-aspar1ic acid. The most serious interferences 
were those of the L-enantiomers of cysteine, glutamic acid and 
diaminocarboxylic acids (lysine, ornithine and arginine), which 
interfered at concentrations below that of L-aspartic acid. The 
maximum tolerated concentrations of c-amino acids in the 
determination of I 0 mg 1-1 of D-aspar1ic acid are also included 
in Table I. All amino acids that interfered increased the 
induction period for the substrate crystallization. An amino acid 
was considered to interfere when the induction period for the I 0 
mg 1- 1 standard (about 8 min) was increased by 0.4 min. As can 
be seen, the greatest interferences were those from diamino­
carboxylic acids, as in the determination of L-aspartic acid. A 
more detailed study of potential interferences in the determina­
tion of L-aspartic acid was carried out than for o-aspartic acid 
because pharmaceutical preparations contain predominantly the 
L-form. The D-enantiomer did not interfere in the determination 
of L-aspartic acid at concentrations seven times in excess; on the 
other hand, L-aspartic acid is tolerated at a concentration only 
2.5 times higher than that of o-aspartic acid (analyte). However, 
this tolerated ratio permits the discrimination of the two 
isomers. 

Analysis of Pharmaceutical Preparations and a Racemic 
Sample 

Amino acids present in pharmaceutical preparations are L­
enantiomers, except for phenylalanine, histidine, methionine 
and tryptophan, which are also active in the o-configuration.13 

Therefore, the proposed method can only be applied to the 
determination of L-aspartic acid in pharmaceutical samples. 
Only two commercial samples were available for this purpose, 
which were dissolved as described under ExperimentaL Table 2 
gives the average results for five determinations of L-aspartic 



1400 Analyst, October 1996, Vol. 121 

Table 1 Effect of various amino acids on the detennination of L-ando-aspartic acid (10 mg I- 1) 

L-Aspartic acid detennination 

Amino acid 

o-Aspartic acid 
L-lsoleucine, L-phenylalanine, 

L-methionine, L-valine, 
L-tyrosine 

L-Alanine, L-leucine 
L-Serine, L-asparagine 
L-Threonine, L-glutantine 
L-Cysteine 
L-Glutamic acid 
L-Lysine, L-omithine 
L-Arginine 

Maximum tolerated 
concentration/mg 1-1 

70 

> 100 

75 
50 
25 

5 
4 
1.5 
I 

o-Aspartic acid detennination 

Amino acid 

L-Aspartic acid 
o-Valine 
o-Alanine 

o-Asparagine 
o-Giutamic acid 
o-Lysine, o-omithine, o-arginine 

Maximum tolerated 
concentration/mg 1-1 

25 
> 100 

40 

35 
5 
I 

Table 2 Detennination of L- and o-aspartic acid spiked in phannaceutical preparations 

L-Aspartic acid o-Aspartic acid 

Found/ Added/ Found/ 
Trade name 

BOI-K aspartico 
(tablet) 

Nominal content/ 
mg per tablet or pill mg per tablet or pill mg per tablet or pill mg per tablet or pill 

Aspartono• 
(pill) 

350 

410 

• L-Aspartic is present as aspartate in the original sample. 

356± 10 

395 ± 13 

acid and their standard deviations. Because no real samples 
containing o-aspartic acid were available, the above samples 
were spiked with this enantiomer. Three standard additions 
were made for each preparation following dissolution and 
dilution (the final concentrations of D-aspartic acid in the 
diluted samples, were 7.5, 10 and 20 mg 1-1). The recoveries 
obtained from five individual additions of D-aspartic acid were 
close to I 00% in all instances (Table 2). 

The potential of the proposed method for the discrimination 
of L- and D-aspartic acid was assessed on a real racemic sample 
(D,L-aspartic acid from Sigma). For this purpose, solutions 
containing various concentrations of the racemate were ana­
lysed. The mean content and standard deviation (n = 3) of each 
enantiomer at three different racemate concentrations (20, 30 
and40mgl-l) were 10.2±0.2, 14.9±0.3 and20.1 ± 0.4mg J- 1 

(L-aspartic acid); and 9.7 ± 0.2, 15.3 ± 0.4 and 20.0 ± 0.5 mg J- 1 

(o-aspartic acid), respectively. 

Conclusions 

The inhibitory effect of aspartic acid on the crystallization of 
histidine can be successfully exploited for the indirect determi­
nation of L- and o-aspartic acid. The chief advantages of the 
proposed method are as follows: (I) D- and L-aspartic acid can 
be determined in the same sample simply by changing· the 
reagent (L- or o-histidine, respectively); (2) none of the chiral 
columns or mobile phases required in HPLC are needed, so 
analysis costs are reduced; and (3) the method can be used for 
on-line control of the enantiomeric purity of pharmaceuticals. 

The principal limitation of the method is that it cannot be 
applied to amino acid mixtures and can only play a role when 

225 225±6 
300 290±6 
600 610± 12 

270 274±7 
360 353±7 
720 716± 14 

the composition of the other amino acids in the material is 
known. 

The authors are grateful to the Direcci6n General de Investiga­
ci6n Cientffica y Tecnica (Project No. PB95-0977) for financial 
support. 
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Selective Recovery of Uranium(vl) From 
Aqueous Acid Solutions Using Micellar 
Ultrafiltration 
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a Dipartif!!ento di Chimica Analitica, Universita di Torino , 10125 Turin , Italy 
b Dipartimento di Chimica Generate e Organica Applicata, Universita di 
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Preconcentration and removal of uranyl ions from 
aqueous solutions were achieved by using 
micellar-enhanced ultrafiltration with complexing 
micellar aggregates composed of Triton X-100 and 
different hydrophobic ligands. Derivatives of 
4-aminosalicylic acid (PAS) and of 
1-(2-pyridylazo)-2-naphthol (PAN) having tuned alkyl 
chains were used as suitable chelating agents. The 
selective recovery of uranyl from acid samples containing 
also Sr" and Cd" is possible using the multi-step 
ultrafiltration approach with the PAN derivatives, 
whereas effective uranyl retention can be obtained with 
salicylates only in neutral to basic media. 

Keywords: Chelating micelles; micellar ultrafiltration; uranyl 
recovery 

Introduction 

Micellar aggregates have been succesfully employed in differ­
ent fields of analytical chemistry and separation science. 1- 7 

Their use for environmental purposes, in particular in water 
decontamination, also offers promising perspectives.s 

Among the surfactant-based separation techniques, micellar­
enhanced ultrafiltration (MEUF) is very interesting as it can be 
easily applied to recover or remove a variety of solutes by 
exploiting their binding to suitable micellar aggregates, which 
are in tum separated from the aqueous bulk using a membrane 
having an appropriate pore size. For example, metal ions have 
been separated from aqueous streams using oppositely charged 
micelles or polyelectrolytes,9-11 although this approach suffers 
from poor selectivity. The application of chelating micelles, 
formed from usual unreactive surfactants and properly designed 
amphiphilic ligands having tunable hydrophobic groups, allows 
one to achieve more selective demetallation treatments.12- l5 
Theoretical models able to explain and predict the performances 
of such processes have been developed.16 

The aim of this work was to investigate the potential 
application of MEUF for the preconcentration and selective 
removal of uranium from dilute acid wastes containing also 
other metals, as an alternative to the use 'of classical extraction 
processes with organic solvents. Previous studies on uranium 
enrichment from aqueous media based on ultrafiltration I ? and 
on cloud-point extractions18 were performed on solutions 
containing only the uranium species. Practical interest in these 
procedures arises from their possible applications in the 
management of nuclear wastes 19 and during decommissioning 
treatments.20 

Our attention has been focused on two main points: (i) the 
feasibility of the MEUF-based concentration of uv' from acid 
samples using chelating micelles obtained from the examined 

lipophilic ligands and common non-ionic surfactants and (ii) the 
possible separation of UVI from model mixtures containing also 
Sr11 and Cd11 , exploiting their different tendencies to form 
complexes with those ligands. Radioactive strontium is a typical 
fission product which must be separated from uranium, and 
cadmium represents an example of metals coming from other 
sources, such as the acid attack of plant vessels. The succesful 
separation of metals which are usual components of stainless 
steel via MEUF has been described in a previous paper21 

Experimental 

Reagents and Materials 

The hydrophobic ligands examined have the structures shown in 
Fig. I. Their synthesis and purification have been described in 
detail elsewhere.21,22 

The surfactarits Triton X-100 [polyoxyethylene(9.5J-P­
l , I ,3,3-tetramethylbutylphenol] and N-hexadecyl-N ,N ,N-tri­
methylammonium bromide (HT AB) of maximum purity grade, 
purchased from Merck (Darmstadt, Germany), were used as 
received to form the mixed micelles. 

Standard solutions of uranyl, cadmium and strontium 
were prepared starting from analytical-reagent grade 
U02(N03h·6H20 (Carlo Erba, Milan, Italy), Cd(N03h-4H20 
(Merck) and Sr(N03h (Fluka, Buchs, Switzerland), respec­
tively, in 0.5 moJJ- 1 HN03. An ionic buffer solution composed 
of CsCl (0.1 g J- 1) from Merck was used in the determination 
of Sr. Arsenazo III {2,2'-[1,8-dihydroxy-3,6-disulfo-
2,7-naphthylenebis(azo)]diphenylarsonic acid) from Merck 
was used for the spectrophotometric determination of uranyl. 
Sodium hydroxide solution (0.1-1 mol 1- 1), nitric acid 
(concentrated and I mol 1-1) and sodium nitrate, purchased 
from Merck, were of analytical-reagent grade. Doubly distilled, 
de-ionized water was used throughout. 

C~nH(2n+1l J 
0 N=N 0 

N 
HO 

PAS-Cn 

Fig. 1 Structures of the hydrophobic ligands used to fonn the complexing 
micellar aggregates. 
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Procedure 

Preparation of samples 

Owing to their very low solubility in water, the ligands were 
first dissolved in aqueous surfactant solutions and then added to 
the metal-containing samples. The complex formation reaction 
takes place essentially at the micelle-water interface. 

Ultrafiltration runs 

Cylindrical cells (S-43-70) (Spectrum, Los Angeles, CA, USA), 
equipped with a magnetic stirring bar, were used for the 
ultrafiltration runs. Spectra/Por-CIO disc hydrophilic cellulose 
membranes (molecular mass cut-off 10 000 Da) were used in 
the experiments. Each ultrafiltration was usually performed on 
30 ml of feed solution placed in the ultrafiltration cell (capacity 
70 ml) and forced to pass through the ultrafiltration membrane 
by applying a constant pressure delivered by an inert gas, 
usually nitrogen. A constant volume (25 ml) of permeate 
solution was collected after about I h under 3 atm pressure. A 
simplified scheme of the ultrafiltration process is depicted in 
Fig. 2. 

The membranes were previously washed with water (about 
30 ml) in order to eliminate the wetting agents incorporated in 
the filter (usually glycerin or polyethylene glycol). The rotation 
speed of the stirring bar, supported just above the membrane, 
was also constant in all the runs (about 300 rpm). 

The metal ions and the ligands were determined in the 
permeate. Several determinations were also performed on the 
retentate solution in order to check the mass balance. The 
ultrafiltration efficiency was calculated in each step by 
evaluating the rejection factor, R, defined as follows: 

R (%) = (I - C.,JC0) X 100 (I) 

where Cp is the analyte concentration in the permeate and Co is 
the initial concentration in the solution to be filtered. 

The efficiency of consecutive ultrafiltrations for each analyte 
was evaluated through the retentate/feed ratio, r,, defined by the 
following expression: 

r, :::;; m,Jmo (2) 

where mn and m0 are the number of moles (or the mass) of the 
analyte in the retentate after n consecutive ultrafiltrations and in 
the feed solution, respectively. Before starting a successive UF 
step, the volume of retentate (5 ml) was adjusted to 30 ml by 
adding aqueous surfactant solution at the c.m.c. 

The separation factor, S, defined as the ratio between the 
undesired component yield and the target analyte yield after 
each ultrafiltration step, was used to evaluate the separation 

---------------------------- m 

? • p 

Fig. 2 Schematic representation of an MEUF-based process with 
chelating micelles, where: r, retentate; p, permeate: and m, membrane. The 
solid circles represent the metal ion. Complete binding of the hydrophobic 
ligand (represented by a tailed square) is assumed. 

performance. For example, for the mixture UQ22+-Sr2+, S is 
given by 

s = rs rlruranyl (3) 

Each reported ultrafiltration parameter was the mean of the 
results obtained from three or four independent experiments. 

Ligand determination 

The rejection factors of the applied ligands were determined by 
measuring their concentrations in the permeate by HPLC. A 
liquid chromatograph composed of an L 6200 pump and an LC-
4200 UVNIS detector (Merck-Hitachi, Tokyo, Japan) was 
used. Aliquots of 10-20 f.ll of permeate were injected into the 
column (LiChroCART C1x, Merck) and eluted with aceto­
nitrile-water (40 + 60 v/ v) at constant flow rate (I ml min- 1). 
The absorbances of the PAS-C., ligands were monitored at 305 
nm, whereas those of the PAN-C., series were measured at470 
nm. A calibration curve was obtained under the same condi­
tions. 

Evaluation of ligand-micelle binding 

Partition data concerning PAN-Cn ligands in Triton X-100 
micellar solutions have been reported previously .21 The binding 
constants (K 8 ) of PAS-C2 and PAS-C4 compounds to Triton X-
100 aggregates were determined in this work from their 
retention data at different surfactant concentrations in the 
eluent, according to the micellar HPLC method.23 LiChrosorb 
RP-8 250-4 columns (10 f.!m) from Merck were used in these 
determinations, the detector wavelength being fixed at 305 
nm. 

Uranyl determination 

The analyses were performed on the permeate solution by using 
the Arsenazo Ill spectrophotometric method.24 Usually, 2 ml of 
chromogenic reagent (I X I0- 3 moll-' Arsenazo III dissolved 
in I mol I- 1 HCI) were added to 2 ml of permeate solution 
(previously acidified to pH 3 with HCI). The uranyl determina­
tion in the retentate requires a preliminary dilution (I + 9) with 
water. The absorbance of the corresponding uranyl complex 
was measured at 652 nm. A good linear calibration plot was 
obtained in the working range (corresponding to uranyl 
concentrations up to approximately 100 f.!moii- 1). 

Strontium and cadmium determination 

A. Model 1100 B spectrometer purchased from Perkin-Elmer 
(Uberlingen, Germany) equipped with a standard air-acetylene 
burner was used for the AES determination of Sr. An lntensitron 
hollow-cathode lamp (Perkin-Elmer) was used for the AAS 
determination of Cd. All the samples were brought to the proper 
acidity (0.2% m/v HN03) prior to the spectrometric analysis. 
The spectrometer conditions are reported in Table I. 

Table 1 Experimental conditions employed in the spectroscopic analysis of 
Sr and Cd 

Parameter 

Wavelength/nm 
Slit width/nm 
Aspiration flow/ml min-• 
Air flow/1 min-I 
Acetylene flow/1 min-I 

Analyte 

Sr(AES) 

460.7 
0.4 
3.0 
8.0 
2.5 

Cd(AAS) 

228.8 
0.7 
3.0 
8.0 
2.0 



Results and Discussion 

Determination of PAS-Cn Binding Constants to Triton 
X-100 Micelles 

The evaluation of the ligand-micelle binding constants is very 
important as a direct relationship exists between this parameter 
and the MEUF efficiency. The retention volumes of the ligands 
investigated were determined as a function of the micellized 
surfactant concentration in the eluent phase, according to the 
Armstrong-Nome equation:23 

c, = Ps.J. + Ps.J. KaCo (4) 

where the chromatographic factor, Cr, is defined as: Cr = V J(V. 
- V m), V, V. and V m are the volumes of the stationary phase, 
the eluted solute and the mobile phase, respectively, Psw is the 
partition coefficient of solutes between the stationary phase and 
the aqueous bulk and C 0 , the concentration of micellized 
surfactant, is given by C,0 , - c.m.c. From the slope and 
intercept of the linear plots of C r versus C 0 , the corresponding 
K8 values were determined (see Fig. 3). 

The measured K8 , together with the calculated value of the 
more hydrophobic ligand P AS-C8, are listed in Table 2. For 
PAS-C8, the binding constant was extrapolated from PAS-C2 
and PAS-C4 data, taking into account that the contribution of 
each aliphatic carbon atom to the free energy of transfer of the 
molecule (from water to the micelles) is additive.25 

These K8 values compare fairly well with those determined 
previously in the presence of C 12E8 [polyoxyethylene(8) 
dodecyl ether] micelles,l4 a surfactant which contains a number 
of polyoxyethylene units close to that in Triton X -I 00. Partition 

0.3 

0.2 

0.1 

0 

0.005 0.0075 0.0100 0.0125 0.0150 0.0175 

Co 

Fig. 3 Plots of the chromatographic retention factors (Cr) as a function of 
the micellized surfactant concentration, C0 , according to eqn.(4). 

Table 2 Binding data for PAS-C, and PAN-C, ligands in non-ionic micellar 
solutions 

Ka!l moJ-I 

Compound Triton X-100 c,.E,• 

PAS-C/ 120 120 
PAS-C4 290 350 
PAS-C ... t I 250 1800 
PAN; 430 
PAN-c.; 2 300 
PAN-e,•.; 12 000 

• This work. t Value calculated from the additive contribution of the 
aliphatic carbon atoms to the free energy of transfer of the whole 
compound.I7.2S ; Data from ref. 21. I Data from ref. 14. 
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data for PAN-Cn ligands are also reported for comparison 
purposes. 

Micellar Ultrafiltrations With PAS-C8 

The ligand PAS-C8 was chosen on the basis of its favourable 
binding with the host surfactant micelles, which ensures its 
negligible release in the ultrafiltrate. Quantitative rejection of 
the solutes is, in fact, observed when their K 8 values are higher 
than about 1000-1500 I mol- 1. The ultrafiltration performances 
of these ligand-containing micelles were examined, with 
particular attention to the recovery yield of uranyl from the 
samples and to the separation factors from Sr" and Cd". 

Ultrafiltration blank experiments with Triton X-100 (without 
any added ligand) were also performed. Rejection factors in the 
range 3-5% were determined for the investigated analytes, thus 
indicating a very small contribution to the retention arising from 
the membrane-surfactant system. 

The maximum ligand concentration in the MEUF runs was 7 
X 10-4 molJ-1 (in 0.02 moJJ-1 Triton X-100) and a constant 
ligand-to-metal ratio (10: I) was maintained in all the experi­
ments. It must be emphasized that the ligand hydrophobicity, 
although favouring the chelate binding, limits the ligand excess 
in the system. The pH range examined was 3-6. Fig. 4 shows the 
rejection factor profiles obtained after the individual ultra­
filtrations of each investigated analyte. The measured uranyl 
rejection at pH 5 (about 91%) indicates that a quantitative 
recovery of this metal in the collected retentate is possible by 
recycling and re-filtering the permeate, after addition of the 
proper amounts of surfactant and ligand to re-establish the 
initial conditions. At the same pH value, the corresponding 
rejection factors for Sr" and Cd" are still relevant (between 10 
and 20%). However, the observed differences in %R should be 
in principle large enough to permit a separation based on multi­
step ultrafiltrations, as demonstrated previously for other metal 
mixtures.21 

Table 3 summarizes the ultrafiltration results obtained at pH 
5 with ternary mixtures containing UV1, Sr'1 and Cd". The ligand­
to-metal ratio was kept constant at 9.33: I (ligand concentra­
tion, 7 X 10-4 moll-1; concentration of each metal ion, 2.5 X 
10- 5 moll- 1). 

It must be noted that the rejection factor of uranyl is almost 
constant, whereas those of Sr" and Cd" increase significantly 
with n. Taking into account the initial composition of the 
(equimolar) feed solution, a beneficial effect is observed, but 
the relevant increase in the rejection factors of the undesired 
components during the process drastically reduces the separa-

100 

eo 

60 

0 
40 

20 

----i:!-----tl U(VI} 

Cd(IIJ 
Sr(IIJ 
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pH 

Fig. 4 Variation of %R as a function of pH in MEUF experiments with 
Triton X-100/ PAS-C8 aggregates. Surfactant concentration, 0.02 mol I- 1; 

ligand concentration, 0.7 mmol I-1 and metal concentration, 0.07 
mmoii- 1• 
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tion performance. In fact, only a smooth decrease of the 
separation factors with n is observe~. . 

A limited increase in R (%) m multi-step ultrafiltrat10ns could 
be expected as a consequence of some surfactant (and liga~d) 
accumulation at the membrane due to moderate adsorption 
effects. Moreover, an increase in retention as a consequence of 
the increased ligand-to-metal ratio in each consecutive step is 
also predictable, in particular for those metals which are only 
partially complexed. These unfavourable effects, wh~ch can be 
minimized only in the presence of a large excess of hgand and/ 
or when the complex formation is quantitative, are probably 
operating in the system under investigation. It is in fac.t difficult 
to increase the ligand concentration in the system owmg to the 
low solubility of such hydrophobic compounds. . . . 

Taking into account that most real wastes are ac1d1c solutiOns, 
an ultrafiltration treatment performed at lower pH values 
should, in principle, be preferable. However, at lower _PH 
values, the rejection of the target analyte rapid!y decrease~ (1t ~s 
about 22% at pH 3). For this reason, an efficient separatiOn IS 

not feasible under these conditions and the use of other 
chelating agents was examined. 

Ultraflltrations With PAN-C. Mixed Aggregates 

It is known that the ligand PAN has the tendency to fom;t mo;~ 
stable complexes than salicylate w1th most metal 10ns. 
Previous studies on transition metals21 indicated that PAN-C4 
and PAN-C8 are quantitatively bound to Triton X-100 ag­
gregates, whereas the unsubstituted liga.nd PAN is partitio~ed. 
In particular, the more soluble PAN-C4 hgand was chosen smce 
its corresponding K8 is high enough (2300 I mol- 1) to ensure 
negligible leakage into the permeate and, moreover, the 
complex formation is faster. 

Individual MEUF experiments 

Most individual ultrafiltrations were performed on aqueous 
solutions containing I X I0-4 moii-1 of each metal ion ~d I 
x J0-3 mo]]-1 of each ligand dissolved in 0.04 moii-1 Tnton 
X-1 00. Ultrafiltrations performed at pH 3 showed that the 
uranyl accumulation in the retentate is in the range 92-9~%, 
increasing as expected with increasing ligand hydrophobiCity. 
Fig. 5 shows the variation of %R with pH for uv', Cd" and 
Sr". 

It can be seen that an almost quantitative recovery of Uv' 
(99%) from these aqueous acid samples is possible after a sin~le 
ultrafiltration step, at pH 5, using PAN-C8• The ultrafiltratiOn 
yield is only slightly lower when PAN-C4 . is ~se~. The 
separation of uranyl from Sr" and Cd" appears, m prmc•ple, to 
be feasible at pH 3 using PAN-C4 . All the mvestlgated mixtures 
were therefore successively treated with chelating micelles 
containing the above ligand. 

Table 3 Ultrafiltration of ternary mixtures of uv', Cd" and Sr" using PAS­
C,-Triton X-100 mixed micelles at pH 5 

Parameter Step l Step 2 Step 3 

Ruranyl 91 92 95 
Turanyl 0.93 0.86 0.83 
Rsr 19 36 71 
rsr 0.33 0.15 O.ll 
Reu 27 75 85 
red 0.39 0.31 0.27 
Ssr/ur.myl 0.35 0.18 0.14 
Sed/uranyl 0.42 0.36 0.33 

Stoichiometry of the uv'-PAN-C. complexes 

The formation of highly hydrophobic uncharged chelates is 
preferred in MEUF-based separations with non-ionic host 
aggregates.l4 Since the stoichiometry of the '!'eta! chelat~s c~ 
vary on passing from homogeneous to micellar med1a, 1ts 
determination under the working conditions is often necessary. 
In this work, the stoichiometry of the retained uranyl complexes 
was determined (at pH 3) using the Job method. It was found 
that zero-charge 2: I ligand-metal complexes are formed with 
both PAN-C4 and PAN-C8 compounds, thus ensuring a strong 
binding of these species to the micelles. 

Ultrafiltration of uranyl-containing binary mixtures 

The results obtained with binary mixtures are shown in Fig. 6, 
where the evolution of the corresponding separation factors 
with the number of successive ultrafiltration steps is reported. 
After four steps, only about 4% of the Sr" initially present in the 
feed solution is still present in the retentate phase, whereas the 
separation from Cd" is even better (approximately I% of the 
initial amount). 

Ultrafiltration of ternary mixtures 

The rejection factors determined in these mixtures are different 
from those measured in the presence of a single component or 
in binary systems. In particular, a relevant increase in rejection 

100 t.:--·---- • '!!!-----------~ 
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Fig. S Effect of pH on metal rejection using Triton X-100/PAN­
C4 aggregates. Surfactant concentration, 0.04 moll- 1; hgand conce~trallOn, 
1 mmoll- 1; and metal concentration, 0.1 mmoll-1 . The uranyl rejections 
measured in the presence of PAN (curve l) and PAN-Cs (curve 2) are also 
shown. 
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Fig. 6 Variation of the separation factor between uranyl and the undesired 
components in binary mixtures as a function of the number of UF steps. l , 
Ssrturanyl; 2, Sed/uranyl· Other conditions: as in Fig. 5. 



with n is observed for Cd11 in ternary mixtures (see Table 4), 
whereas for uranyl and Sr" the rejection data for binary and 
ternary mixtures are comparable. 

From examination of the above results, the separation of 
uranyl from both Sr" and Cd", at pH 3, appears feasible. After 
three ultrafiltrations Ssrturanyl and SCd/uranyl were decreased to 
approximately 0.1, whereas less favourable separation factors 
were obtained at this stage on working with PAS-C8 at pH 5 (in 
particular, the concentration of residual cadmium in the 
retentate was about three times higher). 

Conclusions 

The present experimental data indicate that preconcentration of 
uranyl ions at trace levels from dilute aqueous samples can be 
performed by MEUF using moderate amounts of cheap and safe 
surfactants (concentration range 10-25 g 1-1) and small 
amounts of hydrophobic ligands (0.2-D.3 g 1-1) readily 
obtained from common chelating compounds. Handling of 
larger amounts of more dangerous and usually toxic organic 
solvents is usually required when standard liquid-liquid 
extraction procedures are applied. Quantitative recovery of uv• 
is possible, after two consecutive steps, using either PAS-C8 or 
PAN-C4 ligands at pH 5-6. The present performances are better 
than those obtained previously using the same method, but 
working with more complex chelating agents and in the 
presence of auxiliary ligands.'7 

The separation of uranyl from other metals is also possible by 
exploiting the same approach. In particular, the use of PAN-C. 
compounds allows a better separation of the target analyte from 
Sr" and from Cd", present at the same initial concentrations in 
aqueous acid samples. 

Financial support from CNR and MURST (Rome) is gratefully 
acknowledged. 

Table 4 Ultrafiltration of ternary mixtures of U", Sr" and Cd" using PAN­
c.-Triton X-100 mixed micelles at pH 3 

Parameter Step I Step 2 Step 3 

Ruranyl 94 94 95 
ruranyl 0.95 0.90 0.87 
Rs, 30 34 39 
rs, 0.41 0.19 0.09 
RCd 24 32 48 
rCd 0.36 0.16 0.09 
Ssr/uranyl 0.43 0.20 0.10 
Sed/uranyl 0.38 0.17 0.10 
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Lead Isotopic Analyses of NIST Standard 
Reference Materials Using Multiple Collector 
Inductively Coupled Plasma Mass 
Spectrometry Coupled With a Modified 
External Correction Method for Mass 
Discrimination Effect 

Takafumi Hirata 

Laboratory for Planetary Sciences, Tokyo Institute of Technology, 0-0kayama 
2-12-1, Meguro, Tokyo 152, Japan 

A correction method for the mass discrimination effect 
was developed for isotopic analyses using multiple 
collector inductively coupled plasma mass spectrometry 
(MC-ICP-MS). For Pb isotopic analysis using 
MC-ICP-MS, the correction factor for the mass 
discrimination effect on Pb is based on the addition of Tl 
to the sample solution and measurement of Tl isotopic 
ratios; the correction factor obtained using Tl is directly 
applied to the Pb isotopes (conventional external 
correction). However, the series of measurements of 
discrimination factors for several elements, including Rb, 
Sr, Ru, Nd, Hf, Re, Os, Tl and Pb (mass range 80-210 u), 
clearly reveal that the mass discrimination factors 
observed using MC-ICP-MS were a linear function of 
mass, suggesting that the correction factors observed 
using Tl isotopes were not exactly identical with those for 
Pb isotopes. Therefore, the correction factors obtained 
with Tl isotopes should be corrected for mass, and then 
applied to the Pb isotopes. The resultant Pb isotopic ratios 
for NIST Standard Reference Materials show excellent 
agreement (within 0.03% for 206Pb/204Pb and 20 ppm for 
207Pb/206Pb) with the data obtained by the thermal 
ionization mass spectrometry. The correction method 
presented clearly demonstrates the wide versatility of the 
external correction technique for the precise isotopic 
analysis using MC-ICP-MS. The possible cause of the 
'exceptionally large' mass discrimination effect observed 
for Ru and Os is discussed. 

Keywords: Inductively coupled plasma mass spectrometry; 
multiple collector; isotopic ratio measurement; lead isotopes; 
mass discrimination 

Introduction 

Mass spectrometry using an inductively coupled plasma as an 
ion source (ICP-MS) is now accepted as a versatile analytical 
technique for elemental and isotopic analyses.' ICP-MS had 
been most frequently utilized as a tool for sensitive elemental 
analysis, since the precision of the isotope abundance ratio 
achieved by the present quadrupole analyser-based ICP-MS 
(ICP-QMS) is not always sufficient for geological dating and 
determining nuclear properties. 2-4 It has been suggested that the 
precision and accuracy of the isotopic ratio measurement 
achieved by ICP-QMS are severely restricted by the lack of 
detector linearity, background contributions and/or ·the mass 
discrimination effect.4 To date, thermal ionization mass spec-

trometry (TJMS) has been accepted as a 'benchmark' technique 
for isotopic analyses. However, TIMS is time consuming and 
often requires higher levels of chemistry skills. Furthermore, the 
accuracy of TIMS analysis is limited by a time-dependent 
sample fractionation effect. Thus, although the high precision 
and accuracy of isotope ratio measurements can be achieved by 
TIMS, its utility has been restricted. 

Recently, the measurement of isotope ratios by multiple 
collector inductively coupled plasma mass spectrometry (MC­
ICP-MS) has been described.5-l2 Multiple collectors allow each 
isotope to be monitored simultaneously, thus removing signal 
instability as a limitation on analytical precision. Furthermore, 
when using Faraday cups as ion detectors, the analogue 
detection mode can offer a better dynamic range and precision 
than the high-gain pulse counting mode. Isotope abundances for 
several elements including Nd,s Mo,9 Sn,9 Te,9 Hf,S,IO W,9.11.12 
Pb6-8 and U6.l3 by MC-ICP-MS have been reported. Typical 
RSDs of 0.005-D.O I% (2o) could be achieved by this technique 
and the levels of analytical precision and accuracy achieved by 
MC-ICP-MS were comparable to those exhibited by TIMS. 
However, in the MC-JCP-MS measurement, correction of the 
mass discrimination effect is strongly required for accurate 
isotopic analysis, since the correction factors for mass discrim­
ination effects observed in MC-ICP-MS are typically larger 
than those observed in TIMS. Several processes are considered 
to contribute to the mass discrimination effect, including the 
space-<:harge effect in the plasma or vacuum interface re­
gions. 14 The space-<:harge effect results in the preferential 
transmission of the heavier ions. A typical mass discrimination 
effect for Pb observed in MC-JCP-MS is I% u- 1, but is 
independent of time. This is in contrast to TIMS, which exhibit 
a time-dependent isotope fractionation effect. 

An external correction method for the mass discrimination 
effect is very important for improving the accuracy of the 
measurement, because the external correction method can 
remove the need for the analysis of calibrated isotopic standards 
for the corrections. 1S.I6 Taylor et afU examined the correction 
method for the mass discrimination effect by means of a set of 
synthetic uranium isotope mixtures, and they concluded that a 
power law and exponential function result in the best correc­
tion. 

The aim of this work was to investigate the mass discrimina­
tion effect observed for MC-ICP-MS by measuring various 
elements, including Rb, Sr, Ru, Nd, Hf, Re, Os, Tl and Pb, and 
to develop a correction method for the mass discrimination 
effect for Pb. Superior levels of precision and accuracy of the 
lead isotopic data could be achieved with the present correction 
method. 
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Experimental 

Instrumentation 

The MC-ICP-MS instrument used was a VG Elemental 
(Winsford, Cheshire, UK) Elemental Analysis. Pla_sma-54. 
Details of the instrument and the parameters are gtven m Table 
1. Sample solutions were allowed to aspirate freely into the 
plasma via a glass expansion nebulizer. Operatin~ conditions 
such as torch position, argon gas flow rate, ton energy, 
extraction voltage and quadrupole lens settings were tuned to 
maximize the transmission of analyte signals. The sampling and 
skimmer cones were both held at 5900 V, which provides the 
acceleration potential for the analyte ions as they enter the 
forward-arranged double-focused mass spectrometer. The mass 
spectrometer achieved a 540 mm dispersion an~ _incorporated 
nine adjustable Faraday collector~. Th7 pos~t10n of 7~ch 
Faraday collector was adjusted to SUit the tsotoptc composttlon 
of each analyte as appropriate. Faraday cups and electrometers 
with JOII Q feedback resistors were used to measure each 
isotopes. The gain of the preamplifier associated with ea~h 
Faraday collector was calibrated with respect to the axtal 
(central) collector. No correction for collection efficiency was 
made. 

Table liCP-MS inslrumentation and parameters used in this study 

MC-ICP-MS instrument­
YO Elemental Plasma-54 

ICP ion source-
!CP 
Power 

Argon gas flow rates­
Cooling 
Auxiliary 
Nebulizer 
Sample injection 
Solution uptake rate 
Spray chamber temp. 

Vacuum interface­
Sampling cone 
Skimmer cone 
Pressure 
Quadrupole lens housing 
ESA housing 
Analyser tubing 

Lens setting­
ion energy 
Extraction 

Mass spectrometer­
Resolution 
Analysis mode 
Ion detection 
TYPical transmission 

Signal acquisition-
Integration time 
Scan settled lime 

Standardization and correction­
Mass discrimination Calc. 
Normalization value-

85Rbf'l7Rb 
••Sri"8Sr 
99Ruf'02Ru 
t46Nd/'44Nd 
t79Hff'77Hf 
18SRef187Re 
188Qsi'•2Qs 
20S11f203TJ 

207Pbf206Pb 

27.12 MHz 
1.35 kW forward, < 20 W 

reflection 

13lmin-• 
0.5-1 I min-t 
0.881 min- 1 

Glass expansion nebulizer 
0.6 ml min- 1 (not pumped) 
4°C 

Ni, I mm orifice 
Ni, 0.5 mm orifice 

4 X I0-2 Pa 
2 X J0-7 Pa 
2 x to-• Pa 

5900 v 
3800-4100 v 

400 (5% height) 
Static 
Analogue by Faraday 
1.2-1.5 v (l'g g-l)-l 

5 s 
5 s 

Power Law 

2.5927 (ref. 18) 
0.1194 (NIST value, ref. I 0) 
0.4042 (ref. 19) 
0.7219 (ref. 20) 
0.7325 (ref. 21) 
0.5974 (ref. 22) 
0.3244 (ref. 23) 
2.3871 (ref. 24) 
0.914 64 (NIST value, ref. 18) 

Data Acquisition 

All measurements were carried out in the static mode. Each 
sample was analysed for 300 s and the analysis period consisted 
of 20 measurements, each of 5 s duration. The typical sample 
up-take rate was 0.6 ml min-•; a peristaltic pump was not 
used. 

Chemicals 

NIST SRMs 981 and 982 were selected for Pb isotopic 
measurements. Each SRM was dissolved in dilute HN03 
(approximately 0.5 moiJ-1) at 80 °C for over 12 h in a Savilex 
PTFE bomb. The resultant solution was then diluted to 1000 
Jlg g-1 using Milli-Q SP water and was used as a stock standard 
solution. In the Sr isotopic study, NIST SRM 987 Sr was used 
for the measurement. Strontium reference material (SrC03) was 
dissolved in concentrated HN03 for I h and then diluted to 
1000 Jlg g-1 as a stock standard solution. Nitric acid used for t~e 
dissolution was commercially available superclean ac1d 
(TAMAPURE AA-100 HN03), which was purified by sub­
boiling distillation. Each stock standard solution was diluted to 
a concentration of 2 Jlg g-1 for the actual measurement. The Rb 
analytical solution used in this study was diluted from a C~ca­
Merck atomic absorption standard (I 000 Jlg g- 1 ). Analytical 
solutions for Ru, Nd, Hf, Re, Os and Tl were diluted fr?m 
Johnson Matthey Specpure ICP/DCP standard solution 
(1000 Jlg g-1). 

Results and Discussion 

Lead Isotopic Analysis 

As mentioned in the previous section, the mass discrimination 
effect observed in ICP-MS is mainly caused by the space­
charge effect within plasma and vacuum interface regions. 
Taylor et a/.13 examined the correction method fo! the mass 
discrimination effect by means of a set of synthetic uranmm 
isotope mixtures, and concluded that a power law and 
exponential function result in the best correction. In this study, 
the power law method was applied for the cal~ulations. The 
following equation has been shown to predict the mass 
discrimination bias: 

Rcorr = Rmeas (I + C)bm (I) 

where Rcorr = corrected isotopic ratio, Rmeas = measured ratio, 
C = bias factor and bm = mass difference. 

Longerich et al.'5 and Ketterer et a/.16 have demonstrated 
that thallium can be used as an isotopic calibration standard for 
the mass discrimination correction for Pb (external correction). 
Comparison of the observed Tl isotopic ratio with the true ratio 
allows the calculation of the discrimination factor (C) and hence 
a simultaneous correction for mass discrimination exhibited by 
the lead isotopes. Walder and co-workers5- 11 applied this 
correction technique to MC-ICP-MS and achieved RSDs of 
0.005-0.01%. Because the external correction method can 
remove the need for the analysis of calibrated isotopic standard 
for the corrections, an external correction method for the mass 
discrimination effect is very important for improving the 
accuracy of the measurements and sample throughput. Table 2 
summarizes the isotopic data (208Pbf204Pb, 206Pbf204Pb, 208Pb/ 
206Pb and 207Pbf206Pb) for NIST SRM 981. Lead isotopic data 
reported by Walder et al.8 are also given. The magnitude of the 
mass bias (C) was typically between 0.0090 and 0.0110 
throughout this measurement. As can be seen from these results, 
after correction for the mass discrimination effect using the Tl 
external power law, the mean isotopic data obtained here show 
good agreement with the data obtained by MC-ICP-MS 
reported by Walder et al.8 However, scrutiny of the data rev~als 
that Pb isotopic data obtained by MC-ICP-MS appear to devmte 



from the NIST certified value.17 It should be noted that not only 
the present data but also the Pb isotopic data reported by Walder 
et a/. 8 were found to be systematically lower than the certified 
value. For the 208Pbf204Pb ratio, the present MC-ICP-MS value 
(36.642 ± 0.020) agrees with that reported by Walder et a/.8 
(36.691 ± 0.0 15), whereas the Pb isotopic ratio obtained by MC­
ICP-MS clearly disagreed with the value certified by NIST 
(36.721 ± 0.036). This disagreement has been noted and 
discussed by Walder et a/.8 The most plausible explanation for 
the systematic difference between the MC-ICP-MS result and 
the NIST certified value is that mass discrimination effect is not 
effectively corrected by Tl. In order to test this, the discrimina­
tion factors calculated using Tl and Pb isotopes were directly 
compared. The resultant discrimination factors calculated from 
203T!f205Tt ratios were plotted against the discrimination factors 
calculated from the Pb isotopic data assuming that the 207 f206Pb 
ratio for NIST 981 is 0.914 64. As can be seen in Fig. 1, 
although the mass discrimination factors calculated using 203TlJ 
zosTl and using 207Pbf206Pb ratios were closely correlated, it is 
evident that almost all the data points were plotted system­
atically above the I : 1 correlation line. This can be understood 
as reflecting a systematic difference in discrimination factors 
between Pb and Tl. Following the comparison of the mass 
discrimination factors for Tl and Pb, discrimination factors for 
other elements covering a wider mass range (80-210 u) were 
measured in order to test the possible relationship between mass 
discrimination effect and mass. 

Discrimination factors for Rb, Sr, Ru, Nd, Hf, Re, Os, Tl and 
Pb were measured and are summarized in Table 3. The power 
law as defined in eqn. (1) was used for the calculation. The 
resultant discrimination factors calculated for these elements 
were plotted against the intermediate mass of the monitored 
isotopes of each elements (Rb, 86; Sr, 87; Ru, 100.5; Nd, 145; 
Hf, 178; Re, 186; Os, 190; Tl, 204; and Pb 206.5) as shown in 
Fig. 2. As can be seen, seven points for Rb, Sr, Nd, Hf, Re, Tl 
and Pb fall close to a straight line, showing a clear dependence 
of discrimination factors on mass (discrimination factors for Ru 

Table 2 lead isotopic ratios for NIST SRM 981 corrected for the mass 
discrimination effect by the conventional thallium external method. Errors 
are 2o. Normalization 20STJf203TJ = 2.3871 (ref. 24) 

Run No. 208Pbf204Pb 2oopbf204Pb 2ospbf206Pb 207Pbf206Pb 

1 36.625 16.927 2.1637 0.91433 
(n=lOO) ±0.009 ±0.004 ±0.0002 ±0.00003 

2 36.636 16.925 2.1646 0.91431 
(n= 100) ±0.007 ±0.003 ±0.0001 ±0.00003 

3 36.663 16.937 2.1648 0.91435 
(n= !00) ±0.009 ±0.004 ±0.0001 ±0.00003 

4 36.645 16.929 2.1646 0.91432 
(n= 100) ±0.007 ±0.003 ±0.0001 ±0.00003 

5 36.639 16.925 2.1649 0.91431 
(n= 100) ±0.004 ±0.001 ±0.0001 ±0.00002 

6 36.640 16.927 2.1649 0.91432 
(n= 100) ±0.004 ±0.002 ±0.0001 ±0.00002 

7 36.644 16.925 2.1649 0.91432 
(n=IOO) ±0.006 ±0.002 ±0.0001 ±0.00002 

8 36.638 16.922 2.1651 0.91434 
(n= 100) ±0.004 ±0.002 ±0.0001 ±0.00002 

Average 36.642 16.9271 2.16469 0.914325 
s (2o) 0.020 0.0090 0.00086 0.000028 
RSD(%) 0.055 0.053 0.040 0.0031 

Walder et a/.8 36.691 16.937 2.1662 0.91411 
±0.015 ±0.008 ±0.0002 ±0.00021 

NIST value 36.721 16.937 2.1681 0.91464 
±0.036 ±0.011 ±0.0008 ±0.00033 
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and Os appear to deviate from this line; the possible cause of 
this deviation will be discussed later). The slope and intercept 
can be calculated from the straight line drawn by the least­
squares method with respect to the points for Rb, Sr, Nd, Hf, Re, 
Tl and Pb, as shown in Fig. 2. The resultant relationship 
between bias factors and mass is 

C = -1.329 X J0-4 m + 1.0356 (2) 

where C and m are the discrimination factor and intermediate 
mass of the monitored isotopes, respectively. The relationship 
between the mass discrimination factors and the mass reveals 
that the mass discrimination effects for lighter elements are 
more serious than those for heavier elements. Eqn. (2) also 
demonstrates clearly that the correction factors for the mass 

f) 
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Bias Factor Calculated by Lead Isotopes 
(Power Law Correction using ""Pb / 201Pb) 

Fig. 1 Mass discrimination factors calculated using Tl and Pb isotopic 
ratios. Discrimination factors were calculated by the power law function. 
Normalized values for T1 and Pb are 205Tif203Tl = 2.3871 (ref. 24) and 
207Pbf206Pb = 0.914 64 (NIST value), respectively. Error bars represent the 
standard deviation (2o) on 60 repeated ratio measurements. Although 
discrimination factors calculated by using Tl are closely correlated with 
those calculated using Pb, it is evident that all the points lie above the I : 1 
correlation line. 

Table 3 Summary of the discrimination factors for Rb, Sr, Ru, Nd, Hf, Re, 
Os, Tl and Pb. Errors are 2o 

Element Monitored ratio* Bias factort 

Rubidium "'Rbi'17Rb 1.0243 
±0.0002 

Strontium 86Sri"8Sr 1.0239 
±0.0012 

Ruthenium 99Ruf'02Ru 1.0277 
±0.0002 

Neodymium 146Ndf'«Nd 1.0161 
±0.0002 

Hafnium 119Hff177Hf 1.0116 
±0.0004 

Rhenium '"'Re/'"7Re 1.0117 
±0.0001 

Osmium '""Osf'92()s 1.0124 
±0.0002 

Thallium 205Tif203Tl 1.0083 
±0.0032 

Lead 207Pbf206Pb 1.0080 
±0.0032 

• Normalization: Rb (ref. 18), Sr (NIST value, ref. 10), Ru (ref. 19), 
Nd (ref. 20), Hf(ref. 21), Re (ref. 22), Os (ref. 23), Th (ref. 24), Pb (NIST 
value, ref. 17). t Calculated by power law (average of five sets of repeated 
analyses). 
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discrimination effect for Pb can be different from that for Tl, 
because the intermediate mass for 207Pb(206Pb (m = 206.5) is 
heavier than that for 20ST(f203Tl (m = 204). Therefore, in order 
to obtain further accurate Pb isotopic data using the external 
correction method, correction factors calculated using Tl 
isotopes should be corrected for mass dependence prior to the 
collection of mass discrimination data on Pb. In this study, we 
calculated the difference in mass discrimination factors between 
Tl and Pb using a relationship defined by eqn. (2): 

C.,/CTI = ( -1.329 X 10-4 X (206.5) + 1.0356)/ 
[ -1.329 X 10-4 X (204) + 1.0356] (3) 

where CPb and Cn are the discrimination factors for Pb and Tl, 
respectively. Cn can be obtained by measuring Tl isotopic 
ratios and CPb can be calculated from the CT1 using eqn. (3), and 
then C Pb is used as a correction factor for Pb. The resultant Pb 
isotopic ratio data (208Pb(204Pb, 206Pbf204Pb, 20HPbf206Pb and 
207Pbf206Pb) observed for NIST SRM 981 are summarized in 
Table 4 and the repeated determination of the 207Pb(206Pb ratio 
is shown in Fig. 3. The 207Pb(206Pb isotopic ratio calculated by 

1.03 Ru +3 
0 

75 100 125 150 175 200 225 
Mass (u) 

! 
c 
0 

I 

Fig. 2 Dependence of the mass discrimination factors on mass. Mass 
discrimination factors for Rb, Sr, Ru, Nd, Hf, Re, Os, n and Pb were 
calculated and plotted against intermediate mass of measured isotopes of 
each element: Rb, 86; Sr, 87; Ru, 100.5; Nd, 145; Hf, 178; Re, 186; Os, 190; 
TI, 204; Pb 206.5. The power was used for the calculation. The points for Sr. 
Nd, Hf, Re, Tl and Pb fall close to a straight line, showing a clear 
dependence of discrimination factors on mass. The discrimination factors 
for Ru and Os appear to deviate from this line (the possible cause of the 
deviations is discussed in the text). 

Table 4 Lead isotopic ratios for NJST SRM 98 1 corrected for the mass 
discrimination effect by the mass-corrected thallium external method. 
Errors are 2o. Normalization: 2D5Ttf2D'Tl = 2.3871 (ref. 24) 

Run No. '"'Pbf204Pb 2<l6Pbf204Pb 208PbP"•Pb 207Pbf206Pb 

I 36.664 16.931 2.1654 0.91463 
(n= 100) ±0.009 ±0.004 ±0.0002 ±0.00003 

2 36.675 16.929 2.1663 0.91461 
(n= 100) ±0.007 ±0.003 ±0.0001 ±0.00003 

3 36.702 16.941 2.1665 0.91465 
(11= 100) ±0.009 ±0.004 ±0.0001 ±0.00003 

4 36.684 16.933 2.1 663 0.91462 
(11= 100) ±0.007 ±0.003 ±0.0001 ±0.()()()()3 

5 36.678 16.929 2.1666 0.91462 
(n= 100) ±0.004 ±0.001 ±0.0001 ±0.()()()()2 

6 36.679 16.931 2.1666 0.91459 
(n= 100) ±0.004 ±0.002 ±0.0001 ±0.00002 

7 36.683 16.929 2.1666 0.91462 
(11= 100) ±0.006 ±0.002 ±0.0001 ±0.00002 

8 36.677 16.926 2.1668 0.91464 
(n= 100) ±0.004 ±0.002 ±0.0001 ±0.00002 

Average 36.680 16.9311 2.16636 0.914623 
s (20) 0.02 1 0.0090 0.00082 0.000037 
RSD(%) 0.058 0.053 0.038 0.0040 

NlST value 36.721 16.937 2.1681 0.91464 
±0.036 ±0.011 ±0.0008 ±0.00033 

the conventional external Tl correction technique is also shown 
in Fig. 3. The relative deviations of the Pb data corrected by the 
conventional Tl external method and mass-corrected Tl external 
method developed here are about -0.04% and -0.002%, 
respectively, showing a substantial improvement in the accu­
racy of the measurement. Lead isotopic data observed for NIST 
SRM 982 (equal atom, 20HPb(206Pb = I) are summarized in 
Table 5. All the Pb isotopic data for NIST SRM 981 and 982 
show excellent agreement with the certified values. 

Fractionations of Ruthenium and Osmium 

As can be seen in Fig. 2, the discrimination factors for Ru and 
Os appear to deviate from the line defined by the six points for 
Rb, Sr, Nd, Hf, Re, Tl and Pb. The most plausible explanation 
for this is that the normalization values used for Ru and Os are 
incorrect. For Ru, two different normalization values have been 
independently proposed for the isotopic study of Ru. The 
calculated discrimination factors for Ru based on each normal­
ization value are 1.0277 (96Rufl02Ru = 0.4042'9) and 1.0285 
(96Ruf101 Ru = 0.324 85 j25), and both values are significantly 

0.9148 r--,.-,........,.-,.......,.-...... ...,.-...... ....,. 
0.9147 

Errors are 2-s/gma. 
A 

0.9146 ····y-·· ·Q····•· ·· -<,> ··· -Q ··· ·¢ ··· -Q-·--- .... 

0.9145 

0.9144 

o .9143 ·---¢---·¢·--·¢--·"¢--· -o·---o---o·--0 --·· 

0.9142 L-...t.-.i-.....1.-.i-.....1.-..1........1-.... .....1 

Fig. 3 Comparison of observed 2°7Pbf206Pb ratios for NIST SRM 981 
using conventional Tl external correction and mass-corrected Tl external 
correction techniques. The relative deviation of the Pb isotopic data 
corrected by the conventional Tl external method and mass-corrected Tl 
external method are about - 0.04% and - 0.002%, respectively, showing a 
substantial improvement in the accuracy of the measurement by using the 
present external correction technique. 

Table 5 Lead isotopic ratios for NIST SRM 982 corrected for the mass 
discrimination effect by the mass-corrected thallium external method. 
Errors are 2o. Normalization: 2°5TIP0 'TI = 2.3871 (ref. 24) 

Run No. zo•pbf204Pb 206Pbf2D4Pb 208Pbf206Pb 207Pbf206Pb 

I 36.723 36.726 0.9990 0.46704 
(n=60) ±0.006 ±0.006 ±0.00004 ±0.00001 

2 36.696 36.699 0.99989 0.46704 
(n=60) ±0.006 ±0.005 ±0.00005 ±0.0000 1 

3 36.710 36.720 0.99979 0.46699 
(11=60) ±0.006 ±0.005 ±0.()()()()5 ±0.()()()()1 

4 36.693 36.693 0.99992 0.46707 
(11=60) ±0.006 ±0.005 ±0.()()()()5 ±0.00001 

5 36.693 36.696 0.99984 0.46704 
(n=60) ±0.006 ±0.005 ±0.()()()()5 ±0.()()()()2 

6 36.719 36.725 0.99985 0.46701 
(n=60) ±0.006 ±0.005 ±0.00005 ±0.00001 

7 36.715 36.722 0.99984 0.46702 
(11=60) ±0.007 ±0.005 ±0.00008 ±0.00002 

8 36.704 36.711 0.99986 0.46701 
(n =60) ±0.004 ±0.003 ±0.00007 ±0.00002 

Average 36.707 36.712 0.99986 0.46703 
s (2o) 0.024 0.027 0.00008 0.00005 
RSD(%) 0.066 0.074 0.0080 O.ot05 

NIST value 36.745 36.739 1.00016 0.46707 
±0.039 ±0.036 ±0.00036 ±0.00020 



above the line defined by Rb, Sr, Nd, Hf, Re, Tl and Pb. For Os, 
the normalization value of t88Qsf192Qs = 0.324423 applied in 
this study has been widely used as a 'golden number' for the Os 
isotopic study (e .g., refs. 23-28), and therefore it is very 
difficult to test the accuracy of the normalization value. Masuda 
et al.29 determined Os isotopic abundances by means of a 
comparison of the isotopic sensitivity for each Os isotope and 
reported a tssosJI92Qs value of 0.3237 ± 0.0005 (Os04 

purchased from Strem Chern. Inc.), showing good agreement 
with the ratio reported by Nier. 23 It should be noted that there 
still remains a small gap between the discrimination factors for 
Os calculated by the normalization value reported by Masuda 
et al.29 and the line defined by other elements. Furthermore, for 
the TIMS analyses, since the typical discrimination factors 
observed for heavy isotopes ( > 100 u) should be smaller that 
0.1% u-t, the possible uncertainty for the normalized value for 
Os could be considered to be less than 0.1-0.2%, and therefore 
the deviation of the Os discrimination factors from the line 
defined by Sr, Nd, Hf, Re, Tl and Pb might not be caused by the 
uncertainty of the normalization value. Hence, we are led to an 
inference that the mass discrimination effects for Ru and Os 
isotopes are significantly larger than those for other elements. 

The remarkably high mass discrimination effect for Ru and 
Os might be explained by their unique physico-chemical 
features. Ru and Os easily form tetraoxides (Ru04 and Os04 ) , 

both of which are highly volatile. In fact, the chemical forms of 
Ru and Os used for the series of measurements were Ru04 and 
Os04• Because Ru04 and Os04 begin to sublime even below 
the boiling-point of water (solution mist), in the case of these 
elements isotopic fractional evaporation from the sample mist 
can take place in the plasma, suggesting that the volatile oxides 
(Ru04 and Os04) enriched in the lighter isotopes should be 
evaporated and exposed to Ar+ at an earlier stage of atomization 
or ionization process compared with the oxides enriched in 
heavier isotopes. This results in preferential ionization of lighter 
isotopes in the plasma. As a result, lighter isotopes could have 
more seriously suffered from spac~harge effects in the 
plasma, and hence the mass fractionation effects observed for 
Ru and Os were exceptionally larger than those for other 
elements examined in this study. However, this inference is 
open to the possibility that the normalization values for Ru and 
Os might not be accurate enough. In order to draw firm 
conclusions on this matter, measurement of discrimination 
factors using a double spike technique is strongly desirable. 

The main conclusion of this study is that the correction biases 
for the mass discrimination effect observed for MC-ICP-MS 
were well correlated with mass, and when the bias factor for Tl 
was corrected by mass, the external correction technique could 
provide much more accurate Pb isotopic data compared than 
data calculated by the conventional Tl external correction 
method. The resultant Pb isotopic data (207Pbf206Pb) observed 
for two NIST SRMs show excellent agreement with the 
certified values. The ability to correct for the mass discrimina­
tion effect allows precision and accuracy of isotope ratios 
comparable to those given by TIMS. 
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Determination of Lead in Soil Samples by 
In-valve Solid-phase Extraction-Flow Injection 
Flame Atomic Absorption Spectrometry 
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a Mineral Resources Region 3 (Chiang Mai), Chiang Mai 50200, Thailand 
h lnstitut fiir Nuk/ear Enrsorgungstechnik, Forschungszenrrum Karlsruhe , 
Posrfach 3640, D-76021 Karlsruhe , Germany 
c Department of Chemistry, Faculty of Science, Chiang Mai University, Chiang 
Mai 502000, Thailand 

Solid-phase extraction (SPE) using an immobilized crown 
ether as an extractant was applied to the flow injection 
F AAS determination of Pb" with in-valve minicolumn 
preconcentration and separation. Lead(n) was first loaded 
on to a column filled with the crown ether resin from a 
nitric acid solution (0.8-2.0 mol dm- 3). Among the eluents 
studied (oxalic acid, ammonium oxalate, citric acid, 
sodium citrate and tartaric acid), 0.05 mol dm- 3 
ammonium oxalate was found to be most suitable. 
Calibration was made either by variation of the 
preconcentration time (using a single standard) or by 
using standard solutions of different concentrations. The 
detection limit (3a) was found to be 0.08 11g of Pb and an 
RSD of 4.1% was achieved for 0.8 f.lg of Pb" (n = 15). An 
upper limit for the working range of 5 11g of Pb" per 
sample was found. Interferences of cationic and anionic 
sample components were found to be negligible. 
Application to the determination of Pb" in digested soil 
samples is described and the method was validated by 
using certified reference materials. 

Keywords: Solid-phase extraction; flame atomic abs01ption 
spectrometry; crown ether; flow injection; lead; soil. 

Introduction 

Lead belongs to those trace heavy metals which are of major 
interest in env ironmental protection owing to its cumulative 
toxicity. Lead is st ill emitted into the biosphere in considerable 
amounts owing to its application as a fuel additive.' Various 
analyt ical techniques are available for monitoring Pb" concen­
trations in environmental matrices. For analyses at concentra­
tions in the ftg kg- ' or ftg dm-3 range, ETAAS2 and, more 
recently , JCP-MS3.4 have been successfull y applied, although 
both techniques suffer from their sensitivity to matrix interfer­
ences due to the high solid concentration in the sample. 
Spectrophotometric methods5·6 and ion chromatography 7 re­
quire prior preconcentration steps, owing to their insufficient 
sensitivity. The same holds for the less sensitive atomic 
spectrometric techniques ICP-AES and FAAS. The latter 
technique, al though relatively old, still offers advantages over 
other methods in terms of cost effectiveness and sample 
throughput. The combination of preconcentration procedures 
with FAAS yields high sensitivity but is usually accompanied 
by a decrease in sample throughput, owing to the tedious and 
time-consuming sample preparation. This problem can be 
overcome by using an on-line flow injection (Fl) system for 
preconcentration and separation of the analyte from matri-

• To whom correspondence should be addressed , 

ces. 8- 20 The application of an automated Fl system increases the 
speed of the preconcentration process and add itionally de­
creases the potential of interferences caused by matrix effects, 
which are critical in trace analysis. Various methods of 
achieving preconcentration have been adapted to an Fl 
manifold, including liquid- liquid extraction, precipitation, ion 
exchange, immobilization, electrodeposition and solid-phase 
extraction.9-23 An Fl in-valve preconcentration column pro­
vides the additional advantage of offering the possibility of a 
calibration using only a single standard solution.23-25 

The use of ion-exchange and chelating resins or the sorption 
of organic complexes on reversed-phased sil ica or polystyrene 
has been applied for the preconcentration of trace ele­
ments .9·17·18·21-26 However, these procedures suffer from some 
drawbacks. First, sorption of trace metal ions usually requires 
pre-adjustment of the sample solution to an appropiate pH 
value. Depending on the chosen procedure, buffering of the 
sample solution to a certain pH value considerably higher than 
2, usually around 5, is necessary. After being pre-treated, 
sample solutions are acidic either owing to preservation, such as 
for water samples by addition of nitric acid, or because of 
digestion of soi l samples using strong acids. Hence the above­
mentioned preconcentration methods require addition of buffer­
ing reagents and consequently make sample contamination 
possible. Second, the presence of complex ing agents in the 
sample solution such as naturally occurring phosphate and 
humic substances or anthropogenic compounds such as EDT A 
could interfere with the separation by forming strong complexes 
that are not retained by the column.27 A method that allows the 
preconcentration of lead from acidic solutions could overcome 
these problems for obvious reasons: ( I) sample solutions could 
be analysed as they are after acid ic pretreatment and (2) 
interferences due to complexing agents are minimized as their 
complexation strength towards Pb" decreases at low pH 
values. 

A method for the separation of Pb" from nitric acid solutions 
has been suggested by Horwitz and co-workers,28.29 who 
developed an extraction chromatographic resin consisting of 
bis-terr-butyl-cis-dicyclohexano-18-crown-6, which is coated 
on Amberlite XAD-7 polystyrene, for the selective radio­
chemical separation of 90Sr from other radionuclides. They 
found that this resin , called Sr.Spec, also showed high 
distribution coefficients for Pb" at nitric acid concentrations 
from J0- 2 to 8 mol dm-3, even exceeding those for Sr" by a 
factor of JOL J03. Lead( II ) can be stripped from the column with 
a variety of reagents3o 

The main purpose of thi s study was to investigate the 
feasibility of the commercially available Sr. Spec res in for an F1 
procedure for on-line in-valve Pb" preconcentration and 
separation coupled to an FAAS detection system. The proce­
dure, which is cost-effective, selective, sensitive and precise, 
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was applied to digested soil samples. The accuracy of results 
was validated by analysing certified reference materials and 
comparison of the results with those obtained by ETAAS. 

Experimental 

Reagents 

Analytical-reagent grade chemicals and water purified in a 
Milli-Q system were used. HN03 (60% m/v), NH3 (30% m/v) 
and H20 2 (30% v/v) solutions (Merck, Darmstadt, Germany) 
were of Ultrapur, Suprapur and Extrapure grades, respectively. 
Standard solutions of metal ions were prepared by appropriate 
dilution of aqueous 1000 mg dm-3 stock standard solutions 
(Johnson Matthey, Wayne, PA, USA) with I mol dm-3 nitric 
acid. The eluent solution used was 0.05 mol dm-3 ammonium 
oxalate. Sr.Spec SPS (80-100 I-Illi grain diameter) was pur­
chased from Eichrom (Darien, IL, USA). 

Apparatus 

A Perkin-Elmer (Norwalk, CT, USA) AA 3300 atomic 
absorption spectrometer equipped with an air-acetylene burner, 
PC and Lab Benchtop software was operated under the 
conditions recommended by the manufacturer. The analytical 
wavelength was set at 217.0 nm. 

The minicolumn (25 mm X 3 mm id) (Omnifit, Cambridge, 
UK) was prepared by filling with the Sr.Spec resin. The two 
ends of the column were plugged with porous polyethylene frits 
(pore size 20 I-Illi) and covered with fittings for PTFE tubing (0. 7 
mm id). The column was connected with the injection valve 
rotor of a commercial FI system (FIAS 400, Perkin-Elmer, 
Uberlingen, Germany). The minicolumn was positioned to 
replace the sample loop of the valve. A microwave digester 
(1200 Mega, Milestone MLS, Riviera Beach, FL, USA) was 
used for soil sample preparation. 

Flow Manifold 

The manifold used is shown in Fig. l(a). All connections were 
made with 0.7 mm id PTFE tubing; a 25 em length of the same 

(a) 

s 

E 

w 

EW D S E 

Position 1 Position 2 

Fig. I (a) Manifold for FAAS detennination of lead by in-valve 
minicolumn preconcentration and elution. (h) Valve positions: (I) loading 
and (2) elution. S, sample solution; E, eluent; P, pump; I, injection valve; C. 
minicolumn; B, bypass; D, detector (AAS); and W, waste. 

tubing was used for coupling between the injection valve and 
the FAAS system. Operation of valve positions is depicted in 
Fig. l(b).31 Control for changing the valve position and flow 
rate for the sorption and elution steps is effected via the 
computer program Lab Benchtop. Data acquisition is also 
managed by the software. Lead(u) is sorbed on the resin by 
passing a standard or sample solution (position I) through the 
column via the ports a+ 4 and 2 + c for a desired period, while 
the eluent flows through the bypass loop to the FAAS system 
via the ports d + I and 3 + b. After switching the valve into 
position 2 for elution, the standard/sample solution flows 
through ports a+ 5 to waste while the eluent passes through the 
column via ports d + 2 and 4 + b. Lead(n) is then desorbed and 
flows to the detector. The reverse flow directions of the sample 
loading and of the elution help to prevent blockage in the 
column, which may be caused by accumulation of the resin at 
one end of the column if the loading and elution passed through 
the column in the same direction. The eluent flow rate was 
optimized to 4.0 cm3 min- 1, which was slightly higher than the 
nebulizer uptake, and gave maximum absorbances. 

Procedure 

Record a calibration curve by passing a single standard solution 
through the minicolumn at a constant flow rate of 4 cm3 min- 1 

for various time intervals (0.5-7 min) depending on the 
concentration of Pb" in the solution. Switch the valve position to 
pass the eluent stream through the column to the AAS system. 
Plot the absorbance of the transient absorbance versus the total 
amount of Pb" desorbed from the column. Treat sample 
solutions analogously and convert absorbance into mass 
concentration units using the calibration curve. 

Application to Soil Samples 

Accurately weigh 0.3 g of sample (less than 200 mesh, USS, 
dried at I 10 °C) into a digestion autoclave. Acid leach the 
sample with a mixture of 5 cm3 of concentrated HN03 and I 
cm3 of H20 2 (30% v/v) in a microwave digester at 250 W for 5 
min (to destroy the organic matter). After cooling, open the 
vessel to release the pressure and carry out the digestion for 10 
min at 500 Wand for another 5 min at 650 W. After digestion, 
filter the sample by using a syringe filter (0.45 I-Illi pore size). 
Dilute the sample to 100.0 cm3 with I mol dm-3 nitric acid. 
Store the diluted solution in a plastic bottle before analysis. This 
procedure, although satisfactory for Pb, will not be satisfactory 
for all elements. Aqua regia digestion is now prefered by most 
workers to give a 'pseudo-total' concentration of metals. 

Results and Discussion 

Optimization of Flow Rate 

In order to optimize the elution flow rate, the following 
parameters were kept constant: the flow rate for loading 
(preconcentration) (4 cm3 min-I) , the loading (or preconcen­
tration) time (I min), the concentration of the standard solution 
( 0. 1 1-1g cm- 3 Pb" in I mol dm- 3 nitric acid) and the eluting 
solution (0.05 mol dm-3 ammonium oxalate) . Fig. 2 shows 
absorbance values as a function of eluent flow rate and time 
from the start of elution to the detected peak maximum. The 
elution flow rate selected was 4 cm3 min- 1. Lower flow rates 
caused higher dispersion and longer periods were needed for the 
determination. At higher flow rates leakage of the system was 
observed, owing to the back-pressure of the column. The effect 
of the loading flow rate on the signal was not so pronounced as 
the effect of elution flow rate . At low flow rates, a slight 
increase in signal with increasing flow rate was observed, which 
might be due to non-linearity of solution flow at low pumping 
rates. A slight decrease in signal was observed at flow rates 



higher than 4 cm3 min- 1 owing to broadening of the Pb" 
sorption zone on the column, resulting in a higher dispersion 
during desorption. A loading flow rate of 4 cm3 min- 1 was 
chosen as the optimum compatible with sensitivity and 
sampling frequency. 

Effects of Different Eluents 

Strong complexing agents have been suggested for the deso­
rption of Pb" from crown ether resin. 30 Several chelating agents, 
namely oxalic acid, tartaric acid, citric acid and their sodium 
and ammonium salts, were examined for their suitability in the 
FI-FAAS procedure. Table I shows the absorbances obtained 
when the eluents at a concentration of 0.05 mol dm-3 were 
applied to desorb 2 J.tg of Pb" from the column under the 
optimum flow conditions. 

The effectiveness of the eluent was found to be dependent on 
the pH of the eluent solution. Adjusting an eluent solution of 
0.05 mol dm-3 oxalate to different pH values (1.03, 2.05, 3.01, 
4.00, 5.05, 6.00 and 7.05) by stepwise addition of aqueous 
ammonia yielded increasing values for the absorbances (0.23, 
0.44, 0.56, 0.62, 0.76, 0.80, and 0.80, respectively). Conse­
quently, sodium and ammonium salts were found to desorb Pb" 
from the column more efficiently than the acids. This pH 
dependence of the elution is due to (I) the increasing 
deprotonation of the chelating reagent at a higher pH and, thus, 
a shift of the complexation reaction: 

Pb+2 + H2C20 4 :;:: Pb(C20 4h2- + 4H+ logK = 15.932 

towards the right and (2) the decrease of the distribution 
coefficient for the Pb" sorption on the crown ether resin with 
decreasing nitrate concentration. However, with sodium salts, 
clogging of the burner was observed after a certain time. From 
all the eluents tested, ammonium oxalate was chosen as the 
most appropriate. 

The effect of ammonium oxalate concentration was further 
investigated and the results are displayed in Fig. 3. A solution of 

25 "' Qj 
E 
"" Q) 

20 0 c: 
Q) 
'0 ·u; 
Q) 

15 a: 

4 

Flow rate/cm3 min-1 

Fig. 2 Effect of eluent flow rate on absorbance (arbitrary units) and 
residence time (s). 

Table I Effect of various eluent solutions on absorbance 

Eluent 

Component 
(0.05 mol dm-3) 

Oxalic acid 
Tartaric citrate 
Sodium citrate 
Citric acid 
Ammonium oxalate 

• Average of triplicate results. 

pH 

1.32 
1.82 
7.35 
1.90 
6.47 

Absorbance 
(arbitrary 
units)' 

0.22 
0.40 
0.77 
0.21 
0.82 
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0.1 mol dm-3 or higher concentration caused clogging of the 
burner and high background signals, leading to lower absor­
bances with noisy peaks and baselines. Solutions of concentra­
tions less than 0.05 mol dm-3 also yielded lower absorbances. 
Consequently, an eluent concentration of 0.05 mol dm-3 was 
chosen as the optimum. 

Effect of Nitric Acid Concentration in the Sample Solution 

It has been reported that the selectivity and sorption capacity of 
Pb" on the sorbent are affected by the concentration of nitric 
acid. 28,30 The effect was studied by passing a solution of Pb" 
[0.5 J,tg cm-3 in nitric acid solution (0.1-4.0 mol dm-3)] 
through the column at a flow rate of 7 cm3 min- 1 for I min. The 
sorbed Pb" was eluted as described previously. The results 
(Fig. 4) show that the nitric acid concentration should be in the 
range 0.8-2.0 mol dm-3. 

Limit of the Analytical Working Range 

The upper limit of the analytical working range was determined 
by passing a 0.5 J,tg cm-3 Pb" solution through the column at a 
flow rate of 4 cm3 min- 1 for various loading periods (1-8 min) 
followed by elution and detection of the peaks. A plateau is 
reached at 6 J.tg Pb". This indicates the maximum amount of Pb" 
which can be determined with the present FI-FAAS set­
up. Under these conditions, 6 J,tg of Pb" can be sorbed on the 
column filled with 69.6 mg of sorbent (i.e., 86.2 J,tg of Pb11 per 
gram of sorbent). The limitation of the analytical range, 
however, is determined by the FAAS detection, not by the 
loading capacity of the column, which is 55.4 mg ofPb per gram 
of sorbent. 30 The upper limit of the working range was fixed as 
5 J,tg of Pb11

: up to this mass a linear relationship between the 
amount of Pb11 and the absorbance was obtained. 
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Fig. 3 Effect of ammonium oxalate concentration on absorbance (arbi­
trary units). 

0.0 0,8 1.6 2.4 "3.2 4.0 

HN03 /mol dm-3 

Fig. 4 Effect of nitric acid concentration in the sample solution on 
absorbance (arbitrary units). 
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The recovery of Pb" throughout the separation step was 
checked by sorbing Pb" from various standard solutions 
(0.1-2.0 J.tg cm-3 Pb" on the column and subsequently eluting 
with 0.05 mol dm-3 ammonium oxalate solution. The eluent 
was collected off-line and the resulting solution analysed by 
FAAS. The mean recovery of Pb" over the whole preconcen­
tration procedure was found to be 99.2%. 

Interferences 

Various ions that occur in environmental samples were 
monitored for their influence on the absorbance signal of a 0.2 
J.tg cm-3 Pb" standard solution (using the recommended 
procedure, with a I min loading time). Table 2 shows the mass 
ratios of the potential interferents to Pb" which were examined. 
No effect on the Pb" signal could be detected which caused the 
relative error to exceed an acceptable value of 5%. 

Determination of Lead(n) in Soil Samples 

A calibration curve can be constructed by either time-based or 
volume-based calibration. A particular amount of Pb" loaded on 
the column from one standard solution preconcentrated at 
different time periods or from Pb" solutions of different 
concentrations at a fixed loading time always gives peaks with 
the same absorbances. A comparison of the two calibration 
modes up to 4.5 J.tg of Pb" yielded the same linear plot 
(y = 0.040x- 0.001; r2 = 0.9958). The detection limit (3o) 
was 0.08 J.tg of Pb" and the RSD was 4.1% for 0.8 J.tg of Pb" 
(n = 15; 1 min loading time, with a flow rate of 4 cm3 min- 1 
for 0.2 J.tg cm-3 Pb"). A quantitative assessment of the over-all 
procedure, using the parameters suggested by Fang, 33 is shown 
in Table 3. Comparing these parameters with those in other 
reports show that the present procedure shows no striking 
advantage over other well known FI-preconcentration methods 
using chelating resins with respect to sensitivity enhancement 
and rapidity.33 However, the tolerance of the crown ether resin 
towards interferences due to sample matrices is higher than that 
for most other described FI on-line column preconcentration 

Table 2 Mass ratios of potentially interfering ions which may be tolerated 
( < 5% error) in the analysis of a solution containing 0.2 JAg cm- 3 of Pb11 

passing through the column for I min at a flow rate of 4 cm3 min- 1 

Ions 

Na, K 
Ca 
Fe 111 , Mg. AI, Mn11 , Zn 11 , Co11

, Crl 11 , Ni 11 

Sr, V02 +, Cu 11, Cd11 

Cl-, PO•'- , Si032- , S042-

Ion:Pb11 

mass ratio 

2500 
2000 
200 
200 
250 

Table 3 Characteristics" of the proposed procedure 

Performance Preconcentration Preconcentration 
parameter* time 3 min time I min 

EF 21.6 7.2 
Jfh- 1 17 40 
CE/min- 1 6 4.8 
C//min- 1 0.56 0.56 
DL/J.lg dm- 3 6.7 20 

* EF, enrichment factor (the ratio of the linear calibration curve slopes 
without and with preconcentration); f, sample frequency (in samples per 
hour); CE concentration efficiency [CE = EF (f/60)]; Cl. consumptive 
index (C/ = V JEF; V, = sample volume in em'); DL, detection limit 
(3o). 

methods. Most of the latter methods have been applied for the 
preconcentration of water samples with only a low matrix 
concentration. Consequently, the use of the crown ether resin is 
recommended for sample solutions containing complex matri­
ces such as acid-digested soil samples. Additionally, the other 
advantage of no preadjustment of the pH of the sample solution 
before loading as described earlier allows a simpler Fl manifold 
to be operated. 

In order to assess the accuracy of the results obtained by the 
described method, two certified reference soil samples were 
digested as previously described. The solutions obtained were 
adjusted to I mol dm-3 nitric acid and were then analysed by 
the proposed procedure. The results for the digested soil 
samples and the results for an ICP multi-element standard 
solution agree with the certified values (Table 4 ). 

Some soil samples collected from a paddy field near a zinc 
refinery in Tak Province, Thailand, were analysed. The results 
obtained by the proposed procedure after calibration by external 
standardization or standard addition compare well with those 
obtained by direct ET AAS (Table 5). The recoveries for added 
standards were 95-98%. The quoted detection limit (0.08 11g of 
Pb) can be achieved with sample/standard throughputs of up to 
at least 25 h-1 . 

Conclusion 

The commercially available resin Sr.Spec, which has mainly 
been proposed for the separation and determination of radio­
strontium, can be applied to an FI procedure for on-line in-valve 
Pb" preconcentration and separation coupled to FAAS. The 
method is especially recommended for the analysis of acidic 
solutions such as digested soil samples, as no extra addition of 
buffering reagents is necessary. The proposed method incorpo­
rates the advantages of on-line separation and preconcentration, 
namely speed, precision, selectivity, sensitivity and a high 
tolerance to interfering ions. Enrichment factors of I 0-50 can 

Table 4 Determination of Pb11 in certified reference 

Sample 

IAEA soi17 
Thai soil- I 
ICP, multi-element standard VI 

(Merck) 

* Duplicate determinations. 

Pb content/).lg g- 1 

Found' 

58.4 ± 1.9 
17.0 ± 0.5 

9.8 ± 0.6 

Reference range 

55-71 
16.9-17.3 

9.5-10.5 

Table 5 Determination of Pb" in soil samples by FI-FAAS (calibrated by 
external standardization or standard addition) and ETAAS 

Pb content' /J.lg g-1 

Sample External Standard 
No. standardization addition ETAASt 

I 22.5 ± 0.4 22.4 ± 0.2 22.3 ± 0.3 
2 18.2 ± 0.2 18.2 ± 0.4 18.0 ± 0.4 
3 20.3 ± 0.3 20.4 ± 0.3 20.3 ± 0.3 
4 21.2 ± 0.2 21.2 ± 0.5 21.4 ± 0.6 
5 25.2 ± 0.3 25.2 ± 0.4 25.0 ± 0.5 
6 19.5 ± 0.4 19.4 ± 0.4 19.6 ± 0.6 
7 18.0 ± 0.2 18.1 ± 0.2 18.3 ± 0.5 
8 22.2 ± 0.3 22.3 ± 0.2 22.2 ± 0.6 
9 24.2 ± 0.2 24.1 ± 0.2 24.0 ± 0.4 

10 20.2 ± 0.3 20.4 ± 0.4 20.2 ± 0.5 

• Duplicate determinations. ' Following the procedure in ref. 34. 



be achieved. A single standard solution can be applied for 
calibration. Good signal stability and reproducibility can be 
obtained from the column over 500 complete cycles. Require­
ments for determination of Pb" in soil samples are satisfied 
using FAAS with FI in-valve minicolumn preconcentration and 
separation using a solid-phase extraction resin. 
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Slurry Preparation by High-pressure 
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High-pressure homogenization was evaluated for the 
preparation of slurries suitable for the determination by 
ETAAS ofCr, Cu, Fe, Mn, Ni and Se in soft organ tissues 
(liver and kidney), certified reference materials of 
biological and botanical origin and animal feeds. Frozen 
fresh organ tissue, (2 g) or certified reference material or 
dried, ground plant material (0.1 g) was blended, at high 
speed with 20 ml of ethanol-water (1 + 9 v/v) containing 
0.25% m/m of tetramethylammonium hydroxide and the 
resulting mixture was subjected to homogenization at 38.9 
MPa. After four passes through the homogenizer, the 
resulting solution was suitable for analysis by ET AAS. 
Capping the flat valve head of the homogenizer with a 
ruby disc appreciably reduced (but did not eliminate) 
metal contamination introduced by the processing. 
Homogenization of botanical reference materials or dried 
animal feeds resulted in preparations with variable 
amounts of residual fibres and particulate matter in the 
resulting suspensions. Nonetheless, all the Cu and Mn and 
virtually all of the Fe had been transferred to the 
supernatant fraction and remained with that fraction for 
at least 10 d. The addition of EDT A to the solvent 
modestly increased the mobilization of Fe from the matrix 
but also increased the contamination from the 
homogenizer. The slopes of the calibration curves 
generated by the method of standard additions were not 
significantly different from those of calibration curves 
generated with aqueous standards in a homogenized 
blank indicating that there was no significant matrix 
effect for any of the analytes in the nine reference 
materials, liver or kidney or the five animal feed samples 
and that aqueous standards could be used to calibrate the 
instrumental response. 

Keywords: Homogenization; slurry introduction; 
electrothermal atomic absorption spectrometry; 
botanical/biological certified reference materials; animal 
feeds; chromium; copper; iron, manganese; nickel 

Introduction 

Conventional sample preparation of biological materials prior 
to atomic spectrometry involves complete solubilization of the 

To whom correspondence should be addressed. 

analyte and matrix, which is achieved typically by oxidative 
mineralization of the organic matter and solubilisation of the 
residue in a suitable solvent.t-4 Even for microwave-assisted 
digestions, whereas complete dissolution can usually be 
achieved by a suitable choice of digestion conditions, complete 
decomposition of the organic matrix in biological and botanical 
samples is appreciably more difficult. Often complete mineral­
ization is achieved only with supplemental treatment of the 
digested matrix with H20 2 or even HF.5 However, these 
digestion procedures can be labour intensive, time consuming 
and prone to contamination errors. In consequence, there is a 
continuing interest in the development of simplified sample 
preparation techniques. The preparation and introduction of 
slurried samples continue to attract considerable attention 
because of the ease with which quasi-stable preparations can be 
generated and their compatibility with conventional liquid 
handling techniques. Within the general field of solid sampling 
analysis,6- 11 it is the use of slurried samples that has become the 
most popular approach to trace element determination. Direct 
atomization from the solid state can provide excellent sensitiv­
ity but the interpretation of the results can be complicated by 
molecular absorptions and/or scattering from the matrix, which 
can produce sufficiently large background signals to overwhelm 
the compensation capabilities of common deuterium back­
ground correction systems. Additional difficulties can include 
sample inhomogeneities, the requirement for repeated 
microweighings and the lack of suitable calibration standards 
and techniques. 

A variety of sample pre-treatment procedures and addi­
tives12- tS have been described and evaluated for the production 
of quasi-stable suspensions of samples prior to analysis by 
atomic spectrometry. Alternatively, suspensions with a ten­
dency to segment rapidly have been reproducibly sampled by 
using ultrasonic agitation,19 air or argon20 bubbling, vortex 
mixing2t or magnetic stirring. 22 Partial digestion procedures to 
produce carbonaceous slurries have also been successfully 
applied to the analysis, by ICP-AES, of a series of standard 
reference materials of biological origin.23 Various alkyl­
ammonium hydroxide formulations have been used extensively 
to solubilise tissue, 24-27 particularly those of zoological 
origin. 

The generic term 'homogenizer' has been applied to any 
piece of equipment that disperses and/or emulsifies (including a 
turbine blade mixer, an ultrasonic probe, a high-shear mixer, a 
colloid mill, a blender or even a mortar and pestle). One 
particular device for homogenization consists of a positive 
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displacement pump and a homogenizing valve that forms a 
restricted orifice through which the product flows. The 
successful use of this device to prepare emulsions and/or 
dispersions of meats suitable for transmission FfiR spec­
trometry has been reported.28 Recently, high-pressure homo­
genization has also been evaluated for the rapid preparation of 
biological soft tissues (liver and kidney) prior to slurry 
introduction ETAAS.29 The homogenization of 2 g of fresh 
tissue or 0.1 g of powdered reference material together in 20 ml 
of ethanol-water (I + 9 v/v) containing 0.25% m/m of 
tetramethylammonium hydroxide (TMAH) resulted in prepara­
tions that contained no visible suspended solids and that were 
stable to Cd, Cu or Pb content for at least 6 d. The principle 
limitation of the technique was the introduction of metal 
contaminants into the sample by the homogenization process. 

The objectives of the current study were (i) to evaluate the 
slurry preparation and introduction technique for the determi­
nation of other analyte elements (including Cr, Ni, Mn, Fe and 
Se) in biological tissues, (ii) to extend the applicability of the 
technique to selected botanical samples and (iii) to reduce the 
levels of heavy metal contamination introduced into the product 
slurry by processing at high pressure. 

Experimental 

Samples 

CRMs were purchased from the National Research Council of 
Canada (NRCC) or the US National Institute of Science and 
Technology (NIST). Samples of animal diet mixtures destined 
for a zoo were chosen to contain a variety of plant and animal 
materials including timothy grass, bamboo leaves, whole 
smelts, cricket chow and a panda bear mixture (contents 
unspecified). 

Sample preparation 

For CRMs or dried feeds (ground to pass a 0.5 mm screen in a 
Cyclotec sample mill, Tecator, Htiganas, Sweden) accurately 
weighed sample (approximately 0.1 g) was added directly to 20 
ml of ethanol-water (I + 9 v/v) containing 0.25% m/m of 
TMAH in a 50 ml beaker. The mixture was macerated/blended 
at high speed (20 000 rpm, 60 s, in an SDT Tissuemizer; 
Tekmar, Cincinnati, OH, USA) and the resulting suspension 
was then processed through a 20 ml capacity flat valve 
homogenizer (EmulsiFlex Model EF- B3; Avestin, Ottawa, ON, 
Canada) capable of developing 138 MPa when provided with 
compressed air (689.4 kPa). Each slurried sample was re­
processed through the homogenizer three more times. Frozen 
organ tissue was thawed and a I em wide transverse section of 
the organ was excised with a stainless-steel scalpel, accurately 
weighed (approximately 2 g), blended at high speed with 20 ml 
of solvent mixture and homogenized. Dilutions, when required, 
were performed with solvent mixture that had not been 
homogenized. 

Homogenizer 

The valve stem of the screw-cap assembly of the EmulsiFlex 
Model EF-B3 homogenizer (Fig. I) was modified by gluing a 
polished 4 mm diameter X 2 mm thick ruby disc manufactured 
from a ruby sphere (from an HPLC check valve) to the polished 
surface of the flat-faced head. Sample macerate was transferred 
into the sample chamber via the inlet port, which was then 
sealed with a fine-threaded screw-cap. The stainless-steel piston 
(connected to a pneumatic multiplier) then forced the fluid 
through an aperture and the homogenate was collected from the 
sample outlet. Each sample was reprocessed three more times 
with the valve stem retracted slightly so as to provide a slightly 
larger gap. 

FAAS 

Prior to determinations for Cu, Fe and Mn, feed samples were 
dried to constant mass and ground to pass a I mm screen. 
Accurately weighed aliquots of ground plant material (approx­
imately 2 g) were digested at room temperature in a perchlorate 
fume hood with 25 ml of 70% HN03-HCI04 (4 + I v/v) until 
gas evolution had ceased, then heated at 80 oc until a clear, 
yellow solution was obtained. The resulting digests were diluted 
prior to analysis. 

ETAAS 

Analyses for chromium, copper, iron, manganese, nickel or 
selenium were performed using a hot injection technique on a 
Varian (Palo Alto, CA, USA) Model 300 ETAAS system 
equipped with an autosampler, conventional hollow-cathode 
lamps and Zeeman-effect background correction. Analytical 
operating parameters for each analyte element are presented in 
Table I. 

Calibration 

Quantification was performed by both the method of external 
standards (ES) and by standard additions (SA). ES consisting of 
appropriately diluted processed reagent blank, and up to four 
levels of standard were prepared automatically by the sample 
introduction device. Background-corrected integrated absor­
bance, resulting from three replicate injections of each diluted 
standard, was used to define the best-fit regression equation. For 
SA calibrations, I 0 !-II aliquots of processed fluid was fortified 
with 2, 5, 10 or 20 !-II of aqueous standard chosen to result in a 
range of peak areas including signals which were half and at 
least twice the signal for the fortified sample. The data were 
modelled by least-squares linear regression. Quantification was 
performed by dividing they-intercept of the regression equation 
by the slope of that equation and the over-all standard error of 
the estimate (SEest) was calculated from 

SE." = (SEy.;m2 + SE,tope2 ) 112 

Student's t-test was used to identify significant differences 
between the slopes or between they-intercepts of regression for 
different sample matrices. The /-test was used to detect 
significant differences between regression models. 

Results and Discussion 

Previous studies29 with high-pressure homogenization had 
demonstrated that copper, cadmium and lead concentrations 
could be reliably determined in soft organ tissues or in 
zoological reference materials by direct slurry introduction into 
the ET AAS system. Moreover, there was no evidence, over 6 d, 
of any analyte metal segmentation within solutions which 
resulted from a combination of high-speed blending and 

Fig. 1 Exploded view of the homogenizing valve and sample compart­
ment of the Model EF-83 homogenizer. 



homogenization. In addition, the instrumental response to the 
analyte metal could be calibrated with aqueous external 
standards. However, the applicability of the technique was 
limited by the appreciable levels of contamination introduced 
into the sample by the homogenization step. It was postulated 
that stainless-steel surfaces that were exposed to the homoge­
nized fluid, particularly the flat face of the demountable valve 
head, were the principle sites responsible for the contamination. 
Further, capping the 'valve head with an inert surface capable of 
withstanding the impact of the jet of fluid exiting the 
homogenizing orifice might reduce the levels of contamination 
appreciably. It had been reported30 previously that zirconium 
oxide beads used to reduce the particle size and to mix 
particulate solids introduced appreciable levels of Fe, Cr and AI 
but that silicon nitride or boron carbide provide good abrasion 
resistance and offer little likelihood of contamination. However, 
even for the relatively lower pressure requirements of pistons 
and check valves for HPLC, sapphire, ruby and zirconium oxide 
are preferred over other ceramic materials for their superior 
resistance. A disc of ruby that was manufactured by grinding 
and polishing a 4 mm diameter ruby ball, was glued temporarily 
to the flat face of the demountable valve head. Solvent mixture 
(20 ml) was blended and then homogenized four successive 
times (in the presence or absence of the ruby disc) prior to 
ET AAS analysis for Cr, Cu, Fe, Mn, Ni and Se. Analyte 
concentrations (Table 2) were expressed as if the solvent had 
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contained 0.100 g of sample. The decrease in heavy metal 
content of the homogenized fluid was, in all cases, reduced 
appreciably (2-30-fold). Nonetheless, the level of contamina­
tion remained appreciable even in the presence of the ruby 
cap. 

The slurry preparation technique, with the ruby-capped 
homogenizer, was then applied, in preliminary studies, to five 
biological CRMs and to four frozen liver and kidney tissues 
from moose and ring tail deer. As was reported previously, the 
resulting homogenates appeared to be uniform and contained no 
visible particulate material. Analyses for chromium, iron, 
manganese and nickel in the five CRM homogenates (with 
calibration by standard additions) provided estimates (Table 3) 
that did not differ significantly from their certified concentra­
tions. No analyte Ni was detected in the bovine muscle CRM 
(0.05 fLg g- 1 ), however, this certified concentration was less 
than half that introduced into the homogenate during prepara­
tion. The repeatability of the analyses, as measured by the 
relative standard error of the estimate (RSEestl, did not indicate 
any problems with the repeatability of transfer of any of the 
homogenates to the graphite tube; however, as the concentration 
of analyte approached the level of contamination, the difference 
(in all cases ,;;20%) between the experimental and certified 
concentrations tended to increase. 

Frozen liver and kidney tissue were analysed only for Cr and 
Mn. ETAAS estimates of [Cr] in homogenates were consis-

Table 1 Graphite furnace operating parameters• for the determination of Cr, Cu, Fe, Mn and Ni 

Parameter Chromium Copper Iron Manganese Nickel 

Wavelength/om 357.9/429.0 324.7/244.2 386.0 403.1/279.5 232.0 
Lamp current/ A 7 4 5 5 4 
Slit width/om 0.2 0.1/0.5 0.2 0.2/0.2 0.2 
Injection 60 60 60 60 60 

temperaturetC 
Pre injection No No Yes Yes No 
Last drying step, None None 250 250 No 

5stC 
Pyrolysis sequence 20 s ramp to 5 s ramp to 10 s ramp to 10 s ramp to 5 s ramp to 

1450 °C, 40 s hold 900 oc, 20 s hold 1100 °C, 21 s hold 1200 °C, 20 s hold 800 oc, 20 s hold 
Cooling 7 s ramp to 

40 °C, 10 s hold None None None None 
Atomization 1.2 s ramp to 1.0 s ramp to 1.2 s ramp to 0.7 s ramp to 0.9 s ramp to 

2400 °C, 8 s hold 2300 °C, 2 s hold 2400 °C, 4 s hold 2200 °C, 2 s hold 2400 °C, 4 s hold 
Measurement time/s 8 3 6 3 4 
Matrix modifier 3 i!lof20gl-• 5i!lofl%m/m 5 !!I 500 mg 1-• 5 !!I of 500 mg 

Mg(N03h for NH4N03 for Pd + 2.5% citric J- 1 Pd+2.5% None 
I 0 !!I sample 10 i!l sample acid for I 0 i!l citric acid for 

sample 10!!1 sample 

• Each step of the furnace programmes (with the exception of the read step) was performed in the presence of argon purge gas (3 I min- 1). 

Table 2 Analyte concentrations (1-'g g-1 sample) in 20 ml solvent mixture{± EDTA) following various mixing treatments. Concentrations in the homogenized 
fluid are expressed as if the solvent mixture had contained 0.100 g of sample 

Homogenization 
treatment• Aluminium Cadmium Chromium Copper Iron Lead Manganese Nickel Selenium 

4 Sequential 
homogenizations, 
SS head 42.12 0.02 0.89 15.0 56.94 1.38 2.31 3.57 1.34 

4 Sequential 
homogenizations. 
RD 21.52 0.03 0.20 0.70 13.99 0.28 0.39 0.11 0.68 

4 Sequential 
homogenizations. 
RD+EDTA 23.10 0.03 0.35 1.16 14.59 0.23 0.43 0.10 0.67 

EDTA-fonified 
solvent blank 0.42 n.d.t 0.07 0.31 0.26 0.08 0.05 n.d.t n.d.t 

• SS = stainless steel; RD = ruby disc. ' None detected above the background in the unhomogenized solvent blank. 
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tently higher (mean 14.4%) than estimates detennined by 
conventional acid digestion ICP-MS. However, the [Cr] in these 
tissues was approximately half of the contamination concentra­
tion from the homogenization process. The difference between 
the experimental and certified concentrations of Mn in these 
homogenates was appreciably less (mean -6.5%), reflecting 
the fact that [Mn] in these tissues was appreciably greater than 
the 0.39 ftg ml-1 introduced by the homogenizer. 

The slurry preparation technique was then applied to four 
botanical CRMs and to five dried animal feeds . The processed 
fluids were then analysed for copper, iron and manganese since 
these metals are monitored routinely in animal feeds. In contrast 
to the unifonn homogenates of zoological materials, the 
botanical materials resulted in suspensions containing some 
residues of fibres and particulate matter. Two other solubilizing 
procedures, prior to homogenization, did not change the 
characteristics of the homogenate appreciably and were not 
investigated in detail. In the first pre-homogenization treatment, 
dried plant tissue, suspended in TRIS buffer (pH 8.Q), was 
extracted, at 60-65 °C, with hexadecyltrimethylammonium 
bromide and EDTA for 30 min. Alternatively, dried material 
was incubated at 37 °C with I% cellulase and 3% macerase­
pectinase at pH 5.0 for 2 h. 

During the subsequent metal detenninations by ET AAS, no 
attempt was made to resuspend solids; rather, only the 
supernatant fraction was sampled. The difference [(accepted­
experimental)/accepted] between the experimental results and 
the certified concentrations of the CRMs or the FAAS results 
for the feed samples again was acceptably small . For [Cu], the 

mean difference between the experimental results and accepted 
values was 4.4 ± 11.6% and for [Mn] it was -1.7 ± 11.5%. In 
contrast, the mean difference for [Fe] was somewhat greater, 
-11.6% ± 8.7%, suggesting that all the analyte Fe might not 
have been extracted into the liquid phase. To test this 
hypothesis, a fresh aliquot (approximately 0.1 g) of each sample 
was homogenized in the presence of 50 mg of Na2EDTA. The 
resulting detenninations of [Fe] in homogenates prepared in the 
presence of Na2EDTA are reported in Table 4. For [Fe] in 
homogenate& prepared with Na2EDTA-fortified solvent mix­
ture, the mean difference was decreased to -6.0 ± 9.7%. 
Despite the apparent slight improvement (decreased difference) 
in estimates of [Fe] in homogenates prepared with Na2EDTA, 
the larger absolute standard deviations (I 0%) associated with 
these means precludes a conclusion that this additive had any 
significant influence on the extraction of iron into the 
homogenizing solvent. To detennine whether Na2EDTA had 
any influence on levels of contaminants mobilized during the 
slurry preparation sequence, solvent blank fortified with 
Na2EDT A was homogenized then analysed for metal analytes. 
The results are given in Table 2. The concentrations of AI, Cr 
and Cu were increased appreciably whereas those of Cd, Fe, 
Mn, Pb and Ni were not changed appreciably when compared 
with EDT A-fortified solvent blank plus solvent blank homoge­
nized in the presence of the ruby disc. 

The apparent stability of crude homogenate& with respect to 
metal analytes was also monitored with time. The supernatant 
fractions of homogenate& were reanalysed for Cu, Fe and Mn 
after 10 days of contact, at room temperature in sealed 

Table 3 Chromium, manganese, nickel, and iron concentrations (J.lg g- 1 ± I standard error of estimate, .. expressed as a percentage) in zoological certified 
reference materials (CRMs) and cervine liver and kidney with calibration by standard addilions. Reported concentrations have been corrected for analyte 
concentrations (Table 2) introduced by the ruby-capped homogenizer 

Chromium Iron Manganese Nickel 

Matrix Experimental Referencet Experimental Referencet Experimental Referencet Experimental Referencet 

DORM-I 3.50±0.37 3.6±11.1 59.0±4.9 63.6± 8.3 1.14±5.97 1.32± 19.7 1.33±8.80 1.20±25.0 
DORM-2 33.53±3.75 34.7± 15.9 130.7±3.5 142±7.0 3.26±4.34 3.66±9.29 17.2±9.8 19.4 ± 16.0 
Bovine muscle 0.081 ±22 0.071 ±54 63.1 ±5.1 71.2± 12.9 0.32±4.58 0.37±24.3 n.d. 0.05±80.0 
Oyster tissue 1.24±2.7 1.43±32.2 540.2±5.8 539.1 ±2.8 11.78±5.1 12.3± 12.2 2.1 9± 10.2 2.25± 19.6 
Hepatopancreas 3.0±0.5 2.4±25.0 172.5±6.6 186.0±5.9 24.0±0.53 23.4±4.27 2.29±4.89 2.3±3.01 
B4-liver* 0.126± 1.8 0.10 4.11 ±0.84 4.40 
B4-kidneyl 0.114±0.6 0.11 1.57±3.37 1.62 
BIO-liver* 0.095±2.7 0.08 2.30±2.78 2.73 
B 10-kidney* 0.11±18.1 0.10 3.39±0.29 3.41 

• Standard error of estimate: SE,, = (SE,.;.,2 + SE,1oo<2)1n . t ]lg g- 1 (± I RSD, expressed as a percentage). * Cervine tissue. 

Table 4 Copper, iron and manganese concentrations (]lg g-1 ± I standard error of estimate, expressed as a percentage) in botanical certified reference 
materials and in animal feeds as determined in the supernatant fraction of the slurry suspension immediately after or I 0 d after preparation. Reported 
concentrations have been conected for analyte concentrations (Table 2) introduced by the homogenization process 

Copper Iron Manganese 

Matrix Exptl.' Exptl.' Reference+ Exptl.' Exptl.t Exptl.~ Reference* Exptl.' Exptl. ' Reference+ 

Pine needles 3.47±9.1 3.21 ±8.1 3.0± 10.0 170.2± 10.5 176.0± 13.0 184.3±5.2 200±5.0 648.0± 1.3 621.4±8.7 675±2.2 
Com stalk 6.79 ±4.5 7.25±8.2 8.0± 12.5 113.8±4.3 111.4±2.4 124.1 ±3.6 139± 10.8 15.6±2.8 15.9± 13.3 15.0± 2.5 
Apple leaves 5.99±6.3 5.14±6.2 5.64±4.3 78.94±6.4 75.9 ±4.3 85.9±8.0 83±6.4 51.8±2.2 50.9 ±4.0 54±5.6 
Com bran 2.78±8.2 2.1 9±7.3 2.47 ± 16.2 11 .29±9.7 12.1±8.3 13.4±9.0 14.8 ± 12.2 2. 12±5.0 2. 11 ±6.2 2.6± 11.4 
303-5 3.3±8.4 3.2±3.3 3.5 68.62±5.9 65.2±6.1 69.4±8.4 78.1 14.05±5.6 14.2±6.2 13.9 
299-5 19.5±2.6 18.0±8.2 17.5 364.7±8.8 379.1 ± 12.0 371.5± 10.1 425 51.3±5.5 49.8± 12.0 66.3 
158-5 21.0±2.4 20.0±5.6 18.5 14.66±9.3 11.5±4.2 14.2 ± 11.0 12.2 111.5±3.8 117.0±9.2 120.0 
314-5 15.7±3.5 15.9±3.4 14.1 56.05 ±6.5 53.9±7.2 57.0±5.3 64.7 40.6±4.7 34.25±7.1 37.6 
307-5 79.4 ± 14.4 84.2±7.2 88.4 921.3±3.6 942.4± 14.5 925.1 ±8.1 1027 204.5±4.6 201.2±7.6 220.1 

• Supernatant fraction from the slurry suspension was analysed immediately after preparation. t Supernatant fraction from the slurry suspension was 
sampled 10 dafter preparation. *For CRMs, ]lg g- 1 ± I RSD (expressed as a percentage); feed samples were analysed by FAAS following digestion in 
HN03• ~Samples were slurried in 20 ml of ethanol-water (I + 9 v/v) containing 0.25% m/m of TMAH and 50 mg of Na2EDTA. 
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Table 5 Means of slopes• (± I RSD) ofthe best-fit linear regression models for standard additions of Cu, Fe or Mn to solvent blank or to slurries of zoological 
or botanical CRMs or of animal feeds 

Zoological Botanical Animal feeds Solvent blank' Mean (blanks + 
Analyte CRMs (n = 5) CRMs (n = 4) (n = 5) (n = 3) feeds + CRMs) 

Cu (244.2 nm) 2.60± 1.3% 3.22±3.8% 3.05± 1.3% 3.06±0.3% 3.lli ± 3.4% 
(n = 12) 

Fe (386.0 nm) 6.74±2.5% 6.77±2.7% 6.82± 1.1% 6.87± 1.0% 6.75± 1.9% 
(n = 17) 

Mn (403.1 nm) 8.38±2.2% 8.57±4.6% 8.46±3.2% 
(n = 8) 

Mn (279.5 nm) 1.28± 1.2% 1.30± 1.0% 1.30±2.3% 1.30± 1.4% 
(n = 12) 

• Slopes were determined from linear regression of the mean peak area (absorbance s) for tluee replicate determinations of each of four or more 
additions of aqueous standard to the homogenate or to the solvent. ' Aqueous analyte standard added to solvent blank or to solvent blank homogenized in 
the presence or absence ofthe ruby disc. ; Mean of slopes for botanical CRMs +feeds+ solvent blanks. [Cu] in zoological CRMS has been determined about 
45 d previously and were not included in the calculation. 

containers, with the particulate fraction. The results are given in 
Table 4. The differences for [Cu], [Fe] and [Mn] determinations 
in the homogenates after 10 d were -2.4 ± 9.1% (versus +4.4 ± 
11.6% at day 0), -II. I ± 8.6 (versus -11.6 ± 8.7% at day 0) 
and -7.7 ± 9.6% (versus -1.7 ± 11.5% at day 0), respectively. 
Although the individual estimates changed slightly with time, 
there was no appreciable evidence for any consistent change in 
analyte concentrations in the supernatant fractions. These 
results indicate that homogenates can be stored, at room 
temperature, for up to I 0 d without any Cu, Fe or Mn 
segregation. 

Determinations of selenium in the homogenates were also 
attempted. However, for both zoological and botanical CRMs 
the estimated [Se] was appreciably less than the certified values 
even for calibrations by standard additions. For wheat -based 
feed samples (containing approximately 10 ~-tg g-t of Se ), 
previous studiesJt had suggested that virtually all of theSe was 
protein bound and that neither selenate, selenite, selenomethio­
nine nor selenocystine was present in detectable amounts. 
Presumably, protein-bound Se in the botanical CRMs is not 
liberated efficiently by the ashing cycle of the electrothermal 
programme. 

Although the analyte determinations reported in Tables 2-4 
were calibrated by standard additions, there were no significant 
differences among the slopes of the calibration plots for the 
regressions of peak area on the amount of analyte standard 
added back into each of the matrices (Table 5). Moreover, the 
slopes of the calibration plots for standard additions to solvent 
blank that had not been homogenized or had been homogenized 
in the presence or absence of the ruby cap were not significantly 
different from each other. Hence, there was no evidence for any 
matrix effect in any of the feed samples, the cervine tissues or 
the reference materials. Calibrations performed with standards 
added to solvent blank were used to determine the levels of 
contamination due to processing. These values proved to be 
repeatable, indicating that the external aqueous standards could 
have been used equally well for calibration. 

Conclusions 

The results indicate that high-pressure homogenization is 
capable of generating emulsions/dispersions of soft organ 
tissues, dried animal feeds and zoological and botanical CRMs 
that can be reliably sub-sampled during 10 d of storage 
(botanical CRMs, feeds). The elements that can be determined 
in these slurries include Cu, Cr, Mn, Ni and Fe. In contrast, 
estimates of [Se] in biological CRMs were consistently lower 
than their certified values, suggesting that the release of this 
analyte from the protein matrix during the pyrolysis and ashing 
sequence was inefficient. The addition of EDTA to the solvent 
prior to processing did not perceptibly improve the recoveries of 

analyte metals from either the botanical CRMs or the feeds but 
did increase the levels of contamination. The presence of the 
ruby cap on the valve head of the homogenizer appreciably 
attenuated but did not eliminate contamination introduced by 
the processing. Sample preparation proved to be rapid (approx­
imately 3 min) and the homogenizer was readily cleaned 
between samples by processing fresh solvent. In total, the 
technique presents a rapid means of sample preparation but, at 
present, can only be applied to samples that contain analyte 
levels in excess of the levels of contaminants introduced by 
processing. 

Feed samples and analyses of their contents of Cu, Fe and Mn, 
as determined by FAAS, were generously provided by E. R. 
Chavez, Department of Animal Science, McGill University. 
Financial support from the Natural Science and Engineering 
Research Council (NSERC) of Canada is gratefully acknow­
ledged. 
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Desorption/Ionization-Quadrupole lon Trap 
Mass Spectrometry of Pesticides Adsorbed on 
Solid-phase Extraction Membranes 

Anthony W. T. Bristowa; Colin S. Creasera,t Sylvie Nelieub and Jacques 
Einhornb 

a Department of Chemistry and Physics, Nottingham Trent University, Clifton 
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The direct determination of pesticides adsorbed on 
solid-phase extraction (SPE) membranes by 
matrix-assisted laser desorption/ionization (MALDI) 
combined with quadrupole ion trap mass spectrometry is 
reported. Ionization was carried out in an external source 
followed by injection of desorbed ions into the trap using 
an ion lens. Ion accumulation from multiple desorption 
events and tandem mass spectrometric procedures were 
used to enhance the sensitivity and selectivity of the 
analysis. The potential of the method for quantitative 
analysis is discussed. 

Keywords: Pesticide; solid-phase extraction membrane; 
matrix-assisted laser desorption/ionization; quadrupole ion 
trap mass spectrometry 

Introduction 

Laser desorption and matrix-assisted laser desorption/ionization 
(MALDI) combined with quadrupole ion trap mass spectro­
metry (QITMS) has been demonstrated by several groups 1- 5 

and shown to be a useful technique for the analysis of organic 
materials present on solid substrates.6 The combination of 
MALDI and QITMS is particularly powerful since the presence 
of matrix allows a wide range of compounds to be determined 
and ions from a desorption event can be stored and manipulated 
in the ion trap prior to mass analysis. A useful development of 
this approach wou ld be the application of the technique to the 
measurement of analytes adsorbed on surfaces of analytical 
interest such as those used in planar chromatography and solid­
phase extraction (SPE). 

Direct MALDI-ion trap mass spectrometric analysis has 
been applied to compounds extracted from aqueous solution 
using solid-phase micro-extraction (SPME),7 by introducing the 
SPME fibre through a hole in the trap ring electrode and 
desorbing the analytes into the cavity of the ion trap. The 
method was used for the detection of micropollutants, including 
PAHs, but is not suitable for the analysis of samples present on 
larger surface areas such as TLC plates and SPE membranes. 
Krier et af8 reported the direct analysis of SPE membranes 
treated with triazine herbicides by laser desorption-Fourier 
transform ion cyclcotron resonance mass spectrometry (FTICR) 
and established a semi-quantitative relationship between ana­
lyle concentration and the number of laser pulses needed for 
exhaustive ablation of the analyte from the membrane. 

• To whom correspondence should be addressed. 
+ Present address: Research Division. Kodak Limited. Headstone Drive. Harrow. 
Middlesex. UK HA I 4TY. 

We have demonstrated the use of MALDI with QITMS for 
the characterization of colour coupler compounds adsorbed on 
TLC plates and photographic substrates using an external ion 
source and ion injection into the trap.9 In this paper we report 
the MALDI of pesticides from SPE membranes in conjunction 
with QITMS analysis. The ability of the QITMS to accumulate 
ions from multiple laser events and the use of tandem MS (MS/ 
MS) are described. The potential of the technique for the 
quantitative measurement of pesticides extracted from aqueous 
samples is discussed. 

Experimental 

Instrumentation 

Laser radiation (337 nm) from a nitrogen laser (LN I 000, Laser 
Photonics, Orlando, FL. USA) was directed via a silica fibre­
optic (600 f.tm core) towards the membrane sample, which was 
introduced into the external ion source of the ion trap mass 
spectrometer (Finnigan MAT, ITMS, Hemet Hempstead, UK) 
as shown in Fig. I. Single or multiple laser pulses ( < 200 f.lJ per 
pulse; 0.6 ns pulse width) were used to irradiate the membrane 
surface with the power density determined by the di stance 
between the tip and the surface. The laser was triggered 
externally using ICMS software (Ver. 2.20, Copyright Uni­
versity of Florida). A lens system comprising of a repeller and 
a stack of fou r isolated injection lenses, with typical applied 
potentials of +30, -30, -30, -20 and - 15 V, was used to 
focus the laser-desorbed ions through the entrance holes of the 
ion trap end cap electrode (Fig. I). 

Ion trap 

/ SPE Fib/ optic uu 
membrane V ~ 
~--- I[:::J 

~ l -<oo~ [(y~l-,. 
RF 

Fig. I Jon optical arrangement for MALDI-QITMS. 
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A post-desorption rest period of 200 ms was used after ion 
injection into the trap to allow collisional cooling of ions before 
mass analysis using a mass-selective instability scan.9 The rf 
amplitude during ion injection was maintained at 350 Vn-p 
(equivalent to a low-mass cut off of30 u) and an uncorrected ton 
gauge helium bath gas pressure of 1.5 X I 0- 4 torr was used in all 
laser desorption experiments. In MS/MS experiments, IO prefer­
ential trapping of a target ion was achieved using a broadband 
frequency generator (HST 1000, Teledyne-Hitachi , Mount 
View, CA, USA). 11. 12 Fragmentation of the target ion was 
carried out by collisionally activated dissociation with reso­
nance excitation.u 

Membrane Preparation 

Empore extraction discs (3M, St. Paul , MN, USA) of 25 mm 
diameter were conditioned with methanol (I 0 ml) and water (I 0 
ml) following the method described previously.8 The mem­
branes were treated with 50-I 00 ml of dilute aqueous solutions 
of hydroxyatrazine (HA) (Qmx Laboratories, Halstead, Essex, 
UK), flumequine (Riker/3M, Pithiviers, France) or flutriafo l 
(Zeneca Agrochemicals, Bracknell, UK) to give membrane 
sample loadings ranging from 50 to 1000 f!g. One further 
membrane was treated with water only (blank membrane). 

For mass spectrometric analysis, a small area (approximately 
2 X 2 mm) of each of the treated membranes was cut out and 
mounted on an aluminium support, which was attached to the 
direct insertion probe. 2,5-Dihydroxybenzoic acid (2,5-DHB) 
(20 f! l of a 0.2 mol J- 1 methanol solution) was applied to the 
membrane using a microsyringe. This gave a matrix loading of 
approximately 150 f!g mm-2 (matrix to sample ratios of35 : I to 
700: I m/m for membranes loaded with I mg to 50 f!g of 
sample, respectively). The probe was introduced into the 
external source and spectra obtained from several laser pulses 
were averaged. 

For the quantitative experiments, aqueous solutions (I 00 ml) 
each containing 2 mg of desethylhydroxyatrazine (DEHA) and 
25, 50, 100, 250 and 500 f!g of HA were prepared. Following 
extraction, the membranes were cut into sections (approx­
imately 20 X 5 mm) and each was separately mounted on the 
direct insertion probe. The membrane was treated with 
2,5-DHB matrix (50 f!l of a 0.2 mol I- 1 methanol solution) and 
then introduced into the ion source. Spots on the surface were 
desorbed with eight laser shots and the ions accumulated prior 
to the mass analysis scan. Replicate analyses were carried out at 
several points over the whole membrane area. River water 
(River Trent) was filtered through a nylon-66 membrane 
(Anachem, Luton, Beds., UK) and a I I portion was spiked with 
I 00 f!g of HA and 2 mg of DEHA. An SPE membrane was 
treated with this solution (650 ml), mounted on the probe and 
treated with 50 f!l of 2,5-DHB matrix. The membrane was 
analysed using eight laser pulses at various points on the 
surface. 

Results and Discussion 

SPE membranes loaded with involatile pesticides and coated 
with 2,5-DHB matrix were laser desorbed to assess the 
effectiveness of the MALDI-ion trap approach. Fig. 2(a) 
illustrates the positive-ion MALDI-QIT mass spectrum (ave­
raged data) for a membrane treated with the anti-bacterial agent, 
flumequine (I) (I mg applied to the membrane). The spectrum 
shows a base peak [M + H)+ ion at m/z 262, and an [M + H -
C02)+ fragment ion at m/z 218. An [M + Na)+ ion was observed 
at m/z 284 and a weak [M + K)+ ion at m/z 300. The fungicide 
flutriafol (2) was also studied by this method and the spectrum 
gave a strong [M + H)+ ion at m/z 302 [Fig. 2(h)) with a weak 
sodium adduct (m/z 324) and [M + H - H20 )+ ion (m/z 284). 
Both samples showed little other analyte fragmentation. 
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Fig. 2(c) shows the MALDI mass spectrum obtained from a 
blank SPE membrane treated with water and 2,5-DHB, which 
confirrned that the prominent ions at m/z 137, 155 and 273 and 
other weaker ions in the spectra of the analyte containing 
samples arose from the membrane substrate or the matrix . 

Spectra could also be obtained from membranes treated with 
I mg of flumequine and the triazine metabolite hydroxyatrazine 
(3), without the use of a matrix , but in both cases the intensity 
of the [M + H)+ ion was much lower than that in the matrix­
assisted spectrum. For example, the LD spectrum of flumequine 
showed the fragment at m/z 218 as the base peak and an [M + 
H)+ ion intensity of 3000 counts [compared with 20006 counts 
for the MALDI spectrum shown in Fig. 2(a)]. The LD spectrum 
for hydroxyatrazine gave a very poor SIN and an intensity of 
300 counts for the [M + H)+ ion (if, > 9000 counts for the 
spectrum shown in Fig. 3). These observations may be 
attributed to the weak absorption of the 337 nm radiation of the 
nitrogen laser by flumequine and hydroxyatrazine compared 
with that of the 2,5-DHB matrix . No product ions were detected 
for flutriafol in the absence of matrix, an observation which 
contrasts with the behaviour of this compound irradiated with 
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Fig. 2 MALDI- ion trap mass spectra desorbed from the surface of SPE 
membranes treated with 2,5-DHB: (a) llumequine; (b) tlutriafol; and (c) 
blank membrane. 



355 nm photons from an Nd: Y AG laser. 14 An attempt to obtain 
MALDI spectra from a membrane treated with an aqueous 
solutiOn (I 00 ml) containing both hydroxyatrazine (I mg) and 
2,5-DHB matnx (30 mg) proved unsuccessful. The addition of 
the matrix to the ~e~brane after loading of the analyte was 
tmportant to the efftctency of the MALDI analysis, because of 
the poor retention of the hydroxyatrazine and 2,5-DHB by the 
membrane under the co-extraction conditions. 

MS-MS was carried out on an SPE membrane loaded with 1 
mg of hydroxy~trazine._Fig. 3(a) shows the MALDI spectrum 
of hydroxyatrazme obtamed from the membrane which has the 
[M + ~]• ion at m/z 198 as the base peak. The i~olation of this 
ton usmg a broadband frequency generator is shown in 
Fig. 3(b). Collisionally activated dissociation (CAD) gave a 
product spectrum with ions at m/z 180, 156 and 114, 
corresponding to the losses of H20, C3H6 and 
(CHJhCHNHCN, respectively, from the [M + H]• ion and an 
ion at m/z 86 assigned to [HOCNC(=NH)NH2]+ [Fig. 3(~·)]. MS/ 
MS studies of the [M + H]• ion of hydroxyatrazine using a triple 
quadrupole spectrometer with therrnospray ionization have 
shown that the m/z I 14 ion may also result from sequential loss 
of C3H6 and H2NCN. 15 The [M + H - H20]+ ion was not 
observed in the triple quadrupole experiment. The ion trap MS­
!""S products were obtained with high efficiency (75%) and 
tmproved SIN compared with the direct desorption spectrum. 
These data confirm that the MALDI-QITMS and MS-MS 
appr~aches may allow the direct qualitative analysis of low­
volatthty analytes adsorbed on SPE membranes without pre­
extraction. 
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Fig. 3 Analysis of an SPE membrane coated with hydroxyatrazine and 
2.5-DHB matnx: (a) MALDI spectrum; (h) isolation of the [M + H]• ion at 
m/z 198 and (c) CAD product spectrum of m/z 198. 
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Quantitative MAWI-QITMS 

The sensitivity of the MALDI-ion trap technique was deter­
mm~d usmg a membrane treated with 50 1-1g of flumequine 
(equtvalent to 0.5 mg t- 1 for a 100 ml aqueous sample). The 
diagnostic ions were observed ([M + H]• at m/z 262 and [M + 
Na]• at m/z 284), but the spectrum was dominated by matrix/ 
~embrane-related ions [Fig. 4]. In this experiment the analyte 
tons were no longer detected after 1-2 laser shots, presumably 
as a result of the exhaustive ablation of the sample from the 
membrane surface. The loading of 50 1-1g on an SPE membrane 
over an area of approximately 230 mm2 equated to 0.22 1-lg 
mm-2 tf the flumequme was distributed evenly across the 
membrane. The approximate mass of ablated flumequine was 
therefore I 00--200 ng per laser pulse for an irradiated area of 
about 0.8 mm2. At this analyte concentration characteristic ions 
were detected, but the reproducibility from different parts ofthe 
membrane and between desorption events was poor. 

An tmportant feature of the ion trap is the ability to 
~ccumulate ions prior to mass analysis. The possibility of 
mcreasing the sensitivity by ion accumulation from multiple 
laser events at different points on the membrane surface was 
therefore investigated. A section approximately 5 mm wide and 
20 mm long was cut from the membrane treated with 50 1-lg of 
flumequme and analysed by MALDI-QITMS. Fig. 4(a) shows 
the mass spectrum obtained by rastering the full length of the 
membrane section whilst the ions desorbed by eight laser pulses 
directed at separate points on the membrane were accumulated 
prior to the mass analysis scan. The [M + H]+ ion at m/z 262 
shows more than a three-fold increase in intensity when 
compared with Fig. 4(b), where eight shots were directed at a 
single spot on the membrane surface. These observations 
indicate that the multiplex advantage of the ion accumulation 
procedure may be useful for enhancing the sensitivity of the 
MALDI-QITMS technique, but that internal standardization is 
required for quantitative measurement because of poor repro­
ducibility. 

Fig. 5(a) shows the MALDI spectrum for an SPE membrane 
treated with HA (100 1-1g) and DEHA (2 mg), which was chosen 
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Fig. 4 Effect of multiple laser pulses on signal intensity of an SPE 
membrane treated with flumequine (50!'£), (a) accumulation of ions from 
eight pulses at different points on the membrane; and (h) accumulation of 
ions from eight pulses at the same spot. 
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as internal standard for the evaluation of the quantitative 
response of the method because of its similarity to HA. The 
intensity of the [M + H]+ of DEHA (m/z 170) is approximately 
66% of that of the [M + H]+ ion of HA (m/z 198), which may be 
attributed to the structural difference between the two com­
pounds. The DEHA has a free primary amine group which 
reduces the extraction efficiency of the SPE membrane for this 
analyte (22% recovery) and hence its MALDI response. A plot 
of peak-height ratio for the [M + H]+ ions of HA and DEHA 
against the ratio of the loading of HA to DEHA was linear for 
HA loadings in the range 25-500 ~-tg (r = 0.960), using the 
mean of the ion intensity ratio obtained by sample desorption at 
several points on the membrane each irradiated with eight laser 
pulses prior to the mass scan. However, the data showed a 
relatively high variance in peak-height ratio with a mean RSD 
of 30%. The poor precision for the peak-height ratio may arise 
because of the heterogeneity of the dispersion of HA, DEHA 
and 2,5-DHB across the membrane and variations in the 
extraction efficiency for HA and DEHA. An isotopically 
labelled internal standard is not available commercially, but 
would be expected to improve the precision of the quantitative 
response. 

The MALDI spectrum from an SPE membrane treated with 
river water spiked with HA (100 11g )-1) and DEHA (2 mg I-1) 
is shown in Fig. 5(b). The spectrum shows the [M + H]+ ion 
from DEHA at m/z 170 and the corresponding ion for HA at m/z 
198. The intensity ratio for [M + H]+ of DEHA relative to HA 
reflects the relative extraction efficiency and MALDI response 
for these compounds on the SPE membrane, but establishes the 
potential of the technique for the determination of HA in a 
complex sample matrix by MALDI-QITMS . Further work is 

IIIIX 1!8 
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Fig. 5 MALDI-ion trap mass spectra from an SPE membrane treated with 
HA and DEHA: (a) spiked water; and (b) spiked river water. 

required to extend the principle of the use of MALDI-QITMS 
to quantitative measurement using labelled internal standards 
and to achieve the sensitivities required for environmental 
samples. 

Conclusion 

The direct desorption of pesticides extracted from water by 
SPE, using MALDI in conjunction with external ion injection 
QITMS, has been shown to be a simple method for the 
identification of pesticides in aqueous samples. The MS/MS 
capability of the ion trap allows the structural elucidation of 
target compounds whilst eliminating matrix ions. The lowest 
analyte concentrations investigated in this study were 0.5 
mg 1-1 for flumequine and 0.25 mg I-1 for hydroxyatrazine for 
I 00 ml aqueous samples, but the possibility of greater 
sensitivity has been established using ion accumulation proce­
dures in the ion trap. Preliminary investigations of the 
quantitative response for MALDI-QITMS suggest that the 
technique may have potential for quantitative analysis in 
conjunction with internal standardization. 

We thank Kodak (Harrow, UK) for their financial support of 
this project and Dr. J. Stygall for his valuable assistaQce in the 
construction of the ion lens. 
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Laser desorption Fourier transform ion cyclotron 
resonance mass spectrometry was coupled with 
solid-phase extraction (SPE) on C 18 silica membranes for 
the determination of selected pesticides in water. The 
desorption process for hydroxyatrazine was demonstrated 
to take place at the surface of the membrane. The method 
was further investigated using other model compounds, 
flumequine, isoproturon and flutriafol. These three 
pesticides have shown a different behaviour to 
hydroxyatrazine when extracted on SPE membranes. 
Among them, only flumequine was detected at 248 nm. 
The use of a 355 nm laser wavelength allowed the 
detection of all three compounds but under more vigorous 
conditions leading to significant fragmentation. The 
unexpected behaviour at 248 nm is not clearly explained 
by the respective UV absorptions of the molecules at the 
laser wavelength but would more likely depend on 
different interactions with the membrane. 

Keywords: Pesticides; solid-phase extraction membrane; 
laser desorption/ionization; Fourier transform ion cyclotron 
resonance mass spectrometry 

Introduction 

The extraction and characterization of low-level pesticides in 
water is of growing interest because of an increase in the need 
for surface and ground water surveys.' Among extraction 
techniques, solid phase extraction (SPE), especially on C18 
si lica supports,2 has recently become more popular. The 
advantages of this technique over liquid-liquid extraction 
include the decreased use of hazardous solvents (e.g., dichloro­
methane), possible automation and shorter analysis time. 
However, although the extraction yields on C 18 silica are fairly 
high for a wide range of pesticides, 3 the elution yields 
occasionally appear not to be reproducible.• 

Consequently, the detection of adsorbed pesticides by direct 
laser desorption mass spectrometry is an alternative method 
currently under investigation. In this context, laser desorption 
Fourier transform ion cyclotron resonance mass spectrometry 
(Fr!CR-MS) has been reported as a method for the semi­
quantitative analysis of hydroxyatrazine by direct irradiation of 
impregnated C18 SPE membranes .5 In this case, water samples 
containing hydroxyatrazine at concentrations ranging from 
0.001 to I mg per 100 ml were extracted and the membranes 
were analysed by Fr!CR-MS using a 248 nm excimer laser at a 

• To whom correspondence should be addressed. 

power density of approximately 106 W cm- 2. A relationship 
was established between the concentration of the extracted 
solution and the number of laser shots necessary to remove the 
sample exhaustively from a locus of the membrane. 

In this work, this approach was further investigated using 
other model compounds. In order to understand the desorption 
process, a study of the membrane behaviour under different 
laser irradiation conditions was carried out by Fr!CR-MS and 
SEM. A set of three pesticides was selected to check the 
versatility of the method. The criteria for the choice of the 
pesticides were the following: vapour pressure compatible with 
the JCR cell's ultra-high vacuum (approximately 5 X IQ-8 
Torr), good retention yield on C 18 reversed-phase extraction 
membranes and easy detection and recognition by Fr!CR-MS 
after direct laser irradiation when deposited on an aluminium 
probe tip. 

The three pesticides selected were flumequine, an antibac­
terial of the fluorinated quinolone class used against plant 
bacterial disease, flutriafol , a triazole derivative fungicide , and 
isoproturon, a substituted phenylurea herbicide. Of these 
molecules, only flumequine was effectively detected on the 
membrane at 248 nm; flutriafol and isoproturon showed 
unexpected behaviour which is discussed here. However, the 
use of 355 nm laser irradiation made the detection of these 
molecules possible. 

Experimental 

Chemicals 

Jsoproturon (99.9%) [3-(4-isopropylphenyl)-1 , 1-dimethylurea] 
and flumequine (99.85%) { [IH,5H]-(6,7-dihydro-9-fluoro-
5-methyl-l-oxo)benzo[iJ1-quinolizine-2-carboxylic acid} were 
provided by Cluzeau (Ste. Foy Ia Grande, France) and Riker/3M 
(Pithiviers, France), respectively. Flutriafol (92.8%) [(RS)-2,4'­
difluoro-<X-( I H-1 ,2,4-triazol-1-ylmethyl)benzhydrylalcohol] 
and hydroxyatrazine (99.9%) [2-(ethylamino)-4-hydroxy-6-iso­
propylamino)-s-triazine] were purchased from Promochem 
(Strasbourg, France). The structures of the three selected 
molecules are shown in Fig. I. 

Methanol (Prolabo, Paris, France) used for conditioning the 
membranes was of analytical-reagent grade. Water used for 
membrane conditioning and as the solvent for pesticides was 
prepared by purification of osmosed water in an Elgastat UHP 
system (Eiga, High Wycombe, UK). 

Membrane Preparation 

Empore extraction discs (3M, St. Paul, MN, USA) were used 
(thickness 0.5 mm; total diameter 25 mm; useful diameter 
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16-18 mm, equivalent to approximately 200 mm2 of useful 
surface) following the method described elsewhere. 5 These 
discs are made of 8 t-tm octadecyl (C18)-bonded silica particles 
suspended in a matrix of PTFE filaments. The bonded silica to 
PTFE ratio is 90: 10 m/m. 

Aqueous solutions were prepared separately for isoproturon, 
flutriafol and flumequine at a concentration of I 0 mg )-I. They 
were analysed before and after percolation, 100 ml being used 
for each treatment, by HPLC with diode-array UV detection. 
For isoproturon and flutriafol a 250 X 4 mm id LiChroCART 
column (Merck, Nogent sur Marne, France) with Purospher RP-
18 stationary phase was used, and for flumequine a 250 X 4.6 
mm id Brownlee column (Perkin-Elmer, Foster City, CA, USA) 
with PRP-1 stationary phase was used. Detection wavelengths, 
solvents and retention times are summarized in Table I. The 
three molecules showed retention yields of 100% on the C18 
extraction membranes. 

Laser Microprobe Fourier Transform Ion Cyclotron 
Resonance Mass Spectrometry 

All laser experiments were performed on a laser microprobe 
Fourier transform mass spectrometer. This intrument is a 
modified, differentially pumped dual-cell Nicolet Instruments 
FTMS 2000 (now Finnigan MAT, Madison WI, USA) operated 
at a 3 T magnetic field and coupled with a reflection laser 
interface and special sample manipulation hardware. This 
instrument has been described in detail elsewhere.6,7 

Ionization was performed with an excimer laser (Lambda 
Physik, Gottingen, Germany) charged with KrF mixture 
(A = 248 nm, pulse duration 34 ns, output energy 250 mJ). The 
optical configuration of the instrument allows the adjustment of 
the laser beam diameter from 5 to several hundred micrometres, 
corresponding to a power density ranging from I OS to 109 
W cm-2 with an energy at the sample surface of approximately 
150 t-tJ per pulse. 

An Nd: Y AG laser (Brilliant, Quante!, Les Ulis, France) 
coupled to the system allowed alternatively the use of a 355 nm 
wavelength (pulse duration 5 ns, output energy 60 mJ) for the 
ionization step. As the Nd : Y AG pulse duration is six times 
shorter than that of the excimer, it allows the use of a higher 
power density. With this laser, the beam diameter can be 

Flumequine 

C 14H 12N03F 

M=261.25 

lsoproturon 

CI2HIBN20 

M=206.29 

Flutriafol 

C16H 13N30F2 

M=301.3 

Fig. l Structures of the pesticides. 

Table l HPLC conditions used for the determination of retention yields 

Retention/ Wavelength/ 
Pesticide Solvent min nm 

Flumequine H20-acetonitrile-THF 
(70+23+7) at pH 2 11.6 255 

Flutriafol H20-acetonitrile 
(60+40) 10.1 zoo· 

Isoproturon H20-acetonitrile 
(60+40) 12.2 242 

• Owing to the weak absorption of flutriafol in the 240-260 nm range, 
the detection of this molecule was performed at 200 nm. 

adjusted from 15 to about 500 t-tm, corresponding to a power 
density ranging from about 107 to 2 X 1010 W cm- 2 with an 
energy at the sample surface of approximately 180 t-tJ per 
pulse. 

The experiment sequence used for this work was as follows. 
Ions were formed by laser-induced ionization in the source cell 
(residual pressure 10-7-10-8 Torr). The trapping potential was 
typically I V. A variable delay period followed, during which 
ion-molecule reactions could occur. The trapping potential was 
suspended for a short time (about 10 ~-ts) to minimize the space 
charge effect of the ion cloud." Ions were then excited by a 
frequency excitation chirp and the image current was detected, 
amplified, digitized, apodized (Blackman-Harris three terms) 
and Fourier transformed to produce a mass spectrum.9 

Desorption Electron Impact Mass Spectrometry 

Conventional mass spectra were obtained with a Nermag R-
30-10 (Quad Service, Nanterre, France) triple quadripole 
instrument. These spectra were measured for pure samples (not 
adsorbed) only for control and for assessment of the fragment 
peaks. The source conditions were set as follows: temperature, 
190 °C; filament current, 0.2 rnA; and electron energy, 70 eV. 
Sample introduction was effected by thermal desorption (D-EI 
conditions). 

Scanning Electron Microscopy ofC18 membranes 

The SPE membranes (whole or 5 X 5 mm pieces) were mounted 
on aluminium stubs, coated with an Au-Pd layer over carbon 
and examined in a Philips 525 M scanning electron microscope 
at an accelerating voltage of 15 or 20 kV. 

Results and Discussion 

Study of the Desorption Process 

In a search for a better understanding of the desorption process 
on the membrane, a study of the membrane behaviour was 
carried out. A bare membrane was installed in the FTICR-MS 
cell and analysed at different laser power densities, a copper 
grid being fixed at the top of the membrane to allow recognition 
of the different laser impacts. After analysis, the membrane was 
observed by SEM. The SEM photograph of the part of the 
membrane that was irradiated with a high laser irradiance 
(approximately 109 W cm- 2) showed a deep crater at the 
surface. Under these conditions, only Si+, K+, SiOH+ and Sif+ 
ions were detected by FTICR-MS (see Fig. 2). On another part 
of the membrane, which was irradiated with 100 successive 
laser shots at low irradiance (approximately J06 W cm-2), the 
SEM photograph showed no surface modifications and no ions 
were detected by FTICR-MS. At this irradiance, the ablation/ 
ionization threshold of the membrane was not reached. This 
threshold has been estimated at to be approximately 5 X 106 
W cm- 2 in the positive-ion mode. 

However, when hydroxyatrazine was retained on the mem­
brane (I mg per 100 ml of aqueous solution), it showed an 
intense signal at low laser power density (approximately 106 
W cm-2). More than 1000 laser shots targeted at the same place 
were needed to observe a complete loss of the pseudomolecular 
ion signal at this concentration. In the low laser irradiance 
condition, no ablation of the membrane was observed by SEM. 
For this reason, the pesticide signal was believed to result from 
molecules accumulated at the surface of the membrane 
(estimated depth .;;; I t-tm). 

248 nm LD-FTICR-MS of Standards 

To extend the application field of the method used for 
hydroxyatrazine analysis and to check its versatility, the three 



selected molecules, fl umequine, fl utriafol and isoproturon, were 
studied. Table 2 summarizes some characteristics of these 
pesticides . 

The three pesticides gave maximum signals with a shon 
delay between ionization and excitation events (approximately 
100 ms), hence we assumed that the ions were resu lting from 
desorption processes and not from gas-phase reactions as for 
atrazine.5 

Figs. 3(a), (b) and (c) show the direct 248 nm laser desorption 
mass spectra of fl umequine, isoproturon and flutriafol, re­
spectively, deposited on an aluminium probe tip. 

Flumequine 

ln the ~sitive-ion mode, direct laser ionization of the molecule 
led to extensive fragmentation , even at very low laser power 
density (approximately 5 X I 05 W cm- 2). Major fragment ions 
were at m/z 244, 218, 202 and 176. The pseudo-molecular ion 
[M + H]+ at m/z 262 appeared at medium irradiance (approx­
imately I ()6 W cm- 2) . lts signal intensity increased gradually on 
decreasing the irradiance unti l the lowest achievable with the 
instrument [approximately 3.5 X 105 W cm- 2, Fig. 3(a)]. The 
main fragment ions resulted from the pseudo-molecular ion , the 
m/z 244 ion through a dehydration and the m/z 2 18 ion through 
a decarboxylation. The latter ions led to low-intensity fragments 
at m/z 202 and 176 by loss of propene. The same fragmentation 
processes were observed in the D-EI experiment, although less 
pronounced. 

1soproturon 

Direct laser irradiation of the molecule produced mainly 
fragments at m/z 189, 146, 134 and 72 at high laser power 
density (approximately 108 W cm-2). The ions m/z 189 and 134 
can be interpreted as [MH - H20]• and [MH - HN(CH3h -
CO]+, respectively. The ions at m/z 146 and 72 resulted from the 
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molecular ion M+·, as demonstrated by the D-EI spectrum (not 
shown), and corresponded to [M - HN(CH3h - ·CH3]+ and 
[(H3C)2NCO]+, respectively. At medium irradiance, numerous 
clusters and cationized species ([M + Na]+, [M + K]•, [M + 
AI]+, among others) appeared in addition to the ions [M + H]• 
(m/z 207) and M•· (m/z 206). On decreasing the irradiance, the 
cluster and cationized ion signals decreased steadily whereas 
the molecular and protonated molecu lar ion signals increased 
unti l an irradiance of about 7 X 105 W cm- 2, where they were 
maximum [Fig. 3(b)]. At this irradiance, the fragments at m/z 
146 and 189 were sti ll observed with very low intensities. 

Flutriafol 

Direct laser irradiation of the molecu le deposited on the probe 
tip showed an [M + H]• (m/z 302) ion signal which became the 
base peak at medium laser power density (about 107 W cm- 2). 
Fragments at m/z 284, 233, 215, 123 and 70 were observed at 
irradiances higher than 107 W cm- 2 The three forrner ions are 
most likely generated from the [M + H]+ ion after H20 , C2H3N3 
(triazole moiety) or combined H20 and C2H3N3 losses. The ions 
at m/z 123 and 170 shou ld be [FC6H4CO]+ and [C2H.N3]+ 

Table 2 Characteristics of the three pesticides 

Vapour Solubility 
pressure/ in water/ Log [M +H)+ lrradiancei/ 

Pesticide Pa mg i- ' Poc,t (m/z ) Wcm- 2 

Flumequine N.A." 14 1.47 262 3.5 X !05 
lsoproturon 3.3 X I0- 6 55 2.25 207 7 X !05 
Flutriafol 4 X I0- 7 130 2.3 302 I X 106 

• Not available. t P oct = octanol- water partition coefficient. t lrra­
diance for a maximum signal of the pseudo-molecular ion at 248 nm when 
the molecule is deposited on an aluminium probe tip. 

m;z 

Fig. 2 FTICR mass spectrum obtained from a single laser shot at high irradiance on a C 18 SPE membrane and SEM photograph of the crater. 
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(protonated triazole), respectively. The [M + H]+ ion showed 
maximum intensity around 106 W cm-2 [Fig. 3(c)]. 

After the analysis of the standards, experiments on mem­
branes treated with these three pesticides were carried out using 
a wavelength of 248 nm, which had been successful for 
hydroxyatrazine. 5 
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Fig. 3 248 nm LD-FfiCR mass spectra of the pure molecules deposited 
on aluminium (single laser shot): (a) tlumequine; (b) isoproturon; and (c) 
tlutriafol. 
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248 nm W-FTICR-MS of flumequine adsorbed on C18 
SPE membrane 

At 248 nm, flumequine was detected on a C 18 extraction 
membrane only at medium irradiance (approximately 3 X 106 

W cm-2) just under the ionization threshold of the membrane 
itself. Under these conditions, the spectra showed an [M + H]+ 
signal and an intense fragmentation of the pesticide (see Fig. 4). 
The fragments were identical with those detected on the 
standard (see above). At higher irradiance, the spectra were 
dominated by ions arising from the membrane. No signal was 
detected at irradiances lower than 2 X 106 W cm-2. The 
pesticide was detected reliably at concentrations of I and 0.5 mg 
per I 00 ml, but no signal was further detected for the 0.1 mg per 
I 00 ml concentration. About 20 laser shots at the same location 
were necessary to observe a complete loss of the pesticide signal 
(I or 0.5 mg per 100 ml). The detection limit was 50 times 
higher than that of hydroxyatrazine.5 

248 nm LD-FTICR-MS of isoproturon and flutriafol 
adsorbed on C18 SPE membranes 

At 248 nm, the laser desorption of the pesticides adsorbed on the 
extraction membranes proved successful only for flumequine. 
Neither isoproturon nor flutriafol was detected after extraction 
on a C 18 membrane using a 248 nm excimer laser for ionization, 
in both the positive- and negative-ion modes, at any laser power 
density allowed by the instrument configuration. For these 
molecules, even the accumulation of 10 shots did not allow the 
detection of any signal. A striking fact is that these molecules 
were easily desorbed from the probe tip at low irradiance and 
gave intense and reproducible signals. 

A possible explanation could be a difference in the absorptiv­
ities of the molecule at the excimer laser wavelength. UV 
absorption spectra in ethanol were obtained for the three 
compounds and hydroxyatrazine. They showed that flutriafol, 
which was not detected on the membrane, absorbed very weakly 
at248 nm (E = 396 ± 60 I mol- 1 cm- 1). Isoproturon absorption 
(E = 16857 ± 3741 mo]-1 cm- 1) was nearly as intense as that 
offlumequine (c = 18 733 ± 60 I mol-• cm- 1) and higher than 
for hydroxyatrazine (c = 8380 ± 183 I mo]-1 cm- 1), but 
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Fig. 4 248 nm LD-FfiCR mass spectrum of tlumequine adsorbed on a C, SPE membrane (single laser shot). 



isoproturon was not detected on the membrane. Hence the 
differences in UV absorption could not explain completely the 
differences in behaviour during the 248 nm laser desorption. 

Another possible explanation could be a difference in the 
adsorption processes and/or migration of the three molecules 
during the membrane treatment ((f., respective solubilities in 
water and log P oct values, Table 2). Indeed, flutriafol and 
isoproturon could be driven deeper into the membrane, which 
would explain why they were not detected. 

In order to determine the influence of the UV absorbance at 
the laser wavelength and to access deeper layers of the 
membrane, a wavelength of 355 nm, which allowed higher 
irradiances to be attained for a given spot diameter, was then 
used. 

355 nm LD-FTICR-MS of the Pesticides Adsorbed on C18 
SPE Membranes 

The coupling of an Nd:YAG laser with the FTICR-MS 
microprobe allowed the use of a wavelength of 355 nm for 
ionization. An interesting feature of this laser was that the pulse 
duration was about six times shorter than that of the excimer 
laser. This means that the irradiance for a given spot diameter 
and a given energy was higher, hence the ablation of the 
membrane should be increased. 

At 355 nm, flumequine, isoproturon and flutriafol at I mg per 
100 ml concentration were efficiently detected on Cis extrac­
tion membranes without using any matrix, but they gave rise to 
significant fragmentation. Flumequine gave intensive cationiza­
tion but a poor [M + H]+ signal [Fig. 5(a)]. Isoproturon and 
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Fig. 5 355 nm LD-FfiCR mass spectra of the three pesticides adsorbed 
on C,. SPE membranes (single laser shot): (a) flumequine; (b) isoproturon; 
and (c) flutriafol. 
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flutriafol exhibited an intense [M + H]+ signal with significant 
cationized molecular ions [Fig. 5(b) and (c)]. At this wave­
length, the three pesticides exhibited very weak absorptions but 
were detected; the absorbance seemed to have no significant 
impact on the analysis. Moreover, the results indicated that the 
use of a higher irradiance was preferable in order to detect some 
of the adsorbed pesticides. This was consistent with a higher 
ablation/desorption rate due to the irradiance and the wave­
length of the laser (thermal processes favoured). However, 
intensive fragmentation occurred and was prejudicial to the 
sensitivity. As shown by Bristow et a[.,Io this fragmentation 
problem can be overcome by using a matrix. 

Conclusion 

The 248 nm laser desorption of hydroxyatrazine5 adsorbed on a 
Cis SPE membrane was shown to occur at the surface of the 
membrane. The three pesticides investigated easily produced 
characteristic spectra by LD-FTICR-MS at 248 nm. When 
adsorbed on a Cis extraction membrane, only flumequine was 
detected at 248 nm, using a higher power density than for 
hydroxyatrazine. At 355 nm, detection of isoproturon and 
flutriafol adsorbed on Cis membrane was achieved. The laser 
desorption of flumequine, flutriafol and isoproturon adsorbed 
on a Cis silica SPE membrane was thus possible only under 
fairly vigorous conditions of irradiance compared with those 
used previously for hydroxyatrazine.5 These conditions led to 
intensive fragmentation and loss of sensitivity. 

Further studies using more models will be undertaken to 
obtain a better understanding of the desorption phenomenon. 
This could be done by establishing correlations with some of the 
hydrophobicity (i.e., log P octl and phase-substrate interactions 
parameters. 

The authors thank D. Tauban and L. Kerhoas of INRA, 
Versailles, for the SEM and D-EI determinations, respec­
tively. 

References 

Pionke, H. B., Glotfelty, D. E., Lucas, A. D., and Urban, J. B., 
J. Environ. Qual., 1988, 17, 76. 

2 Benfenati, E., Tremolada, P., Chiappetta, L., Frassanito, R., Bassi, G., 
Di Toro, N., Fanelli R., and Stella, G., Chemosphere, 1990, 21, 
1411. 

3 Nash, R. G., J. Assoc. Off. Anal. Chern., 1990, 73, 438. 
4 Nelieu, S., Stobiecki, M., and Einhorn, J., to be published . 
5 Krier, G., Masselon, C., Muller, J. F., Nelieu, S., and Einhorn, J., 

Rapid Commun. Mass Spectrom., 1995, 8, 22 
6 Muller, J. F., Pelletier, M., Klier, G., Wei!, D., and Campana, J., in 

Microbeam Analysis, ed. Russell, P.E., San Francisco Press, 1989, 
p. 311. 

7 Pelletier, M., Krier, G., Muller, J. F., Wei!, D., and Johnston, M., 
Rapid Commun. Mass Spectrom., 1988, 2, 146 

8 Laude, D. A., Jr., and Beu, S.C., Anal. Chern., 1989, 61, 2422 
9 Marshall, A. G., and Verdun, F. R., Fourier Tramform in NMR, 

Optical and Mass Spectrometry. A User's Handbook, Elsevier, 
Amsterdam, 1990 

10 Bristow, A. W. T., Creaser, C. S., Nelieu, S., and Einhorn, J., Analyst, 
1996, 121, 1425. 

Paper 6/02590K 
Received Apri/15, 1996 
Accepted June 17, 1996 





Analyst, October 1996 , Vol. 121 ( 1435-1441) 1435 
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Two novel methods for the analysis of simulated liquid 
process streams are described; static headspace 
analysis-MS and total vaporization-MS. A variety of 
experimental parameters have been studied and optimized 
for the detection of acetone and methyl iodide in water 
and acetic acid matrices, respectively. The detection limits 
(3a) for the headspace technique at a sample temperature 
of 71 °C are 0.5 and 2 !lg ml- 1 and for the total 
vaporization technique are 19 and 1 !lg ml- 1, respectively, 
for acetone and methyl iodide. The RSD for 
concentrations of 10 !lg m]-1 of the above analytes are 
generally less than 6% [n = 6 (static headspace method), 
n = 10 (total vaporization method)]. 

Keywords: Mass spectrometry; static headspace technique; 
total vaporization technique; liquid process stream analysis 

Introduction 

Today a wide variety of samples, with respect to their physical 
state and composition, can be analysed using a mass spec­
trometer; matrices analysed range from reactive gases to solid 
polymers. To a great degree the analyte and sample matrix 
dictate which instrument is applied. Liquid matrices can be 
analysed directly by a variety of mass spectrometric tech­
niques.' These include heated probes, fast atom bombardment2 
(FAB), field desorption and ionization' (FD!FI) and matrix 
assisted laser desorption and ionization• (MALDI). Alter­
natively GC5 or LC6 can be coupled with the technique of MS 
to provide partially or completely separated sample components 
to the instrument for analysis. 

Headspace techniques,7-9 employed almost exclusively with 
GC since their first applications, 10-11 are applied as a sample 
pre-treatment step involving the separation of relatively low 
boiling point components from a condensed sample phase in to 
a vapour phase (the headspace). A subsequent analysis of the 
headspace phase, which is in direct contact with the condensed 
phase, can provide both qualitative and quantitative information 
about the composition of the condensed phase. As a method to 
separate the components of interest from the sample matrix, 
static and dynamic headspace techniques are applied when the 
sample matrix may be detrimental to the analytical instrument 
or may mask information required from the analysis. McNally 
and Grob have reviewed current applications of static and 
dynamic techniques.' 2. 13 

Static headspace techniques employ thermostated glass vials 
sealed with septum containing caps. The sample is added to the 
vial and left for a period of time to allow partial or complete 
equilibration of the volatile components present between the 
condensed and headspace phases. After this period of time an 
aliquot of the headspace phase is taken and analysed. Direct, 
multiple headspace extractions 14 and the full evaporative 

technique's are all varieties of the static technique. Dynamic 
headspace techniques continuously remove the headspace 
phase with an inert gas flow and collect analytes present in the 
headspace on an adsorbent or in a cold trap. They provide 
greater sensitivity because of the greater analyte transfer to the 
headspace and trapping of the analytes, and are therefore 
employed when static headspace techniques do not provide 
sufficient sensitivity because of a large partition coefffcient or 
low analyte concentration in the sample. 

The partition coefficient, K, directly relates the concentration 
of the analyte in the headspace (Co) and condensed sample (Cs) 
phases: 

K = Cs/Co (I) 

The partition coefficient, which is temperature, pressure and 
matrix dependant, indicates the technique's sensitivity; !lg 1-1 
detection limits are achievable when the partition coefficient is 
small. 

The volume ratio of the sample vial,~. commonly termed the 
phase ratio, 16 can also influence the concentration of analyte in 
the headspace: 

(2) 

V 0 and Vs are the volumes of the headspace and condensed 
phases, respectively. It has been documented 16 for static 
headspace analysis-GC that the phase ratio can influence the 
concentration of analyte in the headspace phase when the 
partition coefficient is small. In these systems larger condensed 
phase volumes (small phase ratios) will provide lower detection 
limits. 

Total vaporization techniques employ the rapid, or occa­
sionally slow, vaporization of microlitre-sized liquid samples. 
Subsequently a portion or all of the vapour created is sampled 
and analysed. The most commonly applied instrument concer­
ned with sample vaporization is the gas chromatograph. In these 
cases a heated inlet is used to vaporize liquid samples with 
boiling points commonly less than 300 °C, before a carrier gas 
sweeps some or all of the vapour on to the analytical column. 
Various methods have been used to vaporize a liquid sample 
and introduce the vapour created directly into a mass spectrom­
eter for analysis. A syringe,l 7 moving piston with a sample 
groove IS and ampoulesl 9 orcapillaries2o.21 containing the liquid 
have all been applied to introduce the liquid sample directly in 
to an expansion chamber for vaporization. Alternative ly 
samples can be vaporized externally at low pressures or high 
temperatures, and then be sampled in to the mass spec­
trometer.22-25 Finally, fractionated evaporation using Knudsen 
cells26 and micromolecular distillations27 have also been 
employed as alternative methods to GC-MS, to partially or 
completely separate sample components before analysis. 

In this paper the two techniques of direct static headspace­
MS and total vaporization-MS are described. The parameters 
influencing sensitivity and precision are investigated as well as 
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calibration for both techniques. Two model samples similar to 
industrial process samples were used throughout; acetone 
(analyte) in water and methyl iodide (analyte) in acetic acid. 

Experimental 

Reagents 

All chemicals and solvents used were of analytical-reagent 
grade. Water was doubly de-ionized. Standard solutions (10.0, 
1.0 and 0.5% were prepared by dissolving acetone (Fisons 
Scientific Equipment, Loughborough, UK) in water and methyl 
iodide (Aldrich, Gillingham, UK) in acetic acid (BP Chemicals, 
Hull, UK). All stock and standard solutions were prepared on a 
volume/volume basis. Standard solutions of concentrations 
lower than 0.5% were prepared by serial dilution. A negligible 
headspace phase volume was present in all storage vessels to 
ensure no analyte loss. 

Instrumentation 

A VG Gas Analysis Systems (Middlewich, UK) SX200 single 
quadrupole mass spectrometer with an electron impact ion 
source was employed with emission currents of 0.15 rnA 
(acetone) and 0.25 rnA (methyl iodide) and an electron energy 
of 60 eV for both analytes. Gaseous samples were pumped 
through a 1.5 m long silica capillary to a gas leak where a small 
portion of the flow enters the ion source and the majority of the 
flow is pumped away from the source region. The capillary was 
heated to a maximum temperature of 170 °C. Ion detection was 
performed with a channel electron multiplier operating with a 
detection voltage of -1800 V unless otherwise stated. A 
vacuum system pressure of 0.3-2.0 X J0-9 bar was maintained. 
A Hewlett-Packard (Avondale, PA, USA) personal computer 
and Spectralab software (VG Gas Analysis Systems) were used 
for instrument control and data acquisition. Quantification was 
performed by multiple ion monitoring of the mass ion 
corresponding to the base peak of each analyte; m/z 43 for 
acetone and m/z 142 for methyl iodide. Cycle times of 1.0 s 
(headspace technique) and 0.2 s (total vaporization technique) 
were used. 

Static Headspace Technique 

All the analysed samples were prepared by direct transfer of 
measured volume standard solution aliquots to glass vials 
(volume = 2.0 ml) sealed with septum-containing metal caps 
(Chromacol, Welwyn Garden City, UK). The samples were 
subsequently allowed completely to equilibrate at a chosen 
temperature. For temperatures greater than 25 oc a Multi-blok 
heater (Lab-line Instruments, Melrose Park, IL, USA) was 
employed. Vials were heated in a metal block containing water 
to ensure adequate heat transfer. 

The headspace was sampled using a bevelled needle 
(id = 0.5 mm, od = 1.0 mm,length = 30 mm) connected to one 
end of the mass spectrometer capillary inlet. The needle was 
inserted through the silicone rubber septum to 60-80% of the 
headspace depth, depending on the condensed phase volume. 
The needle was removed after the peak maximum had been 
recorded. 

The effects of sample temperature, volume ratio of the 
sample vial and equilibration time were investigated. The 
second and third parameters were studied at room temperature 
and 71 °C. Calibration data were also collected at these two 
temperatures for acetone and methyl iodide. 

Total Vaporization Technique 

The total vaporization manifold used is shown in Fig. I. It 
consisted of a gas chromatograph (Model 437, Chrompack, 

London, UK) containing two heated inlets (A and B) connected 
by a 4.6 mm id glass column containing no stationary phase. 
Inlets A and B contained a straight glass liner and an inverted 
tapered glass liner, respectively. The end of the capillary inlet 
was placed firmly in the restriction of the inverted tapered glass 
liner, ensuring that all the vapour created was swept into the 
mass spectrometer. The gas chromatograph oven was main­
tained at a temperature 20 °C greater than the inlet temperature 
to eliminate condensation onto the glass column walls. Liquid 
samples were injected with a 101-11 syringe into inlet A. Helium 
gas continuously swept vapour to inlet B and the capillary 
inlet. 

The effects of inlet temperature, helium flow rate, buffer 
volume and injection volume were investigated. Calibration 
data were collected for acetone and methyl iodide under the 
optimized conditions. 

For both techniques described above the response was 
measured as the peak height with units of J0-13 bar and is 
equivalent to the partial pressure of the analyte in the gas phase. 
Six replicate analyses were performed during static headspace 
measurements and ten replicate analyses were performed during 
total vaporization measurements. 

Results and Discussion 

Headspace Analysis Technique 

Effect of sample temperature 

The response was measured over a range of temperatures for 
100 14g ml- 1 acetone standards and 50 14g m)-1 methyl iodide 
standards using the method described in the experimental 
section. The phase ratio of each vial was 2.3 (acetone) and 9.0 
(methyl iodide) and the equilibration times were 45 min 
(acetone) and 60 min (methyl iodide). 

The results are shown in Fig. 2. The response increases 
linearly as the temperature is increased, for acetone and methyl 
iodide standards. As the temperature increases the partial 
pressure of the analyte in the headspace phase also increases. 
These results indicate an increased sensitivity at temperatures 
above 27 oc. The difference in the shape of the graphs for the 
two analytes is possibly caused by complete transfer of methyl 
iodide into the headspace being approached at the higher 
temperatures studied. 

Analyses at sample temperatures greater than 71 °C period­
ically were inaccurate and imprecise, due to the intake of liquid 
into the mass spectrometer capillary inlet from condensed 

Fig. 1 Total vaporization interface; 1, Injection inlet A (straight liner); 2, 
injection inlet B (inverted taper liner); 3, heater blocks; 4, helium inlet; 5, 
oven compartment; 6, glass column; 7, septum; 8, mass spectrometer 
capillary. 



vapour present on the vial septum. A temperature of 71 °C was 
employed in further studies to eliminate this problem. 

Effect of phase ratio 

The influence on the response of a range of phase ratios was 
studied at 25 and 71 °C. Acetone and methyl iodide standards 
(2.0%) were used with the Faraday cup detector to investigate 
the influence of the phase ratio at 25 °C. At 71 oc 100 1-1g ml- 1 

acetone standards and 50 ~-tg ml- 1 methyl iodide standards were 
used with the electron multiplier detector. There was no 
particular reason for the use of different detectors. The 
equilibration time was 8 h for the range of phase ratios 
studied. 

A maximum in the range of responses measured can be seen 
for acetone standards at both temperatures (Fig. 3). This 
maximum response was measured with a phase ratio of2.3. The 
equivalent maximum responses for methyl iodide standards 
were observed at phase ratios of3.0 (25 °C) and 4.0 (71 °C). The 
variation in the response for the range of phase ratios 
investigated is dependant on the sample temperature and the 
combination of matrix and analyte. The variation in the 
responses for the range of phase ratios studied is lower for both 
analytes at 71 °C, when the partition coefficient is smaller, than 
at 25 °C. This may be caused by the increased concentration of 
the matrix in the headspace which affects ionization mecha­
nisms in the ion source, or the nearly complete transfer of 
analyte from the liquid to the gas phase at the higher 
temperature. 

The relationship between response and phase ratio was also 
investigated at 25 °C using a liquid composed of the analyte 
only. The headspace in each vial was composed of the saturation 
concentration of analyte for the range of phase ratios studied. 
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Fig. 2 Effect of sample temperature for 100 J!g ml- 1 acetone (filled 
diamonds) and 50 J!g ml- 1 methyl iodide standards (open circles) 
(Acetone: phase ratio 2.3, equilibration time 45 min. Methyl iodide: phase 
ratio 9.0, equilibration time 60 min.) 
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Fig. 3 Effect of the phase ratio for acetone standards at 25 oc (filled 
diamonds) and 71 oc (open circles). (25 oc: 20%, 8 h. 71 oc: 100 J!g ml-1, 
8 h.) 
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Therefore the concentration of analyte in all the vials analysed 
was constant, and independent of the phase ratio. The results 
show a relatively constant response (maximum change in 
response < 12%) which indicated that the sampling technique 
employed presented a reproducible volume of the headspace to 
the mass spectrometer, independent of the phase ratio or the 
penetration depth of the needle in to the vial. The influence of 
the phase ratio on the response (or concentration of analyte in 
the headspace phase) is therefore dependant on the thermody­
namic equilibrium present in the sealed vial. This study 
indicates that the temperature and sample matrix/ analyte 
influence the thermodynamic equilibrium. 

Determination of equilibration times 

Equilibration profiles display the change in response for a range 
of times after the standard has been prepared. Fig. 4 shows the 
equilibration profiles for 2.0% acetone and methyl iodide 
standards at 25 °C using a Faraday cup detector for quantifica­
tion. Acetone standards (100 1-1g ml- 1) and methyl iodide 
standards (50 ~-tg mJ- 1) were used to measure the equilibration 
profiles at 71 oc using an electron multiplier detector. At both 
temperatures the phase ratio for acetone and methyl iodide 
standards was 2.3 and 9 .0, respectively. Standards were 
prepared and left for a certain time before the headspace was 
analysed. The range of times was varied to produce the 
equilibration profiles. 

Equilibration profiles display a time where the response 
becomes constant. This is referred to as the equilibration time. 
The analysis of the headspace at or after the equilibration time 
will result in the greatest sensitivity and normally the highest 
precision. The equilibration times for acetone/water standards 
are 30 min (25 °C) and 20 min (71 °C). The corresponding 
equilibration times for methyl iodide-acetic acid standards are 
60 min (25 °C) and 40 min (71 °C). The equilibration time at 
25 °C for methyl iodide-acetic acid standards with a phase ratio 
of 3.0 is approximately 180 min. This equilibrium time is not 
recommended for routine off-line analyses and in future work a 
phase ratio of 9.0 was employed to reduce the time required for 
sample preparation and analysis. When using a phase ratio of 
9.0 instead of 2.3 the reduction in the equilibration time from 
180 to 60 min results in a 12% decrease in the response. 

Shorter equilibration times were achieved at 71 °C and when 
a sample matrix of water with acetone as the analyte was used 
with respect to a sample matrix of acetic acid and methyl iodide 
as the analyte. The sample matrix viscosity influences the 
mobility of the analyte in the liquid phase and therefore the rate 
of analyte transfer between the two phases present. The 
viscosities of water and acetic acid at 25 °C are 0.89 and 1.06 
mPa s- 1, respectively. Therefore, this displays that methyl 
iodide is the analyte with the lower mobility because of the 
higher viscosity of the surrounding matrix. 
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Fig. 4 Equilibration profiles at 25 oc for 2.0% acetone (filled diamonds) 
and methyl iodide (open circles) standards (Acetone: phase ratio 2.3. 
Methyl iodide: phase ratio 9.0.) 
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Calibration 

Calibration data were collected for acetone and methyl iodide at 
25 and 71 °C. The phase ratios were 2.3 and 9.0 for acetone and 
methyl iodide standards, respectively, at both temperatures. The 
equilibration times used at 25 and 71 °C, respectively, were 30 
and 20 min (acetone standards) and 60 and 45 min (methyl 
iodide standards). Calibration graphs of response (I Q-13 bar) 
versus analyte concentration (t-tg ml- 1) were plotted. 

Table I shows the calibration data obtained for acetone (21 
and 71 °C) and methyl iodide (24 and 71 °C). Limits of 
detection (3o) for acetone of 1.6 t-tg ml- 1 (25 °C) and 0.5 
1-1g ml-1 (71 °C) were achieved. The calibration sensitivity28 of 
the technique increased significantly from 0.127 X 10- 13 bar 
ml t-tg-1 at 25 °C to 2.750X 10- 13 bar ml t-tg-1 at 71 °C. These 
two parameters show the increased applicability for detecting 
lower acetone concentrations at temperatures greater than 
25 °C. No detectable blank signal was measured at either 
temperature studied. At concentrations greater than I 0 t-tg ml- 1 
the precision is adequate (RSD < 7%, n = 6). 

A linear calibration range was achieved over four decades of 
concentration for acetone at a sample temperature of 25 °C. At 
concentrations greater than the highest concentration measured 
the upper measurable pressure limit for the electron multiplier 
detector used was exceeded, and therefore quantification at 
greater concentrations was not possible. At 71 °C a smaller 
linear calibration range was achieved covering two decades of 
concentration. Linear calibration is achieved only when the 
headspace contains an ideal gas mixture. At concentrations 
greater than 500 1-1g ml-1 the headspace is therefore no longer 
ideal and this causes the reduction in the linear calibration 
range. The non-ideality is possibly created by the matrix effect 
of the higher concentration of water in the headspace phase at 
71 °C affecting the ionization mechanism of acetone in the ion 
source. 

The calibration data results for methyl iodide at sample 
temperatures of 25 and 71 °C are also shown in Table 2. The 
greater calibration sensitivity at 71 °C ( 1.318 X 10-13 bar 
ml !!g-1 at 71 °C with respect to 0.396 X 10-13 bar ml t-tg-1 at 
25 °C) is not reflected by the detection limits (3o) of 0.2 
1-1g ml-1 (25 °C) and 1.8 1-1g ml- 1 (71 °C). At 71 °C there was 
a measurable signal for the blank solution which was not 
measurable at a sample temperature of 25 °C. The increase in 
the magnitude of the response for the blank solution resulted in 
the higher detection limit at 71 °C. The acetic acid used 
contained < 2 t-tg 1-1 methyl iodide and therefore the detectable 
signal was not caused by impurities in the acetic acid but may be 
caused by the increased partial pressure of the acetic acid in the 
headspace phase at the elevated temperature. The precision is 
adequate at concentrations greater than those equivalent to the 
detection limit (RSD < 6%, n = 6). 

Linear calibration ranges were achieved over three and four 
orders of concentration for 25 and 71 °C, respectively. Any 
influence of a higher partial pressure of acetic acid in the 

headspace at 71 °C was not observed as was seen with the 
acetone-water matrix. The quantification of methyl iodide at 
higher concentrations may be possible although in these 
experiments the upper pressure measurable limit for the electron 
multiplier detector was exceeded. The analysis frequency for 
both analytes was 40 h- 1, which is significantly greater than for 
GC analyses. 

The detection limits above are all quoted as concentrations in 
the liquid phase. The analyte concentration in the headspace 
phase measured by the mass spectrometer is lower and is in 
the 1-1g 1- 1 range. For example the partition coefficient for an 
acetone-water mixture at 25 °C is 551.29 Therefore the relative 
concentration in the headspace phase of acetone present in the 
liquid phase at the detection limit concentration of 2 t-tg ml- 1 
will be 4 Jlg 1- 1• 

Total Vaporization Technique 

Mechanism of vaporization and peak profiles 

Vaporization of a liquid expelled from a syringe needle begins 
with the creation of a series of droplets as the liquid exits the 
needle and enters the hot vaporization region. The subsequent 
transfer of heat to the liquid droplets results in the vaporization 
of the surface layer of liquid and the release of vapour from the 
liquid surfaces. Continued transfer of heat to the droplets, 
present in the carrier gas flow or in contact with a hot glass 
surface, causes a reduction in the diameter of the droplets until 
vaporization is complete and only vapour is present. Also 
during vaporization droplets may divide into a larger number of 
smaller droplets due to the formation of vapour in the droplet. 
Vapour creation causes expansion of the liquid and the 
subsequent splitting of the liquid droplet. 

Fig. 5 shows the peak profiles observed during vaporization 
of acetone standards prepared in water and methyl iodide 
standards prepared in acetic acid. Acetone standards were 
injected in to the manifold at time = 0 s and methyl iodide 
standards were injected at time = 40 s for the plotting of the 
peak profiles. The same experimental conditions were em­
ployed as for calibration (see below). The peak profiles display 
the variation in the rate of release of the analyte during 
vaporization, measured as d(response of analyte)/d(time). 

Vaporization is complete in 90s for 5 t-tl sample volumes of 
the acetone standard. The peak profile shows a slow uniform 
release of acetone (A) followed by a rapid increase (B) in the 
release of acetone, before the release again slows to zero (C). 
The slow uniform release of acetone represented on the peak 
profiles as a shoulder thus represents a non-optimum droplet 
diameter for the greatest rate of release of acetone from the 
liquid phase. Instead in this stage the droplet diameter decreases 
due to droplet explosions and surface vaporization and a 
relatively lower rate of release of acetone is observed, before the 
optimum droplet diameter is reached and the fastest rate of 
acetone removal from the liquid phase (B) is observed. 

Table 1 Calibration data for acetone and methyl iodide applying the headspace technique. [Acetone; phase ratio 2.3 (25 and 71 °C); equilibration times 30 
min (25 °C) and 20 min (71 °C). Methyl iodide; phase ratio 9.0 (25 and 71 °C); equilibration times 60 min (25 °C) and 45 min (71 °C)] 

Analyte Acetone Methyl iodide 

Temperature/"C 21 ±I 71 ±I 24± I 71 ±I 
Linear calibration range (}-7000 0-500 0-20000 0-5000 

/flgmJ- 1 
r 0.9987 (n = 9) 0.9994 (n = 7) 0.9999 (n = 7) 0.9996 (n = 7) 
Detection limit (3o)/f1g mJ-1 1.6 0.5 0.2 1.8 
Relative standard deviation 

(n = 10) for: 
lflgmJ-1 (%) 13.3 12.7 9.7 
10 11g ml- 1 (%) 8.1 5.7 4.7 5.6 



The peak profiles of methyl iodide standards show a faster 
vaporization process with respect to acetone standards that is 
complete in 45 s. No shoulder was observed because the 
diameter of the droplets as they entered the vaporization region 
was at an optimum value and therefore no reduction in the 
diameter of the droplets was required. The time required for 
complete vaporization of acetone and methyl iodide standards is 
long and shows that the reservoir of heat available in the 
vaporization region is not large enough to allow very rapid 
vaporization ( < 2 s) of 5 fll sample volumes. The vaporization 
process is shorter when smaller sample volumes are analysed. 

The variation in the droplet diameters of water and acetic acid 
expelled from a syringe can be observed visually. The diameters 
of water droplets expelled from a syringe are large with respect 
to the diameter of droplets created by the expulsion of acetic 
acid. The droplet diameters for acetic acid are small enough to 
be termed an aerosol. These differences in the diameters of the 
droplets can be explained by the larger surface tension of water 
at 25 °C (63.6 yin mN m- 1) with respect to acetic acid (22.1 y 
in mN m -I). The larger surface tension of water does not allow 
the formation of relatively small diameter droplets when water 
is expelled from a syringe. This explains the differences in the 
peak profiles for the two matrices studied. Although the droplet 
diameter does not exclusively affect the vaporization of liquids 
by this technique, it clearly has an influence. 

Effect of buffer volume 

The glass column used was placed between the inlets A and B 
to eliminate any sudden pressure increases caused by the 
volume expansion of the liquid as it vaporizes. This acted to 
protect the mass spectrometer and allowed larger sample 
volumes to be analysed than was possible when the column was 
absent. When no column was present the capillary inlet was 
connected directly to inlet A. A pressure increase was measured 
when no glass column was present. The volume enclosed by the 
glass column was called the buffer volume as it was applied to 
protect the mass spectrometer from a sudden pressure in­
crease. 

The relationship between the buffer volume and response was 
investigated using 1000 fig m]-I acetone and 100 fig m]- I 
methyl iodide standards. The response was also measured for 
blank solutions. An inlet temperature of 200 °C, helium gas 
flow rate of 77 ml min- 1 and injection volume of 5 fll were 
used. 

The results are shown in Fig. 6. Acetone standards exhibit a 
decrease in response as the buffer volume is increased caused by 
gas phase dilution of the vaporized liquid with the helium gas as 
it passes through progressively larger buffer volumes. The 
variability of gas phase dilution is significantly less for the 
analysis of methyl iodide standards. The influence of the buffer 
volume on the response is therefore dependant on the sample 
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Fig. 5 Vaporization peak profiles for acetone (filled diamonds) and 
methyl iodide (open circles). 
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matrix and analyte. The influence of the slower rate of 
vaporization for water matrices, discussed above, can be seen 
here. The longer vaporization period allows the vaporized 
sample to mix well with increasingly larger volumes of helium 
gas as the buffer volume increases. Acetic acid matrices 
completely vaporize faster and therefore dilution with helium 
gas is relatively uniform and independent of the buffer 
volume. 

In further studies a buffer volume of 12.1 ml was employed 
with acetone and methyl iodide standards. With the acetone 
standards a smaller buffer volume was tested by using a 2.0 mm 
id column; this caused peak splitting. A compromise was 
applied of lower sensitivity with a single quantifiable peak. 
Smaller buffer volumes used with methyl iodide standards 
produced a smaller response, possibly caused by incomplete 
vaporization or the smaller diameter column creating a larger 
degree of gas phase sample dilution. 

A small response can be measured when blank solutions are 
analysed. This indicates that the mass spectrometer measures a 
pressure increase in the ion source with a 5 fll injection volume 
even with a buffer volume present. This is caused by the 
increase in the pressure created by the volume expansion of the 
liquid as it vaporizes. The peak maxima for blank and standard 
solutions occur at the same time after injection. 

Effect of injection temperature 

The response was measured over a range of injection tem­
peratures for 1000 f.lg m] - 1 acetone and methyl iodide 
standards. A buffer volume of 12.1 ml was employed with a 
helium gas flow rate of77 ml min- 1 and an injection volume of 
5 f.ll. The response increases as the injection temperature 
increases for both analytes (Fig. 7). This shows that the greater 
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Fig. 6 Effect of the buffer volume for 1000 1-'8 mi- 1 acetone (filled 
diamonds) and 100 1-'8 ml- 1 methyl iodide (open circles) standards. (Inlet 
temperature 200 °C, helium flow rate 77 ml min-I, injection volume 
5 fll.) 
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Fig. 7 Effect of the injection temperature for I 000 1!8 ml- 1 acetone (filled 
diamonds) and methyl iodide (open circles) standards. (Buffer volume 12.1 
ml, helium flow rate 77 ml min- 1, injection volume 5 J!l.) 
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rate of vaporization and the larger amount of heat available for 
vaporization of the liquid samples as the temperature is 
increased. 

Effect of helium gas flow rate 

The influence of the helium gas flow rate was investigated using 
a 12.1 ml buffer volume, an injection temperature of 200 °C and 
an injection volume of 5 !!I. Acetone and methyl iodide 
standards of 1000 !lg ml-1 were used. An optimum flow rate 
with respect to sensitivity was observed at 56 ml min- 1, 
whereas the corresponding flow rate for methyl iodide was 34 
ml min- I. At lower flow rates gas phase sample dilution with 
the helium causes the lower responses measured. At higher flow 
rates the decrease in response may be caused by incomplete 
vaporization or greater dispersion of the liquid droplets formed 
as they enter inlet A and the glass column. 

Effect of injection volume 

Responses were obtained over a range of sample volumes for 
1000 !lg ml- 1 acetone and methyl iodide standards. An 
injection temperature of 200 °C and 77 ml min-I helium flow 
rate were used with a buffer volume of 12.1 mi. Fig. 8 shows the 
increase in response as the sample volume is increased. The 
increase is exponential in the range studied for methyl iodide 
standards, and exponential in the range 0.5-3.0 !ll for acetone 
standards. For sample volumes greater than 3 !ll for an acetone 
standard the response increases only slightly but at a sig­
nificantly lower rate than for methyl iodide standards. The 
increase in response is caused by the larger mass of analyte in 
the injected sample as the sample volume increases, and is also 
caused by the more efficient vaporization of larger sample 
volumes. The increase in the response would be linear if the 
efficiency of vaporization were constant and independent of the 
sample volume. At sample volumes greater than 3 !ll for acetone 
standards the efficiency still increases but only at a lower rate, 
and this exhibits a decrease in the efficiency of vaporization. 

Calibration 

Calibration data were collected for acetone and methyl iodide. 
The conditions used were: injection temperature, 350 °C; 
helium flow rate, 56 ml min-1; injection volume, 5 !!I. For 
methyl iodide standards a larger response can be obtained with 
a flow rate of 34 ml min- 1 but the time required to return to the 
baseline is significantly longer ( > 30 s) at the lower flow rate. 
Therefore the higher flow rate is used with a corresponding 5% 
decrease in the response. Injection volumes of 5 !ll were used 
for both analytes to allow a comparison of the sensitivity. A 
5000 !lg ml-1 ethanol (Fisons Scientific Equipment) solution in 
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Fig. 8 Effect of the injection volume for 1000 J.lg ml- 1 acetone (filled 
diamonds) and methyl iodide (open circles) standards. (Buffer volume 12.1 
ml, injection temperature 200 oc. helium flow rate 77 ml min- 1.) 

water was applied to provide internal standard quantification for 
the analysis of acetone standards. This resulted in an increase in 
the precision for measurements. This increase in precision was 
not observed when an internal standard was used with methyl 
iodide standards. This may be caused by the speed of 
measurement of the mass spectrometer or computer hardware 
being compromised by the faster rate of vaporization of acetic 
acid causing imprecise pressure measurements. The response 
was measured as the mean ratio of the peak heights of acetone 
and ethanol for ten replicate injections of acetone standards: 

Ratio = peak height (acetone)!peak height (ethanol) (3) 

and as the mean peak height for ten replicate injections of 
methyl iodide standards. Calibration graphs of response [ratio 
or peak height (in units of 10-13 bar)) versus analyte 
concentration (!lg mi- 1) were plotted. The calibration data are 
shown in Table 2. 

Detection limits (3o) achieved for acetone and methyl iodide 
were 19 and I !lg ml- 1 , respectively. The corresponding 
calibration sensitivity for each analyte was 1.931 X 10-13 bar 
ml !lg-1 (acetone, no internal standard) and 1.681 X I 0-13 bar 
ml !lg- 1 (methyl iodide). There was a small detectable signal 
measured for both blank solutions. This was caused by the mass 
spectrometer measuring the pressure increase in the buffer 
volume during vaporization. The detected signal was applied as 
the response for a concentration of 0 !lg mi- 1 for the calibration 
graphs. 

The use of an internal standard for the quantification of 
acetone resulted in relatively high precision throughout the 
calibration range (RSD < 5.5%, n = 10). The precision for the 
analysis of methyl iodide standards was lower than for acetone 
standards. The RSD values (n = 10) ranged from 3.8 to 12.8% 
for methyl iodide over the range 0-5000 !lg ml- 1. Linear 
calibration ranges covering four decades of concentration were 
achieved for both analytes. At concentrations greater than the 
highest concentration in the calibration range the response 
exceeded the upper measurable pressure limit for the electron 
multiplier used. The analysis frequencies for acetone and 
methyl iodide standards, respectively, were 40 and 80 h- 1. 

Conclusions and Further Work 

The current work displays the adva1.1tages and limitations of 
both techniques discussed. The technique currently applied at 
BP Chemicals (Hull) for the analysis of methyl iodide in acetic 
acid isGC.JO A detection limitof5 !lg ]-1 can be achieved using 
an electron capture detector with a run time of 7 min. No current 
method is documented for the analysis of acetone in aqueous 
matrices. Although the detection limits are lower for the GC 
method, the sample frequency is higher for both techniques 
discussed in this paper. Therefore both techniques can be 
applied when a high analysis frequency is required. The cost of 
a mass spectrometer does not economically allow a low 

Table 2 Calibration data for the total vaporization technique. [Injection 
temperature, 350 °C; helium flow rate, 56 mJ min- 1; injection VOlume, 5 JA). 
An internal standard (5000 J.lg ml- 1 ethanol solution) was employed for 
collecting calibration data for acetone.] 

Analyte 

Linear calibration range 
/J.lgmJ-1 

r (n = 8) 
Detection limit (3o)/J.lg mJ- 1 
Relative standard deviation 

(n = 10) for: 
I J,lgml- 1 (%) 
10 J,lg mJ-1 (%) 

Acetone 

0-5000 
0.9988 

18.9 

4.1 
4.3 

Methyl iodide 

0-5000 
0.9998 
0.9 

9.4 
5.6 



frequency of use, though the cost of the equipment will be 
smaller than for a GC-MS instrument. 

Further work will be based on the adaptation of the two 
techniques ofheadspace analysis and total vaporization analysis 
for their use in on-line applications. 

The authors thank BP Chemicals (Hull), VG Gas Analysis 
Systems (Middlewich, Cheshire) and The Analytical Chemistry 
Trust of The Royal Society of Chemistry for their financial and 
instrumental assistance. 
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Procrustes Analysis for the Determination of 
Number of Significant Masses in Gas 
Chromatography-Mass Spectrometry 

Cevdet Demir, Peter Hindmarch and Richard G. Brereton• 
School of Chemistry. University of Bristol, Cantock's Close , Bristol, 
UK BS81TS 

In GC-MS, typically, the majority of masses are of no 
significance. The aim· of this paper is to show how the 
influence of increasing numbers of masses affect the 
information content of GC-MS data. Two closely eluting 
peaks arising from salbutamol and clenbuterol are 
analysed. Principal component analysis is performed 
using 10 and 50 masses. The patterns formed using two 
principal components are compared by procrustes 
analysis, involving scaling, rotating and reflecting the 
data. The influence of increasing the number of masses is 
discussed. The change in pattern is quantified using the 
root mean square difference between the scores using 50 
masses and a smaller number of masses. 

Keywords: Gas chromatography-mass spectrometry; 
principal component analysis; procrustes analysis; 
chemometrics 

Introduction 

There is considerable interest in the use of multivariate methods 
for the analysis of GC-MS data. There are many aims. A 
common aim is simply pattern recognition-GC-MS is fre­
quently used for monitoring environmental samples, for 
example. Can samples be grouped by origin or can potential 
sources of contamination be identified?1- 3 Factor analysis can 
be used to deconvolute, quantify and determine spectra of 
mixtures of closely eluting compounds.4-11 Multivariate calib­
ration may be employed for quantitative purposes. 12 

Unlike in HPLC, however, GC-MS data matrices are sparse. 
Typically about 1000 mass numbers will be recorded, but only 
a small number will be significant. Performing analyses on a 
single mass characteristic of each component is often a method 
of choice (e.g. , selective ion monitoring), u but does not provide 
sufficient information for multivariate analysis. Using all the 
masses results in data matrices in which the majority of masses 
have zero intensity: the useful information is contaminated with 
noise. Many papers select a few representative masses and 
perform analysis on these masses. 14 There are few systematic 
guidelines in the literature as to how many masses to select and 
which masses are most appropriate. 

In this paper, we report the potential for procrustes analysis to 
select a number of significant masses. The spectroscopist 
wishes to know how many masses it is sensible to choose. A 
way to do this is to compare the information content obtained 
when varying the number of masses. This can be done visually. 
Procrustes analysis has been developed by statisticians to 
compare information from several measurement systems.IS.16 
These may, for example, be sensory data (e.g., the result of a 
taste panel) 17 and chemical data (e .g., pyrolysis of foodstuffs). 
If the two datasets look similar, they both provide equivalent 
information. Performing principal components analysis 

• To whom correspondence should be addressed. 

(PCA)I8,19 on both data sets20.21 and comparing the PCs is one 
way. Because the sign of a principal component is impossible to 
control (this is a consequence of both a negative and positive 
number squaring to give the same number), the sign of a PC may 
differ according to algorithm. The scale of the data can vary; for 
example, the scale of sensory variables may be many hundred 
times less than the scale of chromatographic variables, 
depending on the measurement systems. Finally, the orientation 
of the principal components may differ. These can be 
represented by geometric transformations in principal compo­
nent space, and it is the aim of procrustes analysis to compare 
the principal components of two different data sets using 
geometric transformation. One data set is the reference data set 
and the other is a test set. 

In GC-MS, a question that can be asked, for example, is 
whether 20 masses yield similar information to 50 masses. If so, 
it is simpler to use 20 masses in subsequent calculations, 
reducing the very large GC-MS data matrix from one with I 000 
variables (most of which are zero) to one with 20 variables. It is 
this problem that will be examined in this paper. 

It is important to recognize of course, that procrustes is not 
the only method that could be employed to determine the 
optimum number of masses. For example, a data set constructed 
using 20 masses could be compared with another data set with 
50 masses using calibration or regression if desired. The 
approach advocated in this paper is only one possibility. 
However, procrustes is useful in conjunction with visual 
comparison of scores plots and, with the modem generation of 
fast graphical computers, interactive geometric transformations 
can be performed easily and can be readily comprehended by 
the experimentalist. Other sophisticated statistical algorithms, 
although often leading to similar results, are less easy to 
comprehend visually. 

Experimental 

A mixture of salbutamol and clenbuterol (Sigma, Poole, Dorset, 
UK) was used for the analysis in the presence of internal 
standard, quinine (Fluka, Gillingham, Dorset, UK). Trimethyl­
silyl (TMS) derivatives were prepared by adding N,O-bis­
(trimethylsilyl)trifluoroacetamide (BSTFA) (Sigma) to the 
standard samples. The derivatized samples were dissolved in a 
mixture of toluene and N-methyl-N-trimethyl­
silyltrifluoroacetamide (MSTFA) (Sigma) (99 +I, v/v). Stock 
solutions of standards (20 mg mJ - 1) were prepared separately in 
this mixture of solvents. Salbutamol and clenbuterol were 
prepared at the same concentration and by further dilution to 
concentrations of 120 f.lg f!l- 1 and quinine was diluted to a 
concentration of 80 f!g fil- 1. 

GC-MS was carried out on a Fisons MD 800 mass 
spectrometer using the splitless injection technique. Mass 
spectra were recorded at 70 e V. A fused-silica capillary column 
(BPX5) 30 m X 0.32 mm id; 0.25 fim film tickness) (SGE, 
North Melbourne, Australia) was used with helium as carrier 
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gas at 8 psi. The oven temperature was programmed as follows: 
initial temperature, 100 °C; initial hold, 2 min; ramp rate, 
20 oc min- 1; final temperature, 320 °C; and final hold, 5 min. 
The transfer line temperature was 280 °C. Full-scan electron 
impact mass spectra were acquired by scanning the 50--500 u 
range using an electron energy of70 e V. Injection volumes were 
I f.ll. 

Selection of Masses 

The first stage is to select the most significant masses. 
Typically, if 1000 masses are recorded, around 20--50 may be 
diagnostic. Selecting too few masses can result in loss of 
diagnostic information. For example, the most intense masses 
may be due to background, solvent or common ions such as 
aromatic rings, and so may not be suitable for discrimination 
between two components. However, too many masses introduce 
noise and result in sparse data matrices, thus degrading the 
analysis. 

There are several steps in selection of masses. First, it is usual 
to select a cut-off mass number below which there is felt to be 
limited information. For example, masses below mlz 100 may 
be due to solvents, background, common ions, etc. The next 
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consideration is to rank the remammg masses in order of 
significance. There are several criteria, but one is to choose the 
mass with high ratio of variance to mean over a selected cluster 
of peaks. This criterion permits selection of low-intensity 
masses that vary significantly, which may correspond to less 
intense, but highly diagnostic, ions. 

Once these masses have been ranked, the next question is to 
establish how many masses should be retained, and it is this 
problem that is addressed below. 

Principal Component Analysis 

GC-MS data can be described by a data matrix X with I rows , 
where I represents the number of scans, and J columns, where 
J represents the number of variables, i.e., mass numbers (the 
main notation used in this paper is given in the Appendix. The 
underlying data comes from K components whose concentra­
tion profiles can be denoted by the matrix C and the spectra by 
the matrix S. In mathematical notation, 

(I) 

where K is the number of components in the mixture and R is the 
modelling error, and left-hand side subscripts correspond to 
dimensions. -
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Fig. 1 Mass spectrum of pure salbutamol. 
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Fig. 2 Mass spectrum of pure salbutamol, expansion for the region at mlz 100-400. 



PCA is used for data reduction as follows: 

IJX = l.KT KJP+R (2) 

where a matrix T, contains the scores, relating to successive 
chromatographic measurements in time, and P contains the 
loadings, relating to mass numbers. For example, in GC-MS, a 
data matrix may contain mass numbers at 50 masses measured 
on 20 chromatographic measurements in time (scan numbers) in 
a mixture of two chemical constituents. This matrix is well 
approximated by a (20 X 2) matrix T times a (2 X 50) matrix 
P. 

PCA can be used to display the scores and loadings 
graphically. By plotting scores vectors t against each other, one 
obtains a picture of the objects and their configuration in a two­
dimensional space. The graphs of PC2 versus PCI display the 
most significant pattern in the matrix. 

Comparison of Different Number of Masses 

In order to compare the effect of two methods for processing 
GC-MS data, an error function can be established which gives 
a numerical index of how similar the scores plots are between 
data obtained by using two methods of data analysis. The error 
between two data sets can be obtained as follows. If t1 k 

represents the scores of a data set processed by a reference 
method at point i in time for component k and (k the scores of 
the data set processed by a second method, then the error is 
defined by: 

E= k-1 i-1 (3) 
I 

This error represents the closeness of fit between two data sets. 
The smaller it is, the more similar is the information between 
these data sets. 

Rotation, Scaling and Reflection 

Procrustes analysis is used for comparing different sets of 
measurements. The mathematical technique and the algorithms 
are well explained in literature. 22-24 It should be emphasized 
that procrustes analysis can be extended to any number of PCs, 

100 
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but we restrict the results in this paper to two PCs. Here only 
selected details are presented. If two separate principal 
component analyses are performed on a data set with identical 
conditions other than the number of variables (masses) selected, 
the scores plots can be compared as follows. Consider a 
reference data matrix X and reduced data matrix x• after 
selection of masses which are represented by I .AX and 1•8 X", 
respectively, where A and B (A ;;, B) are the number of variables 
selected in each case. Performing PCA and keeping the K most 
significant components on each matrix gives two scores 
matrices T and r: 

,.Ax= u TK.AP 

,_B){• = I .KT"K~ 

(4) 

(5) 

The scores matrices are equivalent in dimensionality, but the 
sets represented may be different in orientation and size. By the 
use of rotation, scaling and reflection it is possible to map one 
set on to the other so that there is maximum overlap between A 
and B. If only two PCs are calculated, the effect of rotation and 
scaling can be defined by: 

'·'ti, 1 = u[(cos 6)ti.1 - (sin 6)ti,2l 

'·' ti.2 = u[(sin 6)ti.o +(cos 6)ti,2l 

(6) 

(7) 

where '·'ti,1 and '·'ti.2 are rotated and scaled scores at time i, u is 
a scaling factor and e is a rotation angle. 

Reflection can also have a major influence on the scores 
plots. Because most PC algorithms use variances in their 
calculations, it is impossible to predict whether the scores of an 
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Fig. 4 Total ion chromatogram of a mixture of salbutamol and clenbuterol 
(scan rate 3 data points s- •). 

284 

243 

300 
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object are positive or negative. Sometimes different packages 
on identical data give answers that are opposite in sign to each 

Table 1 Significant masses in order of variance/mean ratio and their 
assignment to the spectra of salbutamol (S) and clenbuterol (C) 

Significance 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

mlz 

369 
370 
261 
262 
371 
147 
264 
242 
207 
243 
188 
187 
174 
173 
294 
263 
245 
281 
212 
372 
280 
176 
265 
166 
350 
189 
133 
295 
191 
192 
277 
246 
220 
296 
132 
190 
267 
168 
266 
206 
148 
193 
279 
205 
175 
186 
151 
202 
219 
185 
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compound 

s 
s 
c 
c 
s 
s 
c 
c 
s 
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c 
c 
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c 
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s 
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s 
s 
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c 

Table 2 Eigenvalues for first five principal components using 10, 30 and 50 
masses 

Masses 

PC 10 30 50 

I 9.39 X 1010 9.49 X 1010 9.52 X 1010 

2 2.99 X 109 4.60 X 109 5.05 X 109 

3 1.69 X J09 1.81 X 109 1.83 X IQ9 
4 9.80 X J07 1.18 X lOS 1.33 X lOS 
5 6.52 X 107 7.83 X 107 8.98 X 107 

other. Geometrically this can be represented by a reflection on 
one or both PC axes. 

A final problem is that the relative significance of the PCs 
may change as different numbers of masses are included. If two 
PCs are almost equal in significance, very small changes in size 
can change the relative significance and result in apparently 
dramatic changes in geometry. This can be represented by a 
swap in axes if the most significant PC is first represented by the 
horizontal axes. Mathematically, this swap in axes corresponds 
to a reflection in a line at 45° from the origin, and can also be 
represented by a reflection in the vertical/horizontal axes 
followed by a 90° rotation. 

The error between the two data sets can then be calculated 
after the scores for the reduced data set are rotated, scaled and 
reflected. If both sets overlap completely , the error should be 
equal to zero. If t1.k are the scores of the full data set at point i in 
time for component k, and '·'t1.k are the scores of the rotated and 
scaled data set, the error is defined by: 

(8) 

It is possible, using a combination of rotation, scaling and 
reflection, to determine the minimum error between two data 
sets. The larger is this error, the less similar are the data sets, and 
so the more the information is lost when removing masses. If the 
error is close to zero when comparing the PCs of a data set 
obtained using 30 masses with those of a data set obtained using 
50 masses, it should be clear that the 20 extra masses add 
negligible information. 

Results and Discussion 

Mass Spectra of Pure Standards 

The mass spectra of pure salbutamol, the expansion of 
salbutamol and clenbuterol are given in Figs. I, 2 and 3, 
respectively. The spectra of both compounds contain charac­
teristic masses which are not present in the other spectrum. 
Clenbuterol contains significant masses in the region of mlz 100 
and 300, and salbutamol also contains significant masses above 
mlz 300. The compounds contain common masses below mlz 
I 00 due to similar parts of the structure of the compounds. 
Therefore, they are not included in the analysis below. 

Mixture Data Set 

In order to illustrate the method of procrustes analysis described 
in this paper, a mixture of salbutamol (120 ng) and clenbuterol 
(120 ng) was analysed by GC-MS. This mixture data set was 
used to perform the procrustes analysis. The total ion current 
(TIC) chromatogram in the region of interest is shown in Fig. 4. 
The first peak corresponds to salbutamol and second to 
clenbuterol. Mass spectra were recorded at a scan rate of 
3 s-1. 

Significant Masses 

Table I lists the most significant masses above m!z I 00 in order 
of their variance/mean ratio. From inspection of the pure mass 
spectra of salbutamol (Fig.!) and clenbuterol (Fig. 3), the 
masses can be preliminarily assigned to one or the other 
compound, although there are some common masses in each 
compound such as mlz 189, 279 and 206. The higher the 



variance/mean ratio, the more significant a mass is considered 
to be. 

Principal Component Analysis 

PCA was performed using the NIPALS algorithm25 and the first 
two PCs were compared for each data set. The scores were 
calculated along the chromatographic dimension of the raw 
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(uncentred) data matrix. In the chemometrics literature it is 
common to perform PCA on uncentred data.I0.26 Normally, 
masses are represented by columns and elution time by rows. 
Centring down the columns would involve centring peaks in the 
chromatographic direction, when the major variability is above 
the baseline. It is important to distinguish between centring in 
the variable (mass) direction which is used to determine the 
significant masses using a variance criteria and the variability in 
the chromatographic direction which is examined by uncentred 
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Fig. 5 Plot of the scores of the ftrst two PCs using the 50 most significant masses (Table 2) (bold) superimposed on a corresponding plot using the 10 most 
significant masses (light). Numbers refer to data points or scan numbers in the chromatographic direction. 
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PCA. Strictly, the results of PCA, as implemented in this paper, 
do not correspond to those obtained from the formal statistical 
methods, but to be consistent with the literature we use the 
terminology PCA below. In GC-MS, the main parameter of 
interest is the intensity above a baseline and the NIPALS 
algorithm on uncentred data is used to analyse variability above 
this baseline. 

Loadings are calculated in the mass direction in the case of 
GC-MS. However, owing to the different number of significant 
masses in the two data sets, loadings plots cannot be compared 
directly when the number of masses differ. Therefore, only the 
scores plots are used to compare the effects of changing the 
number of masses for procrustes analysis. 

The eigenvalues for PCs using I 0, 30 and 50 masses are given 
in Table 2 and it was decided to use two PCs in this study. 
Chemically, there are only two components in the mixture in the 
region of the chromatogram studied. The relatively large first 
PC reflects, in part, a size element. More sophisticated 
algorithms could be applied if more than two PCs are kept, but 
this is beyond the scope of this study. Latent projection plots or 
PC! versus PC2 graphs are very common in the chemometrics 
literature. 27 

Comparison of the Effects of 10 With 50 Masses 

In order to illustrate the technique, a full comparison of the 
method using I 0 and 50 masses is discussed. Fig. 5 shows a PC 
plot of the most significant 50 masses above mlz I 00 
superimposed upon the corresponding plot for I 0 masses. The 
raw data suggest that the magnitude of uncentred PCs calculated 
using 10 masses is much less than that using 50 masses, which 
is to be expected, since the more the masses the greater is the 
magnitude of the data. Procrustes analysis was performed in the 
GC range between 1270 and 1290 scans and MS range between 
mlz 100 and 400. The direction (Fig. 5) including data point 
1277 corresponds to salbutamol and 1283 to clenbuterol. The 
clenbuterol direction is anticlockwise in orientation to that for 
salbutamol when 50 masses are calculated, but clockwise when 
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Fig. 7 Calculation of error at different scale and rotation angle when 
comparing scores of first two PCs using the first 10 significant masses with 
50 masses. A, B, C and D represent rotation angles at 60°, so•. 70° and 40°, 
respectively. The minimum error (optimum scale) at each rotation angle is 
indicated. Note how the position of the minimum changes with rotation 
angle. 

Table 3 Error at the optimum scale for different rotation angles when 
comparing the scores of the first two PCs using 10 with 50 masses 

Scale Rotation (0
) Error 

2.11 40 2.3973 
2.21 50 1.5118 
2.23 60 1.1507 
2.19 70 1.7260 

10 masses are calculated. This suggests the significance of the 
first two PCs has changed and swapping the PCs around for the 
data set using I 0 masses restores this parity. 

A comparison of PCA using I 0 and 50 masses at the optimum 
scale and rotation angle is given in Fig. 6. The superimposed 
plot of PCs using I 0 and 50 masses at the optimum scale, 
reflection and rotation suggest that the two data sets overlap 
well when swapping the PCs around. 

The behaviour of the error with change in scale and rotation 
angle is illustrated in Fig. 7. As can be seen, the errors at 
6 = 60° are lower than those at 40°, so• and 70°. The minimum 
errors at these rotation angles are indicated on the graph. The 
optimum value of u depends, in part, on 6, suggesting a small 
interaction between these two factors. In order to find the 
optimum scale and rotation angle, the error between two data 
sets is calculated using eqn, (8). The errors and exact scales at 
rotation angles 60°, 40°,50° and 70° using 10 and 50 masses are 
given in Table 3. 

Influence of Number of Masses 

The method of procrustes analysis for comparing the data sets 
can also be used to determine the influence of including more 
masses. The effect of increasing the number of masses is 
illustrated in Fig. 8. From this graph, it is confirmed that, on the 
whole, the more masses used the more similar are the two data 
sets. When the number of masses is increased, the optimum 
scale decreases. This is to be expected, since increasing the 
number of masses increases the magnitude of the data. There are 
some interesting results relating to rotation angles. Provided 
that PCs are swapped around (equivalent to rotation), the 
rotation angle decreases at optimum overlap, but because the 
significance of the first two PCs change at around 30 masses, 
this trend may be elusive. When 50 masses are calculated for 
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Fig. 8 Graph of minimum error, calculated for 8 = 5, 7. I 0 and at every 
five mass numbers until 50 masses. when comparing scores for the first two 
PCs with 50 masses. 
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Fig. 9 Graph equivalent to Fig. 8, but for 8 = 15-25 at every number of 
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both data sets, the error and the optimum rotation angle will be 
zero and the optimum scale will be I. 

However, the behaviour of the graph between 15 and 25 
masses is at first unexpected. The error calculated in this mass 
range on increasing the number of masses by I is illustrated in 
Fig. 9. A possible reason is that the first 10 significant masses 
are almost equally distributed between salbutamol and clenbu­
terol, whereas there is a bias toward clenbuterol as from mass 
number 10, which is corrected by mass number 25 (see Table 2). 
The over-all trend, however, is a decrease in error as masses are 
added. 

As can be seen, the error becomes fairly small at around 25 
significant masses . Increasing the number of masses beyond 
this may be counter-productive, as noise and background might 
be included in later mass numbers. Further results can be 
obtained by comparing PCA using 25 masses with that using 
both fewer and more masses, and an empirical optimum number 
of masses established. 

Conclusion 

Procrustes analysis is a very valuable technique for answering 
the question of how many masses to include in multivariate 
analysis ofGC-MS data. In this paper we have concentrated on 
comparing the effect of using 50 masses with the effect of using 
fewer masses, but any comparisons are legitimate, and it is 
possible to formalize the rules for how to choose an optimum. 
However, we prefer an empirical approach with graphical plots 
of PC scores. These graphs are a valuable aid to the 
chromatographer and we suggest that procrustes analysis is a 
good first step to be used in all cases of multivariate analysis of 
GC-MS data. 

The method can be extended to more than two PCs and more 
than two components, although harder to visualize graphically. 
Standard approaches for finding the optimum parameters for 
overlap such as simplex can easily be implemented, although 
users new to this approach are strongly advised to use graphical 
methods in the first instance, provided that no more than three 
PCs are calculated and an indication of the size of error is 
available. 

Appendix 

Main Notations Used in This Paper 

Number of points in time 
i Individual point in time 
J Number of mass numbers between upper and lower 

limits 
j Individual mass number 
K Total number of components 
k Individual Component 
X GC-MS data matrix in region of interest 
X* Reduced GC-MS data matrix in region of interest 
C Matrix of all elution profiles 
S Matrix of spectra 
R Modelling error 
P Loadings matrix of full data set 
P* Loadings matrix of reduced data set 
T Scores matrix of full data set 
r Scores matrix of reduced data set 
' ·'T Rotated and scaled scores matrix of reduced data set 
tk Scores of full data set for component k 
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tt Scores of reduced data set for component k 
'·'tZ Rotated and scaled scores of reduced data set for 

component k 
t;,k Scores of full data set at time i and component k 
ti.k Scores of reduced data set at time i and component k 
'·'Ti.k Rotated and scaled scores of reduced data set at time 

i and compoinent k 
E Error 
'·'E Rotated and scaled error 
u Scaling factor 
A Number of variables for full data set 
B Number of variables for reduced data set 
8 Rotation angle 
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In-vitro biodegradation of aliphatic and aromatic 
hydrocarbons present in diesel oil by Pseudomonas 
fluorescens, Texaco was studied in an aqueous medium. 
Small aliquots of diesel oil and its aromatic fraction were 
incubated aerobically for periods of up to seven months 
and analysed by GC-MS. Biotic losses proved to be 
greater for aliphatic than aromatic compounds. Most 
biodegradation occurred within the first 20 d of 
incubation. The most rapid biodegradation, up to 65% in 
8 d, was observed for n-alkanes (C14-C18). The same 
compounds were also shown to be less affected by abiotic 
losses. Biodegradation of n-alkanes from diesel oil and 
diesel oil itself showed first order kinetics for the initial 
incubation period. Aromatic compounds proved to be 
resistant to biodegradation and only phenanthrene had 
been degraded (30%) within 6 months. 
Keywords: Biodegradation; diesel oil; n-alkanes; 
polyaromatic hydrocarbons; gas chromatography; mass 
spectrometry 

Introduction 

Environmental pollution with petroleum and petrochemical 
derivatives has been recognized as one of the most serious 
problems. There has been increasing concern over the acci­
dental spillages of petrochemical-derived hydrocarbon com­
pounds during technological processes and transportation. 1 

These hydrocarbons, many of which are considered to be a 
potential health hazard, 2 pose a serious threat to aquatic and 
terrestrial ecosystems. Thus, the development of suitable 
remediation techniques for dealing with the aftermath of 
spillages is ongoing. Several methods for the remediation of 
contaminated land already exist, including physical, chemical 
and biological treatments.I.3.4 Physical treatment by absorption 
ofthe pollutant followed by incineration3 is, perhaps, the oldest 
and simplest, but it is effective only when applied soon after the 
spillage has occurred. In the last 20 years more selective, 
sophisticated more successful methods have been developed. 
These include soil vapour extraction, 5,6 extraction followed by 
wet chemical analysis,5.7 and different thermal treatmentsS 
including hydrolytic and thermolytic clean-up using super­
critical water.9 Chemical techniques include solidification with 
quicklime3 and application of surface-active additives.3.IO 
Surfactants emulsify the oil, which, when collected, can be 
treated as a discharged effluent. The main problem with 
chemical methods is that they are site specific, dependent on the 
physico-chemical characteristics of the pollutant and can be 
costly to implement. 

'Biological treatments for the clean-up of contaminated sites 
are becoming a favourable and alternative possibility.5 Biode-

• To whom correspondence should be addressed. 

gradation can be applied in situ!!.I2 on the affected area or ex 
situ in a bioreactor after the excavation of the polluted soil. 12 In 
both cases the addition of nutrients is important either to 
increase the activity of the natural bacterial population or to 
maintain a high level activity of a specially adopted degrading 
microorganism that has been added to the soil. 

In the last decade many biodegradation studies 13-IS and also 
standardized legal tests for assessing the biodegradability of 
chemicaJsi9.20 have been published, but each under different, 
well defined conditions. It is suggested that laboratory scale 
experiments are made before a full scale in situ remediation is 
applied, l>ut we should be aware of simplifications accepted in 
small scale in vitro studies. 

LabOratory experiments using chemical concentrations 
greater than those found naturally may lead to erroneous 
conclusions about microbial transfer in nature,2t,22 although it 
should be borne in mind that rather high concentrations of toxic 
compounds occur in cases of ecological accidents.23 Abiotic 
losses are expected to be more distinctive, especially in an 
artificial, non-equilibrated laboratory environment.24.25 One 
should also be aware of abiotic processes that should be taken 
into account when attempting to measure biodegradation 
particularly of volatile compounds. 26 However, data obtained in 
laboratory experiments should help in making rapid decisions in 
cases of ecological accidents such as fuel spills. 27 

The aim of this work was to establish the biodegradation and 
abiotic losses for aliphatic and aromatic hydrocarbons from 
diesel oil. The results were compared with a comparative study 
using either a single standard compound or a mixture of 
standards.2s 

Experimental 

Samples 

Laboratory studies of selected aromatic and aliphatic hydro­
carbons from diesel oil (DO) were carried out in an aqueous 
medium. Aromatic hydrocarbons were separated from diesel oil 
by open column chromatography. A glass column (70 X 2 em 
id) was slurry packed (hexane) with silica gel (60-120 mesh, 
5% de-activated, 30 g). Affer applying diesel oil (2 ml), the 
column was eluted with pure · hexane, hexane-<liethyl ether 
( 10 : I) and methanol to provide aliphatic, aromatic and polar 
fractions, respectively. After the removal of the solvent, the 
volume ratio of isolated fiactions was recorded. Experiments 
were performed in Erlenmeyer flasks (250 ml) containing 
mineral media (I 00 ml of sterilized salt solution containing 5o/oo 
N~CI, I o/oo ~N03, 2%o Na2S04, 3o/oo K2HP04, I o/oo KH2P04 
and O.lo/oo MgS0¥7H20 (Aldrich, St. Louis, MO, USA) in 
1000 ml of deionized water), DO or its aromatic fraction (80 111 
per 100 ml of mineral medium, i.e. 0.66 mg J-1 ) and bacterial 
broth (Pseudomonas fluorescens, Texaco).29 Stoppered flasks 
were incubated aerobically on a shaker at room temperature. 
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Control flasks containing mineral media and hydrocarbons (DO 
and its aromatic fraction separately) were incubated under the 
same conditions to monitor abiologicallosses (e.g., volatiliza­
tion). After set periods of incubation an internal standard, 
squalane for DO and 2-methyl phenanthrene (Sigma, Dorset, 
UK) for the aromatic fraction was added to the contents of each 
flask (0.8 mg 1-1). These were then extracted three times with 
10 ml of dichloromethane (Rathburn Chemicals, Peeblesshire, 
UK), dried, and reduced in volume (to 1 ml) prior to analysis by 
capillary gas chromatography and mass selective detection 
(MSD). 

The recovery of the hydrocarbons was determined by spiking 
the samples with standards at a high (I mg 1-1) and low (0.01 
mg 1-1) concentration. The bacteria in the samples were shown 
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to be viable prior to analysis by streaking a small loop of the 
culture onto a nutrient agar plate and incubating for 24 h at 
30 °C. The Miles and Misra drop counts method was used to 
obtain a viable bacterial count. 30 

Gas Chromatography 

Gas chromatography was performed with a Hewlett-Packard 
5890 Series II GC coupled to a 5970 Series MSD (Waldbronn, 
Germany) using a HPl capillary column (12m X 0.32 mm id), 
splitless injection and a head pressure of 36 kPa. The carrier gas 
was helium and the temperature was programmed from 40 to 
300 oc at5 oc min-t and held for 10 min. Quantification of the 
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Fig. 1 (a), Total ion chromatogram of diesel oil. Labelled compounds correspond to: I, nonane, 2, decane, 3, undecane, 4, dodecane, 5, tridecane, 6, 
tetradecane, 7, pentadecane, 8, hexadecane, 9, heptadecane, 10, octadecane, II, nonadecane, 12, eicosane, 13, heneicosane, 14, docosane, 15, tricosane, 16, 
tetracosane, 17, pentacosane, 18, hexacosane, 19, heptacosane, 20, pristane, 21, phytane, int.std., squalane. (b) Total ion chromatogram of aromatic fraction . 
Labelled compounds correspond to: I, trimethylbenzene, 2, tetramethylbenzene, 3, naphthalene, 4, dimethylnaphthalene, 5, phenanthrene, 6, 
dimethylphenanthrene, int.std., 2-methylphenanthrene. 



individual hydrocarbons was made by comparing the peak areas 
of samples with internal standards. Compounds were identified 
by MSD and co-chromatography with authentic compounds. 
Biological degradation was calculated from the differences 
between concentrations of selected compounds in abiotic and 
biotic samples analysed on the same day. 

Results and Discussion 

In our previous paper28 it was shown that abiotic losses play an 
important role, even at a lower temperature (4 °C). Lower 
relative molecular mass compounds, i.e., benzene, naphthalene, 
phenanthrene and n-C 17, were par1icularly affected. In the 
present work, biodegradation and abiotic losses were proved for 
aliphatic hydrocarbons from DO (Piinsko olje D2, Petrol, 
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Koper, Slovenia) and polyaromatic hydrocarbons from its 
aromatic fraction during a six month incubation period. The 
basic kinetic parameters for biodegradation of n-alkanes from 
diesel oil were determined. 

Biodegradation Studies 

In previous experiments28 using a mixture of standard com­
pounds (phenanthrene, chrysene, benzo(a)pyrene, n-C 17, n-C22 
and n-C30), the aromatic hydrocarbons proved to be less 
degradable than the aliphatic ones. It was also shown that n-C 17 

and phenanthrene were greatly affected by volatilization.28 The 
above findings needed to be confirmed for so-called ' real' 
samples. Since the volume ratio between the polar, aromatic and 
aliphatic fractions was 0.2: I : 15 in the DO, it was presumed 
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Fig. 2 (a) The percentage biodegradation of n-alkanes from diesel oil during 189 d of incubation; (b) the percentage biodegradation of hydrocarbons from 
aromatic fraction during 165 d of incubation. 
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that the detection of aromatic hydrocarbons in the entire DO 
[Fig. !(a)] would be rendered difficult. Therefore, experiments 
using an aromatic fraction were performed separately 
[Fig. !(b)]. 

The recovery of lower relative molecular mass hydrocarbons 
(benzene and naphthalene) showed the greatest variations; on 
average, naphthalene gave a recovery of only 40 ± 9% at a 
concentration of 0.01 mg 1-1 of standard. This was thought to be 
because of a greater amount of volatilization during extraction. 
Recovery of the examined hydrocarbons [n-C17, n-C22, n-C30, 
phenanthrene, chrysene and benzo(a)pyrene] at lower concen­
trations (0.01 mg 1-1) was found to be in the 85-105% range. 
Recovery of the same hydrocarbons at a working concentration 
of I mg 1-1 of standard was 89.4 ± 2.5 (n-C17) , 91.3 ± 2.0 (n­
C22) and 96.3 ± 1.7 (n-C30). Values of93.1 ± 2.0, 96.0 ± 1.6 and 
95.5 ± 2.3 were found for phenanthrene, chrysene and 
benzo(a)pyrene. None of the data presented here have been 
corrected for recovery, and only pre-extracted samples were 
used for calculations. Replicate analyses gave an error of less 
than ±5% for abiotic samples and less than ±10% for biotic 
ones. 

Two experiments were carried out under the same conditions. 
In the first the losses of 19 n-alkanes were followed in DO 
during 189 d of incubation. The n-alkanes containing up to II 
carbon atoms proved to be too volatile for these experiments, 
even in the case of a 'real' sample (DO). The most rapid 
biodegradation (up to 65% in 8 d) was observed for n-alkanes n­
C14-n-C18 [Fig. 2(a)]. These compounds were also shown to be 
less affected by abiotic losses. The majority of n-alkanes were 
significantly degraded in the first 20 d of incubation. In the 
following 6 months, however, biodegradation did not increase 
significantly, even though metabolism was high enough to 
maintain the biomass activity at the same level. The reason was 
that hydrocarbons with a relative molecular mass of up to 180 
were lost due to biodegradation and abiotic processes, so only 
higher molecular mass branched compounds (such as pristane 
and phytane) were available to the bacteria in later stages of the 
experiment. Biodegradation of these hydrocarbons was shown 
to be much slower. 

Comparison with the results obtained on a mixture of 
standards28 showed diminished abiotic losses in the case of n­
alkanes from DO. n-C 12 from DO was only slightly affected by 
abiotic losses while n-C 17 was proved to be the most volatile in 
the mixture of 6 hydrocarbon standards. 

A high rate of bioactivity within the first 20 d of incubation 
was confirmed with a significant increase in biomass. Counts of 
bacteria exposed only to mineral media (bb+mm) showed lower 
numbers of colony forming units (CFU) per millilitre of sample 
than those additionally exposed to hydrocarbons as a carbon 
source in both experiments (DO and aromatic DO fraction 
experiment), but proved that the bacteria were able to survive in 
a mineral medium solely (Fig. 3). It was also shown that the 
applied mineral medium was essential for bacterial activity. 

In the second experiment using an aromatic fraction bio­
logical losses were much lower. Aromatic compounds were 
again resistant to biodegradation24·30,31 and their concentrations 
were mainly affected by abiological losses (volatilization) 
during the 165 days of incubation. This was also due to the 
composition of the aromatic fraction that contained mainly 
lower relative molecular mass hydrocarbons with a relative 
molecular mass of up to 180. However, some biodegradation 
did occur. Phenanthrene was shown to be degraded more 
extensively than the other aromatic hydrocarbons examined, 
even though its biodegradation yield was still 3 times lower at 
the end of incubation than that observed for n-alkanes within 20 
d of incubation [Fig. 2(b)]. In the case of aromatic hydrocarbons 
it was also shown that biodegradation losses for phenanthrene 
increased for 'real' sample studies when compared with the 
losses from a mixture of standard compounds.28 The reasons 

were diminished abiotic losses and longer incubation time 
(seven months for DO and only 61 d for a mixture of standards). 
Such a low biodegradation rate was not accompanied by a 
significant increase in biomass (Fig. 3). 

Kinetic Studies 

For a study that monitors the decrease of a test substance (DO) 
with a low concentration of the substrate ( < I mg 1-1) at high 
initial cell concentrations ( > 108), the expected rate law is first 
order.32 If the biodegradation is a first-order reaction, then the 
rate of biodegradation will be proportional to the substrate 
concentration. 33 More precisely, the rate should be described as 
a pseudo-first-order reaction because of other factors affecting 
biodegradation, such as diffusion of the substrate into the cell, 
which makes the reaction dependent on other factors and not 
solely on the substrate concentration. 

Generally, first-order kinetics can be expressed as the product 
of the rate constant and the substrate concentration. If the 
natural logarithm of the concentration is plotted against time, 
the resultant line should be straight. 33 Fig. 4 shows such a curve, 
which indicates a linear correlation (0.9762) only at the 
beginning of the incubation period (8 d) and so indicates a first­
order rate. The rate constant for this case is 0.0306 d-1 and the 
half life, which is the time taken for half of the original substrate 
amount to be biodegraded, is 22.6 d. 

After 8 d the rate suddenly changes and a first-order law can 
no longer be assumed. An explanation could be that the rate 
constants ate usually applied to a single substrate, whereas 
diesel oil is a complex mixture of compounds that vary from 
easily degraded to non-degradable ones. 34 As the concentration 
of these compounds decreases, the bacteria will start to 
metabolize less-degradable compounds and so the rate of 
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biodegradation will change. The same procedure can be applied 
to the individual n-alkanes in diesel oil. Because the concentra­
tion of most of the n-alkanes decreases below the limit of 
detection in biotic samples within the first 20 d of incubation, 
and in the case of low relative molecular mass n-alkanes even 
within 4 d, only this part of the incubation period (up to 20 d) 
could be applied for kinetic calculations. Removal of n-alkanes 
with a number of C-atoms lower than 12 was too rapid to be 
observed. The first n-alkane that showed a first-order rate was n­
C14 and, because of its high biodegradability, only within the 
first 4 d of incubation could the first order kinetics be 
applied. 

For selected n-alkanes (n-C 14, n-C18 and n-C25) from diesel 
oil it appeared that the degradation follows a first-order rate at 
the beginning of the incubation period, with linear regression 
coefficients of0.9554, 0.9850 and 0.9871 for n-C 14, n-C 18 and 
n-C25 (Fig. 5). As expected, the rate of degradation decreases 
with increasing carbon number, i.e., k = 0.1731 d- 1 (n-C14), k 
= 0.1445 d- 1 (n-C 18) and k = 0.0952 d- 1 (n-C25) and the half 
lives increase from 4.0 d (n-C 14), 4.8 d (n-C18) to 7.2 d (n­
C2s). 

Conclusions 

In general, biotic losses proved to be greater for aliphatic rather 
than aromatic compounds. Abiotic losses were shown to be 
smaller in the case of 'real' samples (DO and its aromatic 
fraction) than when using a single standard compound or a 
mixture of standards. It was also proved that the first 20 d of 
incubation were the most important for biodegradation, during 
which the majority of degradable material was degraded, and 
only a slight increase followed with further incubation time. 
Kinetic studies indicated that in this period of incubation 
biodegradation of DO followed a first-order rate. 

In future experiments, the abiological losses should be 
diminished by means of adsorption (i.e., onto soil particles).3S.36 
Step by step addition of less degradable compounds to the 
sample during the incubation time should also be considered, 
allowing the bacteria to become modified to degrade less 
degradable higher relative molecular mass compounds. Co­
oxidation37 as a means of increasing biodegradation rates of 
resistant compounds will also be investigated. 
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Gas Chromatographic-Mass Spectrometric 
Determination of Sulfamethazine in Animal 
Tissues Using a Methyi!Trimethylsilyl 
Derivative 

Andrew Cannavan, S. Armstrong Hewitt, W. John Blanchflower and D. 
Glenn Kennedy* 
Veterinary Sciences Division , Department of Agriculture for Northern Ireland, 
Stoney Road, Stormont, Belfast, UK BT4 3SD 

A method is described for the determination of 
sulfamethazine in swine tissues by GC-MS. Samples are 
extracted with chloroform-acetone, followed sequentially 
by two solid-phase clean-up steps using silica gel and sex 
ion exchange. The extracts are then partitioned between 
sodium dihydrogenphosphate (0.1 mol J- 1) and methyl 
tert-butyl ether, the organic phase is evaporated to 
dryness and the sulfamethazine subjected to a double 
derivatization via methylation and silylation and 
determined by GC-MS in the selected-ion monitoring 
mode. Quantification is achieved by measuring the ratio 
of the abundances of the M - 65 (-HS02) ions of the 
derivatives of sulfamethazine and the internal standard, 
[phenyJ-13C6]sulfamethazine, at mlz 299 and 305, 
respectively. The presence of sulfamethazine can be 
confirmed using the abundance ratios of the ions of mlz 
299, 300 ( -S02) and 349 ( -CH3). Recovery values from 
muscle, kidney and liver spiked at 0.05, 0.2 and 0.4 ppm 
ranged from 86 to 114% with RSDs between 2.8 and 
9.0%. The limit of detection for the assay is 0.01-0.02 
ppm. The methyl/trimethylsilyl derivatives exhibited 
better chromatography than the commonly used 
N 1-methyl derivatives; for the same conditions, the peak 
was sharper and tailing was significantly reduced. 

Keywords: Sulfamethazine; sulfonamides; gas 
chromatography-mass spectrometry; residues 

Introduction 

The sulfonamides are an important class of antibacterial drugs 
widely used in veterinary practice and animal production as 
therapeutic agents and growth promoters. In Northern Ireland, 
sulfamethazine (SMT) is the most widely used drug in this 
class. A maximum residue limit (MRL) of 0.1 ~g g-1 for 
sulfonamides has been set by the European Union.' A set 
withdrawal period must be observed to ensure that this level is 
not exceeded. Violative residues in edible tissues may be found 
when the withdrawal period has been insufficient. In addition, 
violations can occur following administration of SMT-contami­
nated feedstuffs to pigs immediately prior to slaughter2 or as a 
result of exposure of unmedicated pigs to an SMT-contaminated 
environment.3 Criteria established by the EC4 suggest that, in 
the case of compounds with an established MRL, methods 
should be validated at half of the MRL. 

Several chromatographic methods have been published for 
the determination of sulfa10ethazine or sulfonamides in animal 
tissues, including thin-layer chromatography,s liquid chroma-

• To whom correspondence should be addressed. 

tography,~H~ liquid chromatography-mass spectrometry,9 su­
percritical fluid chromatography-mass spectrometry ,ID gas 
chromatography'' and gas chromatography-mass spectrometry 
(GC-MS). 12-I6 Mass spectrometric techniques are the preferred 
methods for confirmatory residue analysis4 because of the 
specificity provided by mass-related data. Most recent GC-MS 
methods involve methylation of the analyte to form the N 1-
methyl derivative. A method involving N '-methylation and N 4 -

acylation has also been described.14 This paper describes a 
method for the determination of sulfamethazine in swine tissue 
by GC-MS following solid-phase clean-up and derivatization 
via N '-methylation and N4-trimethylsilylation of the molecule. 
The sensitivity of the method is comparable to those of other 
published GC-MS methods and the novel derivatization at two 
sites on the molecule provides an extra degree of specificity 
with the production of the molecular ion -CH3 fragment. 

Experimental 

Materials 

All solvents were of HPLC grade and other chemicals were of 
analytical-reagent grade. Sulfamethazine was obtained from 
Sigma (Poole, Dorset, UK). The internal standard (ISTD), 
[phenyJ-1 3C6]sulfamethazine (90% pure), was obtained from 
Cambridge Isotope Laboratory (Woburn, MA, USA). Stock 
standard solutions of SMT and ISTD (I mg ml- 1) were 
prepared in methanol and were stable for at least 3 months when 
stored in amber-coloured vials at 4 °C. Intermediate standard 
solutions (I 0 ~g ml- 1) were prepared weekly by dilution of the 
stock standard solutions with methanol and were stored in 
amber-coloured vials at 4 °C. Working standard solutions (SMT 
+ ISTD) were prepared with every batch of samples by mixing 
aliquots of the respective intermediate standards solutions, 
evaporating to dryness under nitrogen and derivatizing as for 
the samples, as described in the procedure below. 

Ethereal diazomethane was prepared weekly using diaz­
omethane generators (millimole size, Pierce, Rockford, IL, 
USA) and N-nitroso-N-methylurea (Sigma) according to the 
manufacturer's instructions. Methanol was added (I + 10 v/v) 
and the solution was stored at -20 °C. 

Potassium chloride-hydrochloric acid buffer (pH 2.6) was 
prepared by dissolving 0.373 g of potassium chloride in I 00 ml 
of distilled water and adding hydrochloric acid (0.1 moll - 1) to 
pH 2.6 (approximately 6 ml), then adjusting the volume to 400 
ml with distilled water. 

Equipment 

The method was developed using a Hewlett-Packard (Avon­
dale, PA, USA) Model5890 Series II gas chromatograph fitted 
with an HP7376 autosampler, interfaced with either a Hewlett-
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Packard Model5989A MS Engine or a Hewlett-Packard Model 
5972A mass-selective detector. Both systems were controlled 
by HP G 1034C MS ChemStations. The instruments were 
operated in the electron impact (EI) positive ionization mode 
and were tuned daily using the system software autotune 
program. Spectral information was obtained by scanning from 
mlz 50 to 500 with a threshhold abundance of 100. For sample 
analysis the selected-ion monitoring (SIM) mode was em­
ployed. The ions at mlz 349, 305, 300 and 299 were monitored 
with a dwell time of 80 ms and low mass resolution enabled. 
The electron multiplier voltage was set to 1800 V and the 
solvent delay to 4 min. The GC column was a DB5MS (15m X 
0.25 mm id X 0.1 [!m film thickness) (J&W Scientific, Folsom, 
CA, USA). Samples (I [!I) were injected in the splitless mode 
using a 2 mm id splitless liner fitted with a plug of fused silica 
wool. The injector port, transfer line and MS ion source were 
maintained at 280 °C. An initial temperature of 150 °C was 
maintained for 0.5 min, then the oven temperature was ramped 
from 150 to 220 °C at 20 °C min- I, then to 300 °C at 10 °C 
min-I, and this temperature maintained for I min. The purge off 
time was 0.5 min. 

Bond Elut silica columns (3 ml/500 mg size; Varian, Harbor 
City, CA, USA) were prepared by pre-washing with hexane (4 
ml) thendichloromethane-hexane (I+ 3 v/v, 6ml). The solvent 
was maintained 1-2 mm above the column bed to prevent the 
gel from drying before use. 

Bond Elut SCX columns (3 ml size) were prepared by pre­
washing with ammonia-methanol (I + 3 v /v, 6 ml) followed by 
methanol (6ml) and finally KCl-HCI buffer-acetone (I+ I v/v, 
6 ml). Again, the columns were not allowed to dry before 
use. 

Tissue Extraction ani Clean-up 

Frozen tissue samples were pulverized in a domestic food 
blender to form a fine powder and stored at -20 °C until 
analysis. Aliquots (5 g) were weighed into 125 ml polythene 
bottles. The internal standard was added (100 f.ll of 10 [!g ml- 1 

intermediate ISTD solution). Fortified samples were prepared 
by adding an appropriate amount of the I 0 [!g mi- 1 intermediate 

134 178 

SMT standard solution to known negative tissues, and the 
samples were allowed to stand for 15 min. Chloroform-acetone 
(I+ I v/v, 50 ml) was added and each mixture homogenized for 
I min using a Silverson homogenizer. The solutions were 
filtered through Whatman GF/C microfibre filters under 
vacuum. The bottles were rinsed with chloroform-acetone (10 
ml) and this was also passed through the filter and added to the 
initial filtrate. The combined filtrates were transferred into 150 
ml round-bottomed flasks and the solvent was removed using a 
rotary evaporator with the water-bath set to 30 °C. The residue 
in each flask was dissolved by swirling with dichloromethane­
hexane (I + 3 v/v, 10 ml). This solution, with washings 
(dichloromethane-hexane, 2 ml), was applied to a Bond Elut 
silica cartridge, prepared as described above. The cartridge was 
washed with acetone-hexane (I + 4 v/v, 4 ml) then allowed to 
dry under vacuum (approximately 5 inHg) for 5 min. Sulfame­
thazine was eluted with acetone (5 ml) into 10 ml tubes. KCl­
HCI buffer (pH 2.6, 5 ml) was added and the tubes were capped 
and inverted to mix. This solution was applied, with washings 
[KCI-HCI buffer-acetone (I +I v/v, 2 ml)] to a Bond Elut SCX 
cartridge prepared as described above. The cartridge was 
washed with distilled water (5 ml) then methanol (5 ml) and 
allowed to dry as for the silica cartridge. Sulfamethazine was 
eluted with ammonia-methanol (I + 3 v/v, 5 ml) and this 
solution was evaporated to dryness under nitrogen at 60 °C. The 
residue was dissolved in sodium dihydrogenphosphate solution 
(0.1 mol I- 1, 3 ml) and sulfamethazine extracted with methyl 
tert-butyl ether (3 ml) by shaking gently for 40 s. The tubes were 

c~ 

~~~ 
c~ 

Fig. 1 Structure of sulfamethazine showing N 1 and N • positions. 
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Fig. 2 EI mass spectrum of methyl/trimethylsilyl derivative of sulfamethazine. 



centrifuged (5 min, 1600 rpm), the organic layers were 
transferred into clean tubes and the extraction was repeated with 
a further aliquot (3 ml) of methyl tert-butyl ether. The organic 
phases were combined and evaporated to dryness under 
nitrogen at 40 °C. 

Derivatiwtion 

Working standard solutions were set up at this stage and 
derivatizedatthe same time as the samples. Aliquots (100 ~-tl) of 
SMT and ISTD intermediate standard solutions (10 1-1g mJ-1) 
were mixed in glass screw-topped vials, evaporated to dryness 
under nitrogen at 40 °C and allowed to cool. Ethereal 
diazomethane (300 ~-tl) was added to the sample and standard 
vials in darkness and the vials capped, vortex mixed and then 
allowed to stand in the dark for 10 min. The vial contents were 
then evaporated to dryness under nitrogen at 40 °C and 100 1-11 
of N-methyi-N-trimethylsilyltrifluoroacetamide (MSTFA) 
(Pierce) were added. The vials were capped, vortex mixed and 
then heated for 45 min at 90 °C. The vials were allowed to cool 
then the solutions were transferred into microvials for analysis 
by GC-MS. 

Results and Discussion 

The ~tructure of sulfamethazine is shown in Fig. I. Methylation 
takes place at the N I position and trimethylsilylation at the N4 

position. 
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The EI mass spectrum of the methyl/trimethylsilyl (Me/ 
TMS) derivative of SMT is shown in Fig. 2. No molecular ion 
(mlz 364) is present. The major fragments are found at mlz 300 
and 299, corresponding to the loss of so2 and the loss of so2 
plus a hydrogen radical, respectively, from the molecular ion. 
This is in accord with the recognized fragmentation pattern for 
sulfonamides.J7 For the 13C-labelled SMT, the same fragments 
are found, at mlz 305 and 306. These ions are equivalent to those 
at mlz 227 and 228 found in the commonly used methyl 
derivative.t2 A peak is also found in the Me/TMS-SMT 
spectrum at mlz 349, having an abundance of approximately 5% 
of that of the ion at mlz 299. This ion probably corresponds to 
the molecular ion -CH3 and has no equivalent in the spectrum 
o( the methyl derivative. This is a useful qualifier ion for 
confirmatory purposes. Further prominent peaks are evident at 
mlz 285, 178 and 134. However, these ions were found to be 
unsuitable for confirmation because, in some samples, the 
chromatograms exhibited interferences for these peaks. 

Fig. 3 shows SIM chromatograms at mlz 299, 300, 349 and 
305 for an SMT standard, a negative muscle extract and an 
extract of a negative muscle fortified with SMT at 50 ng g- 1. It 
can be seen that at the retention time of SMT the chromatograms 
are free from any significant interfering peaks. Chromatograms 
for liver and kidney extracts (not shown) were similarly free 
from interferences. The ratio of the ions at mlz 299 and 305 
(SMT and ISTD) were used for quantification, and the m/z 
299/300 and mlz 299/349 ratios can be used for confirmation of 
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Fig. 3 S1M chromatograms of (a) a sulfamethazine standard, (b) a negative muscle extract and (c) a muscle extract containing 50.5 ng g- 1 of sulfamethazine. 
Figures at top left of chromatogram boxes indicate full scale abundances. 
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the drug as SMT, these ratios being within ±10% of those 
measured in the standards, as required by EC Commission 
Decision 93/256/EEC.4 For the chromatograms shown the ion 
ratios were 0.87 (mlz 299/300) and 25.45 (mlz 299/349) in the 
standard and 0.91 (mlz 299/300) and 25.58 (mlz 299/349) in the 
sample. 

One advantage of the Me{fMS-SMT derivative described 
here was improved chromatography. The peak produced for the 
Me{fMS derivative had a width, at 50% of the peak height, of 
approximately 35% of that of the methyl derivative run under 
the same conditions. Peak tailing was also reduced. The 
symmetry of the peaks can be compared by considering the 
efficiencies, calculated as the equivalent number of theoretical 
plates, of the front half and the back half of each peak. A 
symmetrical peak will have a front/back ratio of 1.00. For the 
Me{fMS derivative, the front/back ratio was 1.474, whereas for 
the methyl derivative the ratio was 2.844. This shows that the 
doubly derivatized SMT gives a more symmetrical peak than 
methyl-SMT. 

Validation of the assay was carried out for porcine kidney, 
muscle and liver tissues. On each of three separate occasions 
five replicates of blank tissue were spiked at 200 ng g-I and 
analysed. Over-all values for recovery and RSD were 105.7% 
and 6.8%, respectively for muscle, 99.6% and 4.4% for kidney 
and 99.3% and 5.5% for liver (Table I). Owing to spillage in the 
final stage of the extraction, only four muscle replicates were 
analysed on day 3. Replicates of blank tissue were also fortified 
at 50 ng g-1 (half the MRL) and at 400 ng g- 1 and analyses 
carried out once. The mean recoveries were between 90.8% and 
98.8% with RSDs between 6.7% and 9.0% for samples fortified 
at the lower level, whereas for the 400 ng g- 1 spikes the 

Table 1 Inter- and intra-assay reproducibility and recovery for sulfametha­
zine in porcine muscle, kidney and liver spiked at 200 ng g- 1 

Sample 

Muscle 

Kidney 

Liver 

Parameter 

Meaning g- 1 
sing g- 1 
RSD(%) 
Mean recovery (%) 
n 

Meaning g- 1 
sing g- 1 
RSD(%) 
Mean recovery (%) 
n 

Meaning g- 1 
sing g- 1 
RSD(%) 
Mean recovery (%) 
n 

Day I 

197.6 
10.01 
5.1 

99.0 
5 

193.2 
10.45 
5.4 
97.0 
5 

196.4 
11.72 
6.0 

98.4 
5 

Day 2 Day 3 Over-all 

223.8 211.8 211.0 
9.86 7.89 14.4 
4.4 3.7 6.8 

112.0 106.0 105.7 
5 4 14 

198.0 204.4 198.5 
6.04 6.91 8.82 
3.1 3.4 4.4 

99.2 102.6 99.6 
5 5 15 

198.2 199.8 198.1 
13.46 9.68 10.95 
6.8 4.8 5.5 

99.2 100.2 99.3 
5 5 15 

Table 2 Recovery and precision of the method for muscle, kidney and liver 
spiked with sulfamethazine at400 and at 50 ng g- 1 

Spike leveV 
ng g- 1 Parameter Muscle Kidney Liver 

400 Meaning g- 1 403.0 453.8 394.0 
sing g- 1 24.47 12.58 21.99 
RSD(%) 6.1 2.8 5.6 
Mean recovery (%) 101.1 113.6 98.6 
n 5 5 5 

50 Meaning g- 1 47.5 45.4 49.4 
sing g- 1 3.20 4.02 4.43 
RSD(%) 6.7 8.8 9.0 
Mean recovery (%) 94.9 90.8 98.8 
n 4 6 5 

recoveries ranged from 98.6% to 113.6% with RSDs between 
2.8% and 6.1 %. (Table 2). All values for recovery were 
corrected using the internal standard as described above. 

The variation in ion ratios for the tissues fortified at 50 ng g-1 
is presented in Table 3. The miz 299/300 and m/z 299/345 ratios 
for the tissue extracts were all within ±I 0% of the ratios 
observed with the standards for each respective run, and the 
RSDs for the ratios were all <6%. 

The linearity of the assay was assessed by analysing a series 
of standard solutions with concentrations ranging from 0 to 50 
f!g mJ-1 (equivalent toO to IOOOng g-I in tissue). The linearity 
over this range was good, with a linear regression coefficient r 
= 0.9998 and the curve described by the equation y = 0.05x + 
0.02 (y = peak area; x = concentration in f!g ml-1). 

The limit of determination, that is, the lowest level at which 
the assay was validated, is 50 ng g- I . The limit of detection of 
the assay depended on the performance of the mass spec­
trometer, especially the cleanliness of the ion source and the 
state of the electron multiplier, but was estimated to be between 
10 and 20 ng g- I, based on a signal-to-noise ratio of3: I for the 
least abundant ion (mlz 349) of a blank muscle extract. Muscle 
was chosen because it was found to have the noisiest 
background of the tissues analysed. 

It was found initially that absolute recoveries were extremely 
variable, although the results were good when calculated using 
SMT/ ISTD ratios. The main cause of the variability was found 
to be the SCX clean-up step. HPLC analysis showed that the 
recovery of SMT from the SCX cartridges was good (about 
90% ), but diazomethane derivatization was affected by passing 
SMT standards through the SCX cartridge, giving a variable 
yield of methylated SMT, and therefore of the Me{fMS 
derivative. This interference may have been caused by finings 
washed from the cartridges with the final eluent. The effect was 
minimized by pre-washing the cartridges with ammonia­
methanol (I + 3 v/v), then washing with methanol before 
conditioning with the acid buffer-acetone mixture used in the 
method. It was also found that by performing the methylation 
step in darkness, the absolute recoveries became more con­
sistent. This is in agreement with the findings of Takatsuki and 
Kikuchi, ts who reported the formation of by-products with a 
variable yield from the diazomethane methylation of SMT. 
Their response to this difficulty was to protect the derivatization 
mixture from light, and to evaporate excess of diazomethane 
under vacuum without heating, giving a by-product yield of less 
than 3% of theN 1-methyl-SMT. Some variability may also be 
introduced by the formation of ring-methyl isomeric derivatives 
by the diazomethane, owing to the tautomerizable structure of 
SMT, as described by Feil et af.IS However, the above problems 
have all been overcome by the use of I3C-labelled SMT as an 
internal standard, with quantification based on the isotope ratio, 
since any loss during sample extraction is compensated for by 
an equal loss of internal standard. This approach to quantifica-

Table 3 Precision of ion abundance ratios for tissues spiked at 50 ng g- 1. 
Data for standards are means of two detenninations 

mlz 299i300 mlz 299/349 

Mean RSD(%) Mean RSD(%) n 

Muscle Standards 0.880 25.995 
Samples 0.890 2.1 25.778 5.1 4 

Kidney Standards 0.855 24.210 
Samples 0.873 1.6 25.580 2.1 6 

Liver Standards 0.810 28.540 
Samples 0.812 2.0 27.470 5.1 



tion is common to most of the published GC-MS methods, and 
is discussed briefly by Simpson et af.14 

The main advantage of the Me!fMS derivative described 
over the methyl derivative, when using EI, is the formation of 
the ion at m/z 349. This corresponds to the molecular ion -CH3• 

Other published GC-EIMS methods, using the N1-methylated 
or the N'-methylated and N4-acylated SMT derivative, report 
the M - 64 fragment as the highest ion monitored. In an 
evaluation of analytical methods by an EC panel of experts, 19 
partial selectivity indices were assigned to the various stages of 
an analytical procedure. It was concluded that a confirmatory 
assay should have a selectivity index of at least 7. For low­
resolution MS, a partial selectivity index of 4 was assigned for 
the detection of a molecular ion, an index of 3 for the molecular 
ion minus, e.g., HF or CH3, and 2 for another diagnostic ion. 
Detection of the ion at mlz 349 thus enhances the specificity of 
the assay. The method described includes two solid-phase 
purification steps (score 2 X 1), and low-resolution GC-MS 
with detection of the molecular ion -CH3 (score 3) and two 
other diagnostic ions (score 2 X 2), giving a selectivity index of 
9. Stout et al. 13 reported the use of positive ion chemical 
ionization (CI), which produces the [M + H)+ ion at m/z 293, 
corresponding to the intact N 1-methyi-SMT molecule. How­
ever, the CI mode is less simple to use and is not as widely 
available as El. 

In conclusion, the method described is both sensitive and 
specific, and can be used for the simultaneous quantification 
and confirmation of sulfamethazine residues in swine tissues at 
levels well below the MRL. The method has been used to 
analyse incurred samples in this laboratory. A throughput of 20 
samples in 2 d is readily achievable. 
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Analysis of Protein-bound Metabolites of 
Furazolidone and Furaltadone in Pig Liver by 
High-performance Liquid Chromatography 
and Liquid Chromatography-Mass 
Spectrometry 
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Studies undertaken using radiolabelled furazolidone have 
demonstrated the covalent binding of residues of the drug 
to cellular protein in vivo. A portion of these bound 
residues and those formed by furaltadorie, a related 
nitrofuran drug, possess intact side-chains, 
3-amino-2-oxazolidinone (AOZ) and 5-morpholino­
methyl-3-amino-2-oxazolidinone (AMOZ), respectively. 
These side-chains have molecular characteristics in 
common with the parent compounds and may be released 
from liver tissue under mild acidic conditions. 
Derivatization with 2-nitrobenzaldehyde (NBA) serves to 
isolate the released side-chains and the derivatives 
NPAOZ and NPAMOZ are chromophoric, thereby 
permitting UV detection. This paper reports the 
introduction of an extract clean-up step to the existing 
procedure which eliminates or decreases interference 
from NBA in the HPLC-UV determination of NPAOZ. 
The modified procedure was also applied to the 
determination of AMOZ. The development of an LC-MS 
method for the quantitative and confirmatory 
determination of AOZ and AMOZ extracted and 
derivatized according to the same procedure as that for 
HPLC-UV is described. The methods were validated for 
AOZ and AMOZ in fortified (intra- and inter-assay 
studies) and incurred (inter-assay studies) pig liver 
samples. The limit of determination for fortified control 
liver samples was 5 ng AOZ g- 1 and 10 ng AMOZ g- 1 by 
HPLC-UV and 10 ng AOZ or AMOZ g-1 by LC-MS. In 
addition, a study to determine the ratio of released AOZ 
to the total bound residues present in incurred liver 
samples from pigs treated with furazolidone is described. 

Keywords: Nitrofuran drugs; protein-bound metabolites; 
high-performance liquid chromatography-ultraviolet 
detection; liquid chromatography-mass spectrometry; marker 
residue 

Introduction 

Part of the residues of the veterinary drug furazolidone are 
known to be covalently bound to cellular protein in vivo.1.2 
Studies using radio labelled drug demonstrated that a proportion 
of the label could not be solvent extracted from the tissue of 
treated animals. As a result, the rate of clearance of these 
metabolites from the animal body is dependent on the rate of 
turnover of tissue protein, which may be relatively slow. Strong 
indications were obtained from in vitro studies with isolated pig 
hepatocytes that similar residues are formed in the case of the 

related nitrofuran drug furaltadone. 3 It has been demonstrated 
that a proportion of the bound residues of furazolidone2·5 and 
furaltadone3·4 possess intact side-chains, 3-amino-2-oxazolidi­
none (AOZ) and 5-morpholinomethyl-3-amino-2-oxazolidi­
none (AMOZ), respectively, each of which has molecular 
characteristics in common with the parent compounds (Fig. 1). 
These side-chains can be released from the bound metabolites 
under mildly acidic conditions such as may occur in the stomach 

+ 

AOZ/AMOZ 

1 

rl~ 
~C-H 
N~ 

2-Nitrobenzaldehyde 

NPAOZINPAMOZ 

R = Structure unknown 

Rt = H (Furazolidone) 

Rt = (Furaltadone) 

Fig. 1 Formation of NPAOZ (or NPAMOZ) from AOZ (or AMOZ) and 
2-nitrobenzaldehyde under mildly acidic conditions. 
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of the consumer. AOZ has been found to inhibit irreversibly the 
enzymic activity of monoamine oxidase (MA0).6-8 It has been 
postulated that this occurs through biotransformation of AOZ 
into ~-hydroxyethylhydrazine,6 which is a mutagenic9 and 
carcinogenic to compound. Therefore, long withdrawal periods 
post-animal treatment with these drugs may be necessary and 
analytical methods to detect the bound residue are required. 

Methods were developed for the determination of AOZ or 
AMOZ through their release from protein-bound residues under 
acidic conditions and subsequent derivatization with 2-ni­
trobenzaldehyde (NBA) to yield 3-{[(2-nitrophenyl)­
methylene]amino}-2-oxazolidinone (NPAOZ) and 3-{ [(2-ni­
trophenyl )methylene ]amino 1-5-morpholinomethy 1-2-oxa­
zolidinone (NPAMOZ), respectively (Fig. 1). The derivatiza­
tion step serves (i) to isolate AOZ and AMOZ from the matrix 
and prevent rebinding to protein following the cleavage step and 
(ii) to produce derivatives which possess chromophores suitable 
for UV detection. Since many cellular macromolecules also 
contain reactive amino moieties, a large excess of NBA is 
required to ensure quantitative derivatization of AOZ and 
AMOZ released from the bound residues. The tissue extracts 
produced according to this procedure contained NPAOZ/ 
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Fig. 2 Separation of NPSEM (a), NPAOZ (b) and NPAMOZ (c) on a 
Hypersil ODS (5 ftm) column. (i) AOZ determination. Mobile phase; 
acetonitrile~.OI moll- 1 potassium phosphate buffer (pH 7.4) (25 + 75), at 
0.8 ml min- 1• (ii) AMOZ determination. Mobile phase; acetonitrile­
methanol-water (15 + 70) at 1.0 ml min- 1• 

Time/min 
Fig. 3 HPLC-UV traces of negative control liver samples fortified with 
AOZ at (i) 0 and (ii) 5 ng g- 1 and AMOZ at (iv) 0 and (v) 10 ng g- 1• 

Incurred liver samples obtained from pigs treated for 7 d with (iii) 
furazolidone and (vi) furaltadone, followed by withdrawal periods of21 and 
14 d, respectively, prior to slaughter. 

NPAMOZ and unreacted NBA, which gave rise to considerable 
interference in the HPLC-UV determination of NPAOZ at low 
levels . 

This paper reports on the optimization of the published 
method through inclusion of a further clean-up step to remove 
excess of unreacted NBA from the extracts. The improved 
extraction procedure for NPAOZ and NPAMOZ, linked to 
determination by both HPLC-UV and LC-MS methods, was 
validated through a series of intra- and inter-assay studies. The 
validated method (for the detection of AOZ released from 
protein-bound residues of furazolidone in pig livers) was used 
to determine the suitability of AOZ as a marker metabolite for 
the total bound residues. This was performed by studying the 
ratio of released AOZ to total bound residues in livers from 
animals treated with radiolabelled furazolidone, followed by 
withdrawal periods of 0, 3 and 6 weeks. 

Experimental 

Reagents and Standards 

Methanol, acetonitrile, water (HiperSolv grade), dimethyl 
sulfoxide, ethyl acetate (AnalaR grade) and hexane (pesticide 
residue analysis grade) from Merck (Poole, Dorset, UK) and 
ethanol (pro analysi grade) from Merck (Darmstadt, Germany) 
were used. Potassium dihydrogenorthophosphate (AnalaR 
grade), sodium hydroxide and hydrochloric acid (Convol 
reagents) were obtained from Merck (UK). 2-Nitrobenzal­
dehyde (98% purity) was obtained from Sigma (Poole, Dorset, 
UK). AOZ, AMOZ, NPAOZ and NPAMOZ were gifts from 
Orphahell (Mijdrecht, The Netherlands). The scintillation 
cocktail used was Minisolve (Zinser Analytic, Maidenhead, 
UK). Sodium dodecyl sulfate (Sigma, St. Louis, MO, USA), 
l 0% solution, was prepared for final pellet dissolution. 

Stock standard solutions of AOZ and of AMOZ at concentra­
tions of I 00 f.lg mJ-1 were prepared in methanol and stored at 4 
°C in the dark. Standard solutions were prepared on the day of 
use from these 100 f.lg ml- 1 stock solutions to give concentra­
tions of 0.4, 1.6 and 8.0 f.lg mJ-1 AOZ and 1.6 and 8.0 f.lg ml- 1 

AMOZ in methanol. Fortification of liver pellets (2 g liver 
equivalent) with 25 f!l of these solutions corresponds to levels of 
5, 20 and 100 ng g- 1 of liver. 

Stock standard solutions of NPAOZ and of NPAMOZ at 
concentrations of 20 f.lg ml- 1 were prepared in methanol and 
stored at 4 °C in the dark. Standard solutions were prepared on 
the day of use as calibrants from these 20 f.lg ml-1 stock 
solutions to give concentrations of0.05, 0.1, 0.25, 0.5, 1.0 and 
2.0 f.lg ml- 1 in methanol. 

Solutions of NPAOZ and NPAMOZ in methanol (I f.lg ml-1) 
were found to be stable when stored in darkness ( 4 or 18 °C} 
over a 5 d period, but very unstable when exposed to daylight 
over the same period. Stock solutions of AOZ and AMOZ in 
methanol (I 00 f.lg ml- 1) were found to be stable over a 6 month 
period when stored at 4 °C in the dark. 

Equipment 

HPLC-UV 
The HPLC system consisted of a Model 600 multi-solvent 
delivery system, a Wisp 710B autosampler, a Model 484 
tunable absorbance detector (operated at 275 nm) and a Model 
746 recording integrator, all from Millipore-Waters (Milford, 
MA, USA). A stainless-steel analytical column (250 X 4.6 mm 
id) packed with Hypersil ODS (5 f!m) (Capital HPLC, West 
Lothian, UK) together with a guard column containing f!Bonda­
pak C 18 material (Millipore-Waters) were used. A column 
heater/cooler was used to maintain the column temperature at 
18 °C. The mobile phase used for NPAOZ separation was 
acetonitrile-0.01 mo!J- 1 potassium phosphate buffer (pH 7.4), 



(25 + 75), pumped at 0.8 ml min-I. Under these conditions, 
NPAOZ and NPAMOZ eluted at 18 and 20.5 min, respectively. 
The mobile phase used for NPAMOZ separation was acetoni­
trile-methanol-water (15 + 15 + 70) pumped at I ml min- 1. 

NPAOZ and NPAMOZ eluted at 13.6 and 20.9 min, re­
spectively, under these conditions. These two separate mobile 
phase conditions were required to allow the quantification of 
each analyte without interference from NBA residues or matrix 
components of the liver extracts. 

LC-MS 
The MS system consisted of a VG Biotech Trio 2000 single­
quadrupole mass spectrometer (Fisons, Cheshire, UK) with an 
atmospheric pressure chemical ionization (APCI) interface 
operated in the positive-ion mode. The LC system consisted of 
a Model 2249 HPLC pump (Pharmacia Biotech, Uppsala, 
Sweden) and a Wisp 717 autosampler (Millipore-Waters). A 
stainless-steel analytical column (300 X 3.9 mm id) and a guard 
column, both packed with ~tBondapak C18 (10 ~tm) (Millipore­
Waters) were used. The mobile phase for NPAOZ and 
NPAMOZ separation was methanol-0.025% v/v-acetic acid 
(45 + 55), pumped at 1.0 ml min-I which was reduced post­
column to 0.5 ml min-I using a Valco T-piece. A Rheodyne 
(Cotati, CA, USA) Model7125 injector, with the injection loop 
removed and the valve reconfigured to allow manual switching 
of the flow from a second pump (Millipore-Waters Model 
6000A) into the source, was placed immediately before the 
APCI probe, allowing methanol-water (50 + 50) to be pumped 
at a flow rate of 0.5 ml min-I during the first 5.5 min of the 
chromatographic run. This helped to limit the build-up of matrix 
components, from the early stages of the chromatographic runs, 
on the sampling cone orifice, which in tum prolonged the time 
intervals between cleaning. Under these conditions, NPAOZ 
and NPAMOZ eluted at 7.5 and 8.6 min, respectively. The 
following conditions were found to be suitable for operation of 
the MS source: corona voltage, 3.2 kV; sampling cone, 45 V; 
lens 2, 150 V; lens 3, II V; source temperature, 124 °C; and 
probe temperature, 150 °C. High-purity nitrogen was used as 
the bath gas and the nebulizer gas at 350 I h-I and 70 psi (I psi 
= 6894.76 Pa), respectively. 

Samples 

Validation of methods 

A liver sample (control sample) from a pig of known history and 
not treated with nitrofurans was homogenized for use in 
fortification studies and stored frozen until required. Incurred 
liver samples were obtained from pigs treated with furazolidone 
for7 d, followed by withdrawal periods of7 d and 21 d prior to 
slaughter. 11 In the case of furaltadone, incurred samples were 
obtained from pigs treated with the drug for 7 d followed by 
withdrawal periods of 14 and 28 d prior to slaughter.I2 

Ratio of AOZ to total bound residues 

A set of samples was obtained from a study in which six pigs (50 
kg) were treated with [I4C]furazolidone twice per day for 14 d 
at a dose rate of 16.5 mg kg- 1 d- 1 (equivalent to 300 mg kg-1 
feed). Animals were killed after withdrawal periods of 0, 3 and 
6 weeks. The furazolidone used contained equal amounts of 
drug labelled in either the AOZ side-chain or in the nitrofuran 
part of the molecule. The specific activity of the furazolidone 
used in this study was I mCi g- 1 (2220 dpm llg-1) for the 
animals killed after 0 and 3 weeks and 3 mCi g- 1 (6660 
dpm !lg-1) for the animals killed after 6 weeks. Liver samples 
were lyophilized, shipped frozen and stored at -40 °C until 
analysis. This study was performed by SmithKline Beecham 
Animal Health in Applebrook, PA, USA. These samples were 
analysed in duplicate. 

Analyst, October 1996, Vol. 121 1465 

Analytical Procedure 

Removal of extractable metabolites from liver sample 

A sample of 2 g of thawed, homogenized liver was suspended in 
6 ml of methanol-water (2 + I) by vortex mixing and using an 
ultrasonic bath (5 min). The sample was cooled to 4 °C and 
centrifuged for 10 min at 2000 rpm. The supernatant was 
removed and the pellet was washed three times by vortex 
mixing with ice-cold methanol (4 ml) and twice with ethanol (4 
ml). After each washing, the pellet suspension was centrifuged 
at 2000 rpm ( 10 min, 4 °C) prior to removal of the supernatant. 
For samples from animals treated with [I4C]furazolidone, I ml 
aliquots of each alcohol supernatant were mixed with 10 ml of 
scintillation cocktail and counted, in a liquid scintillation 
counter, for 2 min. The liver pellet was dried under a stream of 
nitrogen at ambient temperature. 

Release and derivatization of AOZ and AMOZ 

The dry pellet was resuspended in water (6 ml) by vortex mixing 
and ultrasonication (5 min). Hydrochloric acid (1.0 mol I- 1, 
0.5 ml) and NBA in dimethyl sulfoxide (50 mmoiJ- 1, 0.05 ml) 
were added to the mixture which was incubated at 37 °C for 16 
h. After cooling, the mixture was neutralized (pH 7 .0) with 0.1 
mo!I-1 potassium dihydrogenorthophosphate (pH 7.4, 0.5 ml) 
and 1.0 mol J- 1 sodium hydroxide (0.5 ml) to prevent the 
formation of low pH protein gels. 

Extraction of NPAOZ and NPAMOZ 

The mixture was extracted three times with ethyl acetate ( 4 ml) 
using a reciprocal shaker ( 10 min) and centrifuged (2000 rpm, 
5 min) on each occasion to remove any emulsions formed. The 
combined ethyl acetate extracts were evaporated under a stream 
of nitrogen at 40 °C. The residue was dissolved in water 
(0.3 ml). 

Removal of excess untreated NBA 

The dissolved residue was extracted twice with hexane (2 ml). 
The mixture was centrifuged each time (1000 rpm for 5 min at 
4 °C) prior to removal of the hexane extract. For the samples 
from animals treated with ['4C]furazolidone, 1 ml aliquots of 
the hexane extracts were mixed with 10 ml of scintillation 
cocktail and counted for 2 min. Any remaining traces of hexane 
were evaporated under a gentle stream of nitrogen (2 min) at 
ambient temperature and acetonitrile (0.15 ml) was added to the 
aqueous solution to ensure complete dissolution of the deriva­
tive. The samples were filtered through a PVDF membrane 
filter (0.45 ~tm). Sample extracts and NPAOZ/NPAMOZ 
standard solutions (0.1 ml aliquots) were analysed by HPLC­
UV and LC-MS. For the samples from animals treated with 
[I4C]furazolidone, fractions (7 X 4 min) of the HPLC eluate 
were collected, starting 2 min after the injection of the sample, 
and counted. 

Table llntr•-assay variation of AOZ and AMOZ determination in pig liver 
using fortified samples (n ~ 5) 

Recovery (%) 

HPLC-UV LC-MS 
Metabolite 
added/ RSD RSD 

Metabolite ng g- 1 Mean ±s (%) Mean± s (%) 

AOZ 20 81.8 ± 8.1 9.9 100.9 ± 8.8 8.7 
100 87.5 ± 2.5 2.8 85.1 ± 8.3 9.7 

AMOZ 20 73.2 ± 6.2 8.5 96.0 ± 6.4 6.6 
100 71.0 ± 3.8 5.3 73.0 ± 4.5 6.2 
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Dissolution and counting of residual pellet 

Following the extraction with ethyl acetate, the remammg 
protein was precipitated by the addition of 6 ml of ice-cold 
methanol. The tubes were mixed for 10 min on a reciprocal 
shaker and subsequently centrifuged at 1800 rpm for I 0 min at 
4 °C. An aliquot of the supernatant was mixed with scintillation 
cocktail and counted. The remaining pellet was dissolved in 5 
ml of I moJJ-1 NaOH and 5 ml of 10% sodium dodecyl sulfate 
at 37 °C for 24-48 h. A sample of 2 ml was taken, weighed and 
mixed with 2 ml water and 0.2 ml of hydrogen peroxide. After 
24 h at room temperature, the sample was mixed with 
scintillation cocktail and counted for 2 min. The remaining 
solution was also weighed. 

Method Validation 

Solvent-extracted control liver (2 g equivalent) was fortified at 
levels ofO, 5, 20 and 100 ng A0Zg- 1liver and atO, 20 and 100 
ng AMOZ g-1 liver and analysed according to the same 

Table 21nter-assay variation of AOZ and AMOZ detennination in pig liver 
using fortified samples (n = 5) 

Recovery (%) 

HPLC-UV LC-MS 
Metabolite 
added/ RSD RSD 

Metabolite ng g-1 Mean± s (%) Mean± s (%) 

AOZ 0 ND' ND 
5' 84.4 ± 15.4 18.2 NA* 

20 78.0 ± 7.2 9.2 75.6 ± 9.6 12.7 
100 78.2 ± 5.0 6.4 73.5 ± 10.7 14.5 

AMOZ 0 ND ND 
20 68.1 ± 6.9 10.1 90.4 ± 33.4 37.0 

100 71.1 ± 10.3 14.5 71.8 ± 10.1 14.0 

• 4 g liver sample assayed. ' ND, not detennined. * NA, not analysed. 

100 100 
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procedure, beginning with the release and derivatization 
procedures. The repeatability and reproducibility of the meth­
ods were assessed by intra- and inter-assay studies, respectively, 
on fortified samples. Samples from animals treated with 
furazolidone or furaltadone were used to assess the reproduci­
bility of the total procedure. 

Results and Discussion 

HPLC-UV Method 

Under the HPLC conditions described for AOZ determination, 
NPAOZ may be selectively determined with no chromato­
graphic interference from NPAMOZ or from NPSEM, the 
derivatized side-chain of another nitrofuran drug nitrofurazone 
which has a retention time of 12 min. [Fig. 2(i)]. A small matrix 
peak with a retention time approximately 0.5 min longer than 
that ofNPAOZ was observed to occur intermittently [Fig. 3(i)]. 
This matrix interference could result in a slight over-estimation 
of AOZ in liver samples. NPAMOZ may be selectively 
determined under the HPLC conditions -described for AMOZ 
determination with no chromatographic interference [Fig. 2(ii)] 
from NPAOZ or NPSEM (retention time approximately 12 
min). There was no matrix interference in the analysis of 
NPAMOZ (Fig. 3). 

The response of the HPLC-UV system for NPAOZ and 
NPAMOZ is linear in the working range 0.05-2.0 1-lg mJ-1 . The 
mean recovery of AOZ or AMOZ from fortified samples is 70% 
or greater. The method precision, presented in Tables I and 2, 
shows RSDs of < I 0% for intra-assay studies and < 20% for 
inter-assay studies in fortified liver samples. The inter-assay 
variation for the determination of protein-bound AOZ/AMOZ 
in incurred samples (Table 3, Fig. 3) also indicates comparable 
method precision for the entire procedure, including removal of 
extractable residue prior to release of protein-bound residue, 
derivatization and clean-up. The limits of determination are 
approximately 5 ng AOZ g- 1· liver and 10 ng AMOZ g- 1 
liver. 

The incorporation of a hexane clean-up step in the extraction 
method improved the method robustness by decreasing the 

(iii) 
7.45 100 

Time/min 

Fig. 4 LC-MS traces of negative control liver samples fortified with AOZ at (i) 0 and (ii) 20 ng g- 1 and AMOZ at (iv) 0 and (v) 20 ng g-1 . An incurred 
liver sample (iii) obtained from a pig treated with furazolidone for 7 d followed by a withdrawal period of 21 d prior to slaughter. 



Table 3Inter-assay variation of protein-bound AOZ and AMOZ determina­
tion in pig liver using incurred samples (n = 5) 

AOZ determined/ng g-• 

HPLC-UV LC-MS 

Withdrawal RSD RSD 
Metabolite period/d Mean± s (%) Mean± s (%) 

AOZ 7 386.7 ± 36.0 9.3 365.5 ± 23.4 6.4 
21 93.9 ± 11.2 12.0 87.5 ± 8.5 9.7 

AMOZ 14 66.9 ± 8.3 12.5 
28 12.7 ± 2.1 16.8 

6 
(a) SDD 
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Fig. S (a) HPLC trace of a liver sample extract from animal 351. (b) UV 
spectrum of the NPAOZ peak observed in tbe chromatogram of the liver 
sample from animal 351 (solid line) in comparison with a standard of 
NPAOZ (broken line). 
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variability due to NBA present in the final extracts and by 
significantly decreasing NBA interference in the HPLC-UV 
determination of NPAOZ. This is demonstrated by the low 
inter-assay variation observed in the AOZ analysis. 

LC-MS Method 

The APCI interface has the advantage of allowing a substantial 
flow from the HPLC column (up to I ml min-I) to be taken into 
the MS source, thus enhancing sensitivity. In this case a flow 
rate of 0.5 ml min- I was found to provide optimum sensitivity 
and, therefore, the column eluate (I ml min-I) was split to allow 
0.5 ml min- 1 into the source and the remainder to waste. 
Chromatographic separation of different nitrofuran side-chain 
derivatives is not essential because of the selective detection 
system. The LC-MS analysis was carried out in the single-ion 
recording (SIR) mode at m/z 236 and 206, representing the 
parent ([NPAOZ + H]+) and daughter ions for NPAOZ, 
respectively, and at mlz 335 and 291, representing the parent 
([NPAMOZ + H]+) and daughter ions for NPAMOZ, re­
spectively. Quantification was based on the peak area of the 
parent ions with the fragment ions being used for confirmation 
(Fig. 4). 

The response of the LC-MS system for NPAOZ and 
NPAMOZ is linear in the working rangeO.Ol-2.0 ~g ml-1. The 
mean recovery of AOZ and AMOZ from fortified samples is, as 
for HPLC-UV, ;;;.:70%. The precision of the LC-MS method 
(Tables I and 2) is, in general, similar to that of the HPLC-UV 
method (RSDs < 10% and <20% for intra- and inter-assay 
studies, respectively), with the exception of AMOZ determina­
tion at 20 ng g-t, where an RSD of 37% was obtained. Good 
agreement between the results for AOZ determination by 
HPLC-UV and LC-MS was obtained for incurred samples 
(Table 3); these comparative data are not available for AMOZ. 
The limits of determination are approximately 10 ng g- 1 liver 
for AOZ and AMOZ. 

AOZ Content of Bound Residue 

In the case of the liver samples from pigs treated with 
radiolabelled furazolidone, all material during the different 
steps in the analytical procedure was collected and counted. The 
radioactivity in each fraction was calculated as a percentage of 
the total radioactivity in the liver sample. Table 4 presents the 
results of this study. Most of the free metabolites are extracted 
with the four methanol wash-steps. Further, the percentage of 
unextractable metabolites increases with longer withdrawal 
periods. This can be explained by the much shorter half-lives of 
free metabolites compared with bound metabolites. 

Table 4 Relative distribution of the radioactivity in the different wash steps, the ethyl acetate extract after the incubation of the washed pellet with HCI and 
NBA, the hexane extracts and the remaining pellets• 

Incubation 
EtOAc extract mixture after 

after EtOAc 
Wash step derivatization extraction 

Water- Water- Total 
Animal WP/d MeOH I MeOH I Me0H2 MeOH 3 EtOH I Et0H2 Total Hexane HPLC Me0H2 Pellet bound 

351M 0 25.12 4.77 2.88 1.40 0.40 0.17 34.76 0.41 7.25 8.08 49.51 65.24 
353 F 0 24.69 5.51 3.49 1.70 0.51 0.22 36.13 0.49 6.60 7.8 1 49.98 63.87 
362M 21 14.45 2.43 1.81 1.00 0.35 0.22 20.27 0.33 4.22 8.61 66.57 79.73 
357 F 21 14.95 2.41 1.87 1.01 0.38 0.19 20.81 0.31 3.91 9.16 65.82 79.19 
359M 42 10.95 2.69 2.03 0.95 0.46 0.28 17.36 0.20 2.83 6.60 73.00 82.64 
360 F 42 10.65 2.18 1.90 1.09 0.44 0.25 16.49 0.18 2.66 8.14 72.53 83.51 

• All data expressed as a percentage of total radioactivity. Data are the means from two samples. Abbreviations: M, male; F, female; MeOH, 
methanol, EtOH, ethanol; EtOAc, ethyl acetate; WP, withdrawal period. 
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Fig. 5(a) shows a chtomatogram of a liver sample from 
animal351 and Fig. 5(b) shows the UV spectrum of the NPAOZ 
peak in this sample compared with the NPAOZ standard. It can 
be concluded that the comparison of the spectra confirms the 
identity of NPAOZ. 

Table 5 shows the concentrations of total and bound residues 
in the various liver samples. The concentrations of releasable 
AOZ were calculated using the data from both UV and 
radioactivity detection. The data from UV detection were used 
to calculate the ratio of released AOZ to total bound residue, the 
value for AOZ (M, 102) content being multiplied by a factor of 
2.206 to make it comparable to furazolidone (M, 225). 

From Table 5, it is clear that the high levels oftotal and bound 
residues in tissues of animals without a withdrawal period 
decrease relatively rapidly during the first 3 weeks after the last 
treatment. However, the decrease appears to become slower 
during the next 3 weeks. The percentage of bound residues from 
which AOZ can be released using the optimized method also 
decreases in the first 3 weeks, but tends to stabilize during the 
next three weeks. In samples taken just after the last fur­
azolidone treatment, AOZ could be released from 18% of the 
bound residues, and this fraction decreased to 8% and 6% after 
3 and 6 weeks, respectively. The relatively small fraction of 
bound residues from which AOZ is released might only partly 
be explained by a less than 100% release and recovery of AOZ 
from this kind of residue. A more likely explanation is the 
presence of different types of protein-bound residues as 
discussed previously. 5 ' 

Table 5 Concentrations of total and unextractable (bound) residues in livers 
of furazolidone-treated animals and concentrations of A(YZ released from 
bound residues and their relation to the bound residues 

AOZ released 
from bound Bound 

residuest residues 
hydrolysed 

RA uv toAOZ 
Animal WP/d Total• Bound" detection detection (%) 

351M 0 39.43 25.73 2.323 2.093 17.96 
353 F 0 37.19 23.76 1.957 1.904 17.68 
362M 21 3.34 2.66 0.120 0.096 7.94 
357 F. 21 4.64 3.67 0.147 0.127 7.59 
359M 42 2.13 1.76 0.041 0.051 6.30 
360 F 42 1.60 1.34 0.043 0.032 5.24 

• Concentrations are expressed as JA.g furazolidone equivalents per 
gram of wet tissue. t Concentrations of AOZ released from bound residues 
were determined by both UV detection and by counting the radioactivity 
(RA) collected during the HPLC analysis. 

Conclusions 

AOZ is a good marker residue for bound residues of 
furazolidone, even after a long withdrawal period of 6 weeks. 
The validated method is suitable for the release of AOZ (and 
AMOZ) from bound residues which can be detected by HPLC­
UV (or LC-M_S). The related nitrofuran drugs furazolidone, 
furaltadone, mtrofurazone and nitrofurantoin form bound 
residues, the side-chains of which may be released by the 
method; these related drugs do not interfere owing to the 
chtomatographic separation achieved with HPLC-UV and/or 
the specific determination achieved with LC-MS. 

This work was carried out within the framework of the EC­
AIR programme (project No. AIR2-CT93-0860); the authors 
acknowledge financial support from this programme. 
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Matrix Solid-phase Dispersion Technique for 
the Determination of Moxidectin in Bovine 
Tissues 

M. Alvinerie", J. F. Sutraa, D. CapeJaa, P. Galtiera, A. Fernandez-Suarezb, 
E. Hornec and M. O'Keeffec 
a Laboratoire de Pharmacologie-Toxicologie, INRA, 180 Chemin de 
Tournefeuille, 31931 Toulouse, France 
b Meat Technology Institute , /NT A-MORON, CC77 (1708) Buenos-Aires, 
Argentine 
c Food Analysis Department, The National Food Centre , Teagasc, Dunsinea, 
Dublin 15, Ireland 

An HPLC method has been developed for the 
determination of moxidectin in bovine tissues. The 
extraction and clean-up procedure is based on the matrix 
solid-phase dispersion technique. Control and 
moxidectin-fortified bovine tissue samples (0.25 g) are 
blended with octadecyl (C18 end-capped) packing 
material. A column made from the Cur-bovine tissue 
blend is washed with hexane (2 ml); when all the hexane 
has eluted, an Alumina-B SPE cartridge is attached below 
the Cur-tissue column and, after washing, moxidectin is 
eluted with methanol (6 ml). Moxidectin is derivatized 
and determined by HPLC with fluorescence detection. 
The recovery from fortified samples was greafer than 
80% in the concentration range 1-100 ng g-1 of tissue. 
This method p~rmits the determination of moxidectin at 
levels as low as 1 ng g-1 (1 ppb). 

Keywords: Moxidectin; bovine tissues; matrix solid-phase 
dispersion; high-performance liquid chromatography 

Introduction 

The use of antiparasitic drugs as chemotherapeutic agents in 
animal production has increased in the last decade. Antiparas­
itics, such as endectocides, have ~come an integral part of the 
livestock production industry, acting to prevent parasitic 
diseases. 1 However, because of the nature of this family of 
compounds, 2 residues of these drugs in food derived from 
treated animals could pose a health threat to consumers. 
Regulatory agencies have established withdrawal periods for 
treated animals prior to slaughter and also maximum residue 
levels allowable in tissues. 

Moxidectin is a semisynthetic derivative of nemadectin,3 a 
macrocyclic lactone produced by culture of Streptomyces 
cyanogriseus. Moxidectin is active at very low doses (0.2 
mg kg-t) against a wide variety of nematodes and arthropod 
parasites in cow4 and sheep.5 Moxidectin is chemically related 
to milbemycin 1 (Fig. I). The molecular structure includes a 
fused cyclohexane-tetrahydrofuran ring, a bicyclic 6,6-mem­
bered spiroketal and a cyclohexene ring fused to the 16-mem­
bered macrocyclic ring. Moxidectin is the 23-( 0-methyloxime) 
derivative of nemadectin and differs structurally from ivermec­
tin in having no sugar moiety at the C-13 position and having an 
unsaturated side-chain at the C-25 position. 

Studies of the disposition, excretion and metabolism of 
radiolabelled moxidectin in cattle, sheep and rats have been 
reported,6 all species showing very similar metabolic patterns, 

and the unaltered drug is the major residue at all time points 
studied. One method for the detection of moxidectin in animal 
tissues has tJeen reported? that involves solvent extraction and a 
solvent partitioning clean-up step. Unfortunately, this method is 
time consuming and requires large amoul)ts of materials, such 
as organic solvents, the disposal of which is costly. 

Recently, losifidou et aJ.B reported the use of matrix solid­
phase dispersion (MSPD) coupled with solid-phase extraction 
(SPE) for the determination of ivermectin residues in fish 
muscle tissue. This method provides a rapid alternative to 
conventional methods for tissue extractions. It eliminates the 
need for tedious homogenization and multiple solvent partition­
ing clean-up steps. 

We report here the application of MSPD combined with SPE 
for the isolation from spiked tissues of moxidectin followed by 
HPLC determination using the fluorescent derivatization 
method described recently .9 

Fig. I 

CHJ(\ 
N 

Structures of (A) moxidectin and (B) its fluorescent derivative. 
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Experimental 

Reagents and Equipment 

Hexane, ethyl acetate, acetone, dichloromethane, acetonitrile 
and methanol (HPLC grade) were obtained form Carlo Erba 
(Milan, Italy). Trifluoroacetic anhydride and N-methylimi­
dazole of analytical-reagent grade were purchased from Aldrich 
(Sigma-Aldrich Chimie, St. Quentin Fallavier, France). Bulk 
octadecyl (C1s) sorbent (end-capped) with a mean particle size 
of 40-70 [.~m (International Sorbent Technology, Glamorgan, 
UK) was used for the MSPD procedure. The C1s sorbent was 
prepared by placing it in a plastic syringe barrel (50 ml) and 
washing sequentially with 20 ml each of hexane, dichloro­
methane and methanol and drying under vacuum for I h. 
Extraction columns were prepared in pre-washed plastic syringe 
barrels (10 ml) and qualitative polyethylene discs (!solute 
20 [.~m) were used as frits. The HPLC system consisted of a 
Model PU80 pump (Jasco, Tokyo, Japan), a Model 360 
automatic injector (Kontron, Paris, France) and a Model R55! 
fluorescence detector (Shimadzu, Kyoto, Japan) connected to a 
02500 laboratory computing integrator (Merck, Paris, France). 
The separation was carried out on a stainless-steel analytical 
colu~n (150 X 4.6 mm id) packed with Supelcosil (3 [.~m) 
matenal (Supelco, Bellefonte, PA, USA). The mobile phase of 
(0.2%) acetic acid methanol-acetonitrile ( 4 + 15 + 31 v /v) was 
pumped at a flow rate of 1.5 ml min-I. Under these conditions 
the typical retention time for moxidectin was 11 .2 min. Th~ 
detector was fixed at an excitation wavelength of 383 nm and an 
emission wavelength of 447 nm. 

Standard Solutions 

Moxidectin standard was kindly provided by Dr. G. Asato 
(American Cyanamid, Princeton, NJ, USA). The working 

" "' a-.. 
~ 
' ., .. 
' 
~ 

v . 
IL 
0 

... ... 
a: ';' 

"' a: 
~ 

A 

I I I I I I I I I I I 

" " "' u 

standard solutions of moxidectin used to construct the calibra­
tion graphs were prepared by serial dilution of a stock standard 
solution ( 1.0 mg ml- 1 in methanol). Both the stock and working 
standard solutions were stable for at least 3 months at 4 °C. 

Extraction and Clean-up Procedure 

Sa.mples of bovine tissues (muscle, liver) were homogenized by 
usmg .a blender and as.sayed in triplicate. A I g amount of C1s 
matenal was weighed mto a mortar and the tissue sample (0.25 
g) w.as added. For recovery studies, 10 [.~I of moxidectin 
~olut10ns ~t 0.05, 0.~5, 0.50, 2.5 and 5 [.lg ml-I were injected 
mto the tissue 5 mm before the extraction. The tissue was 
blende~ with the C1s material by mixing with a pestle for 45 s. 
The ~~xture was transferred into a 10 ml syringe barrel 
contammg a polyethylene disc at the base. A polyethylene disc 
was placed on the top of the mixture, which was then 
compressed to a volume of 2.5 ml with a syringe plunger (from 
which the rubber seal and pointed plastic retainer had been 
removed). The column was washed with 2 ml of hexane (the 
hexane being removed by applying a positive pressure to the top 
of the syringe barrel with a pipette bulb). When all the hexane 
had eluted, the column was dried by passing a stream of air 
through the column and a methylene chloride-washed Alumina­
B SPE cartridge (Waters, Paris, France) was attached below the 
Cis-tissue column. Moxidectin was eluted from the C1s-tissue 
column on to the alumina cartridge with 6 ml of dichloro­
methane--ethyl acetate (3 + I v/v), after which the Alumina-B 
SPE c~dge was isolated and dried by using a stream of air. 
Th~ cartr1dg.e wa.s then washed with acetone (I ml) and, after 
drymg, mox1dectm was eluted with methanol (6 ml), which was 
evaporated at 60 °C under a gentle stream of dry nitrogen. 
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Fig. 2 Typical chromatograms of sample extracts: A, control bovine muscle; and B, bovine muscle fonified with 10 ppb of moxidectin. 



Derivatization Procedure 

The formation of the fluorophore of moxidectin was achieved 
by. using a ~reviously described process.9 Briefly, the dry 
residue was dissolved m 100 f.ll of N-methylimidazole solution 
in acetonitrile(~ + I v/v) to initiate the derivatization and ISO f.ll 
of tnfluoroacetic anhydride solution in acetonitrile (I :2 v/v) 
were added. After mixing ( < 30 s), an aliquot (100 f.ll) was 
injected directly into the chromatographic system. 

Calibration 

Calibration graphs for moxidectin in the range 1-100 ng were 
prepared using drug-free cow tissues (liver, muscle). The 
fortified tissue samples were taken through the procedure and 
assayed by HPLC. Calibration graphs were constructed using 
the peak area as a function of analyte concentration and least­
squares linear regression analysis was used to determine the 
slope. 

The ~xtraction efficiency of moxidectin was measured by 
c_omparm~ the peak areas obtamed from spiked homogenized 
tissues with the peak areas resulting from direct injection of 
standards carried through the derivatization procedure. The 
inter-assay precision of the extraction procedure and chromat­
ography was evaluated by processing replicates of each tissue 
sample containing a known amount (10 ng g- 1) of moxidectin 
on different days. 

Results and Discussion 

A critical aspect of drug residue analyses is the sample 
extraction and preparation steps required to isolate the residue 
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from a complex biological matrix. The techniques utilized 
should be such that they can be completed in a short time while 
simultaneously limiting expendable materials, especially sol­
vents. The method as outlined here eliminates many of the 
problems associated with classical techniques for the isolation 
of drugs from tissue. The method uses a small sample size, has 
a minimum number of steps and no chemical manipulation 
(such as pH adjustments) and requires minimum amounts of 
solvents. 

Representative chromatograms of blank and fortified tissue 
are shown in Figs. 2 and 3. The lack of interferences in the 
separation suggests a high specificity of the chromatographic 
method and a good selectivity of the extraction procedure. The 
selectivity of the process is due to the fact that moxidectin was 
highly absorbed to the basic alumina, and 1 ml of acetone would 

Table l Recovery of moxidectin from bovine tissue samples fortified with 
moxidectin (n = 3) 

Moxidectin Liver Muscle 
added/ 
ng g-o Recovery (%) RSD(%) Recovery (%) RSD(%) 

I 90.3 1.5 95.3 0.7 
5 86. 1 7.5 84.8 13.7 

10 98.3 7.8 83.0 2.2 
50 100.1 7.9 79.6 2.5 

100 91.8 11.3 84.6 1.3 
Average 93.3±6.2 85.5 ±6.8 

B 

" 
"' 

>IOXJDECI"IN ., ,.., 
"' "' 

"' ... 
' "' "' ' "' ., 

"' u. 
u. 

" 

,_ ,_ 
"' 
"' "' 

w 

"' 
' ' ., 

"' r 
0 

Fig. 3 Typical chromatograms of sample extracts: A, control bovine liver; and B, bovine liver fortified with 10 ppb of moxidectin. 
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not elute any moxidectin. Conversely, acetone eluted pigmented 
tissue material. 

Table I shows the fortification levels used and the percentage 
of moxidectin recovered from fortified tissue samples. Accord­
ing to other reports on the use of MSPD for the determination of 
ivermectiniO (analogous compound), this technique results in a 
clean extract with good recovery. The extraction recoveries of 
moxidectin were not below 80% over the range of concentra­
tions studied for the two tissues. The linearity of the analytical 
procedure was tested by using samples spiked at 1.0, 5.0, 10.0, 
50.0 and 100.0 ng g-1 in triplicate at each concentration. The 
linear regression obtained between peak area and analyte 
concentration was best described by the equation y = a + bx, 
where xis the concentration of moxidectin (ng g- 1 ), b the slope, 
y the area of the peak and a the intercept. The correlation 
coefficient generally exceeded 0.990. The inter-assay precision 
of the method, expressed as the RSD, was <8%: for 10 ng g- 1 
of moxidectin added to liver and muscle, the recoveries were 
88.3 ± 7.5 and 84.8 ± 6.0% (n = 5), respectively. 

In addition to testing the efficiency of the method to 
determine moxidectin in real samples, we analysed tissues from 
I week dosed sheep (0.2 mg kg- 1, oral route). The results 
obtained, 22.6 ± 1.2 and 65.9 ± 2.3 ppb for muscle and liver, 
respectively, are in good agreement with previously reported 
results in a similar experiment. 11 

Further, MSPD permits the determination of moxidectin at 
levels as low as I ng g- 1 (I ppb) which compares well with the 
maximum residue limit for residues in liver of 20 ppb. The 
developed method is currently being used as a routine technique 

for the determination of moxidectin in bovine and ovine 
tissue. 
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Analysis of Ampicillin, Cloxacillin and Their 
Related Substances in Capsules, Syrups and 
Suspensions by High-performance Liquid 
Chromatography 

Omar Shakoor and Robert B. Taylor 

School of Pharmacy, The Robert Gordon University, Aberdeen, UK AB9 1 FR 

An assay method for the simultaneous determination of 
ampicillin (AMP) and cloxacillin (CLOX) from 
pharmaceutical preparations has been developed for 
assessment of product quality. It utilizes isocratic HPLC 
employing an ion-pairing solvent system. The 
chromatographic conditions comprised a reversed-phase 
C 18 column (100 X 2 mm id) with a mobile phase of 
acetonitrile--20 mmoll- 1 aqueous phosphate buffer (15 + 
85) of pH 2.0 incorporating 100 mmoll- 1 sodium dodecyl 
sulfate. The flow rate was 0.4 cmJ min- • and UV 
detection was used at 230 nm. A photodiode array 
detector was used for examination of peak homogeneity. 
The method has been validated according to current 
guidelines including assay of pharmacopoeial standard 
Ampiclox capsules, syrups and neonatal suspensions. In 
addition to determination of the active ingredients, AMP 
and CLOX, the method is capable of simultaneously 
detecting manufacturing precursors and acid hydrolysis 
decomposition products of both drugs. 

Keywords: Ampicillin; cloxacillin; related substances; 
high-peiformance liquid chromatography; pharmaceutical 
product quality assessment 

Introduction 

The quality of a pharmaceutical product is commonly expressed 
as an amount of active ingredient (measured by some assay 
procedure) compared with the amount that is claimed to be 
present. For some products , where there is the possibility of 
toxic substances related to the active ingredient being present, 
additional tests may be carried out to ensure that these are not 
present beyond acceptable limits. I These tests do not, however, 
give any indication of the cause of poor quality. A batch of any 
formulated product may be assayed for active ingredient and 
failed because appreciably less than the stated amount of drug is 
present. This result does not tell the analyst why this poor 
quality was observed. The drug may have degraded due to 
adverse storage conditions or inappropriate processing condi­
tions; the raw drug used for the manufacture of the batch may 
have been impure; or the manufacturer may have inadvertently 
or deliberately produced the formulation containing the in­
correct amount of active ingredient, which may point to poor 
quality assurance during the manufacture, or to counter­
feiting. 

It is widely believed that poor quality pharmaceutical 
preparations are readily available in many developing coun­
tries.2-8 The causes of poor quality are not identified in the 
reports available and in some cases no quantitative information 
is provided to substantiate authors' claims.2-7 The reports that 
do contain quantitative data do not provide adequate informa­
tion regarding the validation of the assay methods employed.s 

In view of this it would be advantageous if an assay method 
employed in the assessment of pharmaceutical product quality 
yielded additional information regarding possible causes for 
poor quality. One way of approaching this is to design an assay 
method that is capable of detection of decomposition products 
and starting materials, in addition to qua11tifying the ac'tive 
ingredient(s). By use of such a meihod, if low levels of active 
ingredients are found together with a recognized impurity, a 
possible cause for poor quality may be assigned. 

As part of an on-going study examining the issue of 
pharmaceutical product quality, it was necessary to assay 
samples of Ampiclox preparations obtained from Nigeria 
comprising capsule, syrup and neonatal suspension formula­
tions. 

Ampiclox is composed of two orally active penicillins, 
namely ampicillin (AMP) and cloxacillin (CLOX). The combi­
nation is designed to treat infections caused by both Gram­
negative and Gram-positive organisms as well as those caused 
by penicillinase-producing staphylococci. Its use in the UK has 
declined in recent times but in Nigeria it is widely used, 
particularly for treatment of chest infections. 

Both AMP and CLOX are semi-synthetic penicillins pro­
duced from a common nucleus of 6-aminopenicillanic acid 
(6-APA) onto which the appropriate side chain is condensed.9.10 
For AMP this side chain is phenylglycine (PG) and for CLOX 
it is 3-(2-chlorophenyl)-5-methylisoxazole-4-carbonyl chloride 
(CMIC). The chemical structures of AMP, CLOX and their 
starting materials are shown in Fig. I. 

The main route of decomposition of both AMP and CLOX in 
solution is hydrolytic cleavage of the ~-lactam ring (in common 
with all penicillin drugs).9.10 This decomposition is accelerated 
in extreme acidic and basic conditions.9.IO The principal 
products from this decomposition are the penicilloic acid and 
penilloic acid forms of both drugs. These products may undergo 
further decomposition, again mainly by hydrolysis. 

Inter-molecular aminolysis may also contribute to decom­
position in solution producing dimer and trimer forms of AMP 
and CLOX, although this process is considered minor compared 
to hydrolysis.9.10 

There are a number of published assay methods for 
determination of AMP and CLOX. These methods involve 
HPLC and, in the majority of cases, utilise UV detection,12-22 

although fluorimetric 11 -20 and mass spectrometric12 detection 
have also been reported. The methods reported are used for the 
determination of AMP in biological fluids ,11.1 6-19 AMP 
residues in animal products, l2.20 AMP stability22 and for 
determining both AMP and CLOX simultaneously from 
biological fluids14.15 and formulated dosage forms.21 This latter 
method, reported as being a quality control assay for prepara­
tions containing AMP and CLOX, does not demonstrate the 
capability of detecting synthetic precursors and decomposition 
products. This is particularly important if the method employed 
is used in routine quality control as often the cause(s) of 
incorrect amounts of active ingredient(s) is difficult to elicit. 
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The purpose of the present paper, therefore, is to describe the 
development and validation of a method for the simultaneous 
determination of AMP and CLOX, which takes account of 
synthetic precursors and decomposition products of both drugs. 
The method developed is intended for quality assessment of 
several pharmaceutical products containing these two drugs and 
is designed to yield additional information which may give an 
indication of possible causes of poor quality detected. 

Experimental 

Materials and Equipment 

AMP, CLOX, 6-APA, PG and sodium dodecyl sulfate (SDS) 
were obtained from Sigma (St. Louis, MO, USA). CMIC was 
obtained from Lancaster Synthesis (Morecambe, UK). Decom­
position products of AMP and CLOX were prepared by 
adjustment of pH of aqueous solutions of both drugs to 1.3 and 
leaving for 48 h. Formulated Ampiclox samples (capsules, 
syrup and neonatal suspension) were obtained from AAH 
Pharmaceuticals (Aberdeen, UK) as examples of high quality 
Ampiclox preparations. HPLC-grade acetonitrile was obtained 
from Rathburn Chemicals (Walkerbum, UK) and water was 
purified by a Millipore (Milford, MA, USA) Milli-Q system. 
Orthophosphoric acid and disodium hydrogen orthophosphate 
(DSHP) were both obtained from Fisons Scientific (Lough­
borough, UK). 

The modular liquid chromatograph comprised a Jasco (Essex, 
UK) PU-980 isocratic chromatography pump and a UV-975 
variable wavelength UV NIS detector operated at 230 nm. 
Chromatograms were recorded and peaks integrated using a 
Hewlett Packard (Avondale, PA, USA) HP 3395 integrator. For 
examination of UV spectral properties of eluted compounds a, 
Shimadzu (New York, USA) SPD-M6A UV photodiode array 
(PDA) detector was used together with its associated software 
package. Sample injection was achieved using a Rheodyne 
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Fig. I Chemical structures of ampicillin (I}, cloxacillin (2), phenylglycine 
(3}, 6-aminopenicillanic acid and 3-(2-chlorophenyl}-5-methylisoxazole-
4-carbonyl chloride (5). 

(Cotati, CA, USA) 7125 injection valve with a 20 mm3 fixed 
volume loop. The column used was 100 X 2 mm id slurry­
packed in the laboratory with 3 11m octadecylsilyl-modified 
silica (ODS-Hypersil) using propan-2-ol-hexane-methanol at a 
pressure of 55 MPa using a Stanstead (Essex, UK) pneumatic 
pump. 

Chromatographic Method 

The solvent system employed for chromatography consisted of 
acetonitrile-20 mmol I-1 aqueous phosphate buffer (15 + 85) 
incorporating 100 mmoli- 1 SDS. The pH of this solvent was 
adjusted to 2.0 with orthophosphoric acid and was pumped at a 
flow rate of 0.4 cm3 min-I. The development of this solvent is 
described below. 

Sample Pre-treatment 

Capsules 

Five capsules, each labelled to contain 250 mg AMP and 250 
mg CLOX, were chosen at random from the total number of 20. 
These were then carefully opened and the contents were 
emptied into a beaker (the capsule shells were also added to the 
beaker). The resulting powder and capsule shells were then 
dissolved in water and the resulting mixture was transferred 
quantitatively to a I 000 cm3 calibrated flask and made up to 
volume with water with thorough shaking. A small portion of 
this solution ( ~ I 0 cm3) was withdrawn and filtered through a 
0.2 [!m filter to ensure the absence of particulate matter. This 
filtered solution was diluted by a factor of 10 to give the final 
solution for analysis. 

Syrup 

These preparations consisted of dry powder to be reconstituted 
prior to use and, following reconstitution, were labelled to 
contain 125 mg AMP and 125 mg CLOX in each 5 cm3 of 
syrup. Reconstitution of all samples was carried out following 
manufacturers' instructions on the label using water. The 
reconstituted preparation was then diluted with water by a factor 
of 200. Prior to analysis the final diluted solution was filtered to 
remove any particulate matter. 

Neonatal suspension 

These also consisted of dry powder for reconstitution prior to 
use and, following reconstitution, were labelled as containing 
60 mg AMP and 30 mg CLOX in each 0.6 cm3 of suspension. 
Again, reconstitution was carried out following manufacturers' 
instructions using water. Following reconstitution the samples 
were diluted with water by a factor of 800 and filtered prior to 
analysis. 

Results and Discussion 

Chromatographic Separation 

The retention of CLOX and AMP was studied using purely 
aqueous solvents (buffered with 20 mmolJ- 1 phosphate buffer) 
of varying pH values ranging from 2 to 7. It was found that 
retention ofCLOX was not influenced by the pH of the solvent. 
For AMP, retention increased as the pH increased from 2 to 4, 
but further increases thereafter had no effect on retention. Both 
AMP and CLOX contain ionizable groups; AMP having two 
with pK. values of 2.5 and 7.39 and CLOX one with a pK. of 
2. 7. 10 At the pH range studied the state of ionization of CLOX 
would not change. This accounts for the constancy of CLOX 
retention. At the lower pH values studied the primary amide of 
the AMP would be protonated. This charge would reduce the 



overall hydrophobicity of the molecule and therefore reduce its 
retention. As the pH was increased from 4 to 7 the state of 
ionization of AMP would remain constant. 

A pH value of 2.0 was chosen for the final solvent system as 
the AMP is protonated and the CLOX uncharged. At this pH 
value all the compounds related to the parent drugs, i.e., 
synthetic precursors and hydrolytic decomposition products, are 
either protonated bases or uncharged acidic species. For this 
reason it was decided to adopt the separation strategy reported 
by Taylor et al.,23 which involves addition of a hydrophobic 
ion-pairing agent to the solvent to manipulate retention of both 
charged and uncharged analytes. 

Acetonitrile was added to the solvent prior to addition of the 
ion-pairing agent at a concentration of20% (v/v). The retention 
behaviour of all the analytes was then studied using solvents of 
various concentrations of SDS (negatively charged pairing ion). 
Fig. 2 shows the effects of varying concentrations of SDS on 
retention behaviour of the analytes studied. 

The chromatographic behaviour of the analytes studied can 
be interpreted generally23 as follows: AMP, PG and 6-APA are 
protonated at pH 2.0; initially there is increased retention as the 
adsorbed charged pairing ion attracts these analytes to the 
stationary phase surface, where they subsequently desolvate and 
are retained. As the SDS concentration is increased, the amount 
adsorbed on the stationary-phase surface is increased, reducing 
the surface available for analyte desolvation. The retention 
therefore decreases having reached a maximum and using SDS, 
a highly hydrophobic pairing ion, these maxima occur with 
small amounts of SDS in the solvent. The greatest increase in 
retention for these charged analytes was observed for AMP, 
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Fig. 2 Variation of column capacity factor for AMP, CLOX and their 
related compounds with various SDS concentrations in the chromatographic 
solvent. Other chromatographic conditions: column, I 00 X 2 mm id, 3 I'm 
ODS-Hypersil; solvent, acetonitrile-20 mmoiJ- 1 aqueous phosphate buffer 
(20 + 80), pH 2.0; flow rate, 0.4 cmJ min-I. Detection at 230 nm. 
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indicating its relatively higher hydrophobicity. The behaviour 
of the uncharged solutes, CLOX and CMIC, is decreased 
retention as SDS concentration is increased, again due to 
reduced surface availability for analyte desolvation. This effect 
is most marked with CLOX, which is the most hydrophobic of 
the analytes. 

The hydrolytic decomposition products of CLOX (CI-C8) 
and AMP (AI and A2) were also affected by addition of SDS to 
the solvent. AI and A2 showed decreased retention on addition 
of SDS. Their behaviour was similar to that of CLOX and 
CMIC. Although these decomposition products were not 
identified their behaviour indicates they are hydrophobic and 
uncharged at the pH studied. This is consistent with reports of 
acidic decomposition products on hydrolysis of AMP.9 All the 
CLOX decomposition products showed similar behaviour 
except C I. The retention of this initially increased as SDS was 
added and on further addition it rapidly decreased. This 
behaviour is consistent with that reported for protonated species 
in this type of solvent. 23 

An SDS concentration of 100 mmoll- 1 was chosen for the 
solvent as this allows adequate separation of the analytes in an 
acceptable analysis time. Improved resolution was achieved by 
decreasing the acetonitrile concentration to 15% (v/v). This 
improvement in resolution was also possible by reduction of 
[SDS] but this was considered unsatisfactory since small 
changes in pairing ion concentration would lead to significant 
changes in analyte retention. This would reduce assay rugged­
ness. Fig. 3 shows a representative chromatogram of the 
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Fig. 3 Representative chromatogram of AMP, CLOX and their related 
impurities (manufacturing precursors and acid hydrolysis decomposition 
products). Chromatographic conditions: column, 100 X 2 mm id, 3 I'm 
ODS-Hypersil; solvent, acetonitrile-20 mmoii- 1 aqueous phosphate buffer 
(15 + 85), pH 2.0, 100 mmoll-1 SDS; flow rate, 0.4 cm3 min- 1. Detection 
at 230 nm. Peak identification: I, 6-aminopenicillanic acid; 2, 3-(2-chlor­
ophenyl)-5-methylisoxazole-4-carbonyl chloride; 3, cloxacillin sodium; 4, 
phenylglycine; 5, ampicillin trihydrate; CI-C8; cloxacillin decomposition 
products; A I and A2, ampicillin decomposition products. 
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complete separation achieved and indicates the specificity ofthe 
separation with respect to the parent drugs, AMP and CLOX. It 
also indicates that possible drug-related impurities can be 
detected without compromising the specificity for the parent 
drugs. Resolutions of > 1 were obtained between all potential 
analyte pairs except AI and C7. 

Assay Validation 

Linearity 

Linearity of detector response was established by preparing 
aqueous solutions of AMP and CLOX covering 20-125% of the 
expected values from analysis of Ampiclox samples and each of 
these was injected in triplicate. The resulting peak areas were 
obtained and linear regression was performed of the mean of 
these values on drug concentration. Table I shows the results of 
these linearity determinations. This calibration was repeated on 
ten successive days using freshly prepared standards. The mean 
intercepts of both calibration lines were not greater than ±0.5% 
of the values for detector response at the 100% analyte level. 
This was considered satisfactory, i.e., not different from zero 
within 95% confidence limits, as the values were within the 
recommended limits of ±2.0%.24 

Precision 

The within-day precision of the method was determined for 
both peak area and retention time for AMP and CLOX by repeat 
analysis (eight identical injections) of an aqueous standard 
solution containing both drugs at concentration of z 0.0 I% m/v 
(the solutions were freshly prepared each day and stored on ice 
due to the instability of both drugs). The RSD for retention time 
ranged from 0.12--0.34% and that for peak area ranged from 
0.19--0.90%, over a ten-day period. 

The day-to-day precision was established on the basis of the 
low RSD values for the calibration line variables; Table I shows 
these results. 

Accuracy 

Accuracy of the proposed method for determination of both 
drugs was established for both the drugs alone and in the 
presence of their impurities. Solutions of known concentrations 
of both drugs were prepared and assayed in triplicate. The 
concentrations of the drugs were then calculated and linear 
regression was performed of the mean of these on drug 
concentration. The resulting regression equations had slopes of 
1.00 and intercepts of zero (within 95% confidence limits), with 
r2 ;;. 0.994. 

Limits of detection 

Table 2 shows limits of detection for the parent drugs and their 
manufacturing precursors, determined by reducing analyte 

Table l Quantitative data on linearity of detector response 

Mean intercept Mean r2 

Drug n Mean slope (RSD) (RSD) (RSD) 

Ampicillin 10 1.595 x 109 (0.83%) 2741 (0.34%) 0.998 (0.24%) 
Cloxacillin 10 3.326 x 109 (0.62%) 32258 (0.42%) 0.997 (0.22%) 

Table 2 Limits of detection for the parent drugs and their manufacturing 
precursors 

Compound 

Limit of detection/ng cm-3 

AMP 

90 

CLOX 6-APA PG CMIC 

100 90 20 100 

concentration until a SIN of 3 was obtained. While the limits of 
detection for the parent drugs may be of little importance, the 
values for the starting materials indicate that they can be 
detected down to at least 0.1% of the amount of parent drug in 
solution. This is made possible by use of a 2 mm id column 
which, while minimizing solvent consumption for routine 
assays, increases mass sensitivity. These determinations for the 
decomposition products were not possible since standards of 
these were not available. 

Specificity 

Specificity for determination of AMP and CLOX is demon­
strated by the representative chromatogram of Fig. 3. This was 
further assessed by a standard additions method, both in the 
presence of all the drug-related impurities and following 
extraction of the drugs from the formulated products. 

Samples of capsules, syrup and neonatal suspensions were 
prepared, according to the procedure described above, and to 
these known amounts of both drugs were added. These samples 
were then assayed and linear regression was performed of the 
peak areas obtained for the drugs on amount of drug added. The 
resulting regression equations had rZ > 0.995 and the intercepts 
on the peak area axes showed no statistically significantly 
difference (P » 0.05) to the peak areas obtained from the 
samples without addition of drugs. In addition, the slopes 
obtained from these regression analyses showed no statistically 
significant difference (P » 0.05) to the slopes of the aqueous 
calibration lines for both drugs. These determinations verify the 
absence of interference from the capsule, syrup and suspension 
matrices on the determination of AMP and CLOX. 

Known amounts of both AMP and CLOX were also added to 
the decomposed samples of both drugs. To these the manu­
facturing starting materials were also added. These were then 
assayed and linear regression performed of peak areas obtained 
for the drugs on amount of drug added. As above the resulting 
regression equations had r2 > 0.995 and the slopes showed no 
statistically significant difference (P » 0.05) to the slopes of 
the aqueous calibration lines for both drugs. These results 
indicate that the method maintains specificity for the parent 
drugs in the presence of the drug-related impurities. 

During these investigations peak homogeneity was moni­
tored for all peaks using PDA detection. Comparison of UV 
spectra of eluted compounds on the upslope, at the apex and on 
the downslope of the peaks enables calculation of a peak purity 
index; a value of 1.00 indicating a pure peak. All the peaks 
detected in these investigations had peak purity indices of ;;. 
0.98 indicating a high level of peak homogeneity, within the 
acceptable limitations of PDA measurements. 

Assay of Formulated Ampiclox Products 

The complete method developed was applied to the determi­
nation of AMP and CLOX in Ampiclox preparations obtained 
from UK sources. Table 3 shows the results of these 
determinations, which were carried out for three separate 
samples of each type of product. In all cases the products tested 
are confirmed as being compendia! quality in terms of content 
of active ingredient(s).l 

Conclusions 

A method has been developed and appropriately validated for 
simultaneous assay of AMP and CLOX in pharmaceutical 
preparations for the purpose of product quality assessment. The 
method does not require extensive sample pre-treatment and 
involves the use of an isocratic HPLC system employing an ion­
pairing agent in the mobile phase, which allows increased peak 
capacity and thus specificity with respect to the active 



Table 3 Percentage of stated amount of AMP and CLOX following assay of 
various Ampiclox preparations obtained from UK sources 

Percentage of 
stated amount 

Product Assay AMP CLOX 

Ampiclox 500 mg capsules I 102.6 101.8 
2 102.8 100.8 
3 101.6 102.0 

Ampiclox 250 mg/5 cm-3 syrup I 100.5 101.3 
2 101.8 100.2 
3 99.9 100.8 

Ampiclox 90mg/0.6cm-3 neonatal suspension I 100.2 100.1 
2 100.8 99.9 
3 101.1 100.1 

ingredients and possible impurities. The generality of the 
method allows it to be used for routine quality control of 
preparations containing AMP and CLOX. Moreover, the assay 
of such samples using the described method is capable of 
yielding additional information leading to the possible eluci­
dation of the cause of any poor quality detected. The method is 
currently being employed to assess the quality of Ampiclox 
samples obtained from Nigeria. 

M.A. Bautista is gratefully acknowledged for some preliminary 
work in this project. 
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Analytical Assessment of Two Sequential 
Extraction Schemes for Metal Partitioning in 
Sewage Sludges 

B. Perez-Cid, I. Lavilla and C. Bendicho* 
Universidad de Vigo, Area de Qufmica Analftica. Edificio Politecnica. As 
Lagoas sin. 32004 Orense, Spain 

Two sequential extraction schemes were employed for 
speciation of Cu, Cr, Pb, Ni and Zn in sewage sludges: the 
conventional Tessier scheme and the sequential extraction 
scheme proposed by the European Communities Bureau 
of Reference (BCR). Both sequential extraction schemes 
were compared in terms of operation time, matrix effects 
and extraction efficiency. Two sludge samples collected 
from an urban wastewater processing plant at different 
seasons were analysed by F AAS for total contents and for 
extractable metals present in each fraction. Partitioning 
patterns were obtained for each metal so that metal 
mobility could be predicted. Both sequential extraction 
schemes yielded similar performance when extraction 
efficiencies were compared but matrix effects caused by 
concomitants were less pronounced in the BCR scheme in 
comparison with the Tessier scheme. 

Keywords: Sequential extraction schemes: metal partitioning; 
sewage sludge 

Introduction 
The mobility, transport and partitioning of trace metallic and 
metalloid elements in sediments, soils and sewage sludges 
depend on the chemical form of the elemenl. In operationally 
defined speciation. the physical or chemical fractionation 
process applied to the sample defines the fraction obtained. In 
sequential multiple extraction techniques, chemical extractants 
of various types are applied successively to the sample of 
sediment, soil or sludge, each follow-up treatment being more 
drastic in chemical action or different in nature from the 
previous one.' Many of the sequential extraction schemes used 
are based on the four-stage Tessier method or modifications of 
it.2-o The lack of a standard extraction method that could be 
used in all operationally defined speciation work makes the 
comparison of the work of different researchers very difficult. 
In order to harmonize and validate the different fractionation 
schemes, a group of European experts recently proposed a 
three-stage sequential extraction scheme.'' within the BCR 
project (Community Bureau of Reference), which reaches a 
compromise between analysis time and the amount of informa­
tion obtained. 

So far, most of the work done with fractionation schemes has 
addressed the evaluation of the release, that may occur under 
environmental conditions, of metals from soils and sedi­
mentsJ- 10 However, there is also a need for information on 
sewage sludges. The final accumulation of sewage sludge that 
originates in urban waste water treatment plants is nowadays a 
problem of environmental relevance. The disposal of sewage 
sludge on soils as a fertiliser for agriculture is the most attractive 
application, but it is limited by the content of heavy metals 
which may cause soil contamination. 

• To whom correspondence should be addressed. 

The aim of this work was to compare the efficiency of two 
well known partitioning schemes (Tessier and BCR methods) 
on sewage sludges. Extractable contents of chromium, copper, 
lead, nickel and zinc, were measured by FAAS. The occurrence 
of matrix effects in the flame due to both extractants and 
concomitants was also extensively investigated. 

Experimental 
Apparatus 

A Perkin-Elmer double beamed Atomic Absorption Spectro­
photometer model 2380 was used for the analysis of extracts. 
Hollow cathode lamps of Cr, Cu, Pb, Ni and Zn, were used as 
radiation sources. All the solutions were introduced into the 
flame by means of a flow-injection system consisting of a 
Gilson minipuls 3 four-channel peristaltic pump and a Rheo­
dyne type 50 four-way switching valve . The instrumental 
operating conditions are shown in Table I. For total metal 
contents, sludge samples were digested by means of a CEM 
MDS-2000 microwave oven with closed PTFE vessels 
equipped with a pressure-control sensor. A Methron pH-meter 
equipped with a combined glass electrode was used for pH 
adjustments. A Kubote centrifuge model 5100 was used for 
rapid separation of the solid phase from the extractant liquid. 

Reagents 

All chemicals used were of analytical-reagent grade. All 
solutions were prepared in de-ionized water. Stock solutions of 
analytes (1000 [lg ml - 1) were prepared by dissolving the pure 
metal or the appropriate salts and making up to volume with de­
ionized water. Calibration standards of each metal were 
prepared by appropriate dilution of the stock solutions prior to 
use. The hydroxylammonium chloride solution was prepared 
prior to use. Solutions of 0.1 mol dm- > nitric acid and 0.0 I 
mol dm -> ammonia were used for pH adjustments. 

Sample Collection and Pre-treatment 

Sewage sludge samples were collected in polyethylene con­
tainers at the urban wastewater processing plant located in 
Orense, Spain. Samples were spread on filter paper and dried to 
constant mass at II 0 °C in a heater for one day . After drying the 
samples were ground with an agate mortar and pestle. Both 
sequential extraction schemes were applied to sludge samples 

Table I Instrumental parameters 

Element 

Parameter Cr Cu Pb Ni Zn 

Wavelength/nm 357.9 324.8 217.0 232.0 213.9 
Bandpass/nm 0.7 0.7 0.7 0.2 0.7 
Air-acetylene 
Flow-rate/1 min - I 11-2 Il-l Il - l Il - l Il-l 
Lamp intensily/mA 30 30 15 30 15 
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having the following particle size interval in order to establish 
the influence of particle size on extraction efficiency: < 70, 
70--100, 100--150, 150--200 and 200--300 J.lm. Particle size 
separation was carried out by means of nylon fibre sieves. Once 
the sludge samples were ground and homogenized, they were 
stored in polyethylene bottles at room temperature. 

Microwave Digestion 
A portion (0.1 g) of sewage sludge ( < 70 J.lm) was placed in a 
PTFE bomb together with 5 ml of water. To this mixture were 
added, 4 ml of HN03 (70% m/m), I ml of HCI (35% m/m) and 
2 ml of HF (48% m/m). The bomb was sealed and then it was 
heated in a microwave oven (315 W) for 26 min following a 
four-stage program. Once the sample was digested, the bomb 
was allowed to cool to room temperature before it was opened. 
In order to validate the microwave digestion method for the 
determination of total metal concentration in sewage sludges, 
the BCR 145R sewage sludge certified material was used 
(Table 2). 

Sequential Extraction Schemes 
The sequential extraction scheme developed by Tessier et af.2 
was chosen in this study because of its wide application for 
metal partitioning in soil and sediments. The three-stage 
extraction procedure proposed by the BCR6 has gained wide 
acceptance during recent years for metal partitioning and was 
also used. Both the extractants and operationally defined 
chemical fractions for these methods are summarized in Table 
3. In the application of both schemes the sample mass and 
reagent volume were slightly altered in comparison with those 
employed in the original schemes so that the detection of the 
metals in some fractions could be improved. 

The sequential extractions were performed in triplicate on 2 
g of pre-treated sample ( <70 J.lm) in 50 ml polyethylene 
centrifuge tubes to facilitate centrifuge-washing of the sludge 
after each extraction, thus minimizing any loss of the solids. 
After each successive extraction, the supernatant liquid was 
removed after centrifugation at 2500 rpm for 5 min and diluted 
to volume. The residue was washed by adding 10 ml of 
deionized water, shaking for 15 min and centrifuging. The 
washings were discarded, taking care not to lose any of the solid 
residue. The extracts obtained were decanted and stored in 
stoppered polyethylene vessels until their analysis for metal 
determination by FAAS. 

Results and Discussion 

Matrix Effects 

Chemical interferences caused by the sludge matrix com­
ponents released at each stage in both sequential extraction 
schemes were studied by comparison of slopes obtained for 
extractant solution and standard addition calibration methods. 

Table 2 Analysis of the BCR 145R sewage sludge certified material by 
FAAS after microwave digestion. 

Certified 
concentration/ Experimental 
l'g g - 1 value"/l'g g- 1 

Element (x±ts/Yn) (x±ts/Vn) 

Cu 595.86 ± 11.82 685.8 1 ± 6.45 
Cr 306.86± 12.99 315.69 ± 16.49 
Ni 247.07±6.98 244.87 ± 2.18 
Pb 285.92±4.15 319.25 ± 16.04 
Zn 2121.57 ±22.96 2 107.93 ±47.61 

• Concentration values expressed as: average value (i) ± confidence 
interval for P = 0.95. The average value was based on three different 
sample digestions. 

Likewise, the presence of chemical interferences associated 
with the extractant agent used at each stage was established by 
statistical comparison of slopes obtained with standards diluted 
with deionized water with those obtained with extractant 
solutions. 

In order to estimate whether there was a significant difference 
between the concentration values obtained using the three 
calibration methods , the /-test was applied (P = 0.95). 

Calibration slopes for the determination of extractable metals 
from sewage sludge by applying Tessier's method are shown in 
Table 4. In column five, a comparison of the slopes obtained 
using calibration with extractant solutions (ES) and the standard 
addition method (SA) is presented. In column six a comparison 
of the slopes obtained using calibration with aqueous standards 
(AS) and ES is presented. In order to choose the most suitable 
calibration method, the percentage of change in slope ES-AS 
(column six) and SA-ES (column five) were considered. When 
there were neither significant differences (i.e. 5%) between the 
SA and ES slopes, nor between the ES and AS slopes, 
calibration with aqueous standards could be carried out. When 
there were significant differences between the AS and F.S 
slopes, but there were no significant differences between th< . 
and ES slopes, calibration with extractant solutions could be 
carried out. Finally, when there were significant differences 
between the AS and ES slopes and there were significa.;t 

Table 3 Sequential extraction schemes 

Tes.,.;er scheme:!-

Stage Fraction 

I Exchangeable 

2 Carbonate-
bound 

Fe-Mn oxides-
bound 

Reagent 

8 ml of MgCI2 I mol dm-' 
(pH= 7) 

25 ml of NaOAc I mol dm- J 
(pH = 5) 

20 ml NH 20H.HCI 0.04 
mol dm-J in HOAc 
25% m/m 

Shaking 
time and 
temperature 

I hat 25 oc 

5 hat 25 oc 

6 hat 96 oc 

4 Organic matter- 3 ml HNO, 0.02 mol dm- 3 + 2 h at 85 oc 
bound 5 ml H20 2 30% m/v 

3 ml H20 2 30% m/v + 3 h at 85 °C 
5 ml NH.OAc 3.2 mol dm- 3 30 min at 

25 oc 
5 Residual I ml HCI 35% m/m + 26 min 

2 ml HF 48% m/m + 

BCR schemefl-

Stage Fraction 

I Acid soluble 
(e.g. 
carbonates) 

2 Reducible 

4 

(e.g . Fe-Mn 
oxides) 

Oxidizable 
(e.g. organic 
matter) 

Residual 

4 ml HNO, 70% m/m + 
5miH20 

Reagent 

20 ml HOAc 0.11 mol dm- ' 

20 ml NH 20H.HCI 0.1 
mol dm- ' (pH = 2) 

5 ml H20 2 30% m/v 
(evaporation) 

5 ml H20 2 30% m/v 
(evaporation) 

25 ml NH40Ac I mol dm- J 

I ml HCI 35% m/m + 
2 ml HF 48% m/m+ 
4 ml HNO, 70% m/m + 
5 ml H20 

Shaking 
time and 
temperature 

16 hat 
25 oc 

16 hat 
25 oc 

I hat 
25 oc 

I hat 
85 oc 

I h at 
85 oc 

16 hat 
25 oc 

26min 



differences between the SA and ES slopes, calibration with the 
standard addition method was employed. 

As can be observed, calibration with aqueous standards was 
feasible for Cu in the first , second and fourth extracts, for Pb in 
the first and fourth extracts, for Zn in the second, third and 
fourth extracts and for Cr in the third extract. Calibration with 
extractant solutions can be carried out for Cu and Pb in the third 
extract and for Ni in the second extract. Finally, calibration with 
the SA method is necessary for Zn in the first extract, Ni in the 
first , third and fourth extracts, Pb in the second extract and Cr in 
the first, second and fourth extracts. 

Calibration slopes obtained when applying the BCR method 
are shown in Table 5. As can be observed the matrix effects 
were less pronounced for the determination of metals in the 
three extracts. Thus, all metals studied could be determined in 
the first and second extracts by interpolating the absorbance 
signal in a calibration curve prepared with AS. Hydroxyl-
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ammonium chloride was used in the reducible fraction for both 
methods. In contrast to the Tessier method, AS calibration could 
be used for all metals when measured in this fraction. The 
reagents used in the oxidizable fraction (fourth fraction of the 
Tessier scheme, third fraction of the BCR scheme) were the 
same, so that similar matrix effects were to be expected for all 
metals. We can conclude that measurement of extractable 
metals by FAAS using the BCR extraction scheme is easier in 
comparison with the Tessier extraction scheme since less matrix 
effects arise from the extractant reagents used. This means that 
the BCR extraction scheme is faster and simpler than the Tessier 
extraction scheme. 

As can be observed from Tables 4 and 5, Cr suffers from the 
strongest matrix effects. A suppressive effect on Cr was found 
by Thomas et af8 in the hydroxylammonium chloride extracts. 
This was ascribed to Fe that could be significantly extracted at 
this stage. However, no matrix effects were observed for metal 

Table 4 Comparison of calibration merhods in the application of the Tessie r sequential extraction scheme 

Slope/l'g- ' ml 
% Change % Change 

Aqueous Extractant Standard in slope in slope 
Element standards'" solutions'" addition• SA-ES' ES-AS* 

Fraction I (I mol dm- 3 MgC/1)-

Cu 0.03 168 0.03 135 0.03012 -3.9 -1.0 
(3.3 X IQ- 4) (10- 4) ( 1.1 10-3) 

Cr 0.03244 0.01243 0.01320 +6.2 -61.7 
(9.5 X 10- 4) (3.1 X 10- 4) (10-4) 

Ni 0.02437 0.02396 0.01965 -18.0 -1.7 
(6.3 X 10- 4) (9.6 X 10- 4) (I0- 3) 

Pb 0.01231 0.01214 0.01187 -2.2 -1.4 
(1.9 X (Q- 4) (1.5 X IQ- 4) (2.4 X 10- 4) 

Zn 0.1571 0.1532 0.182 1 +18.9 - 2.5 
(5.4 X 10- 3) (2.0 X 10- 3) (3.9 X 10- 3) 

Fraction 2 (/ mol dm- .< NaOAc)-

Cu 0.03123 0.03245 0.03414 +5.2 +3.9 
(5 X IQ- 4) (6.9 X IQ- 4) (9.7 I0- 4) 

Cr 0.03256 0.03239 0.02469 - 23.8 - 0.5 
(4.5 X 10- 4) (6.2 X 10- 4) (I0-4) 

Ni 0.()2146 0.01645 0.01631 -0.9 -23.3 
(1.3 X IQ- 3) (9.6 X 10- 4) (7.3 X 10- 4) 

Pb 0.0 1323 0.01323 0.01210 -8.5 0.0 
(2.1 X 10- 4) (2.1 X (0- 4) (2.0 X 10- 4) 

Zn 0.1571 0.1516 0.1529 +0.9 -3.5 
(5.4 X 10- 3) (3.8 X 10- 3) (4.1 X 10- 3) 

Fraction 3 (NH20H.HC1 + HOAc 25% mlm)-

Cu 0.3335 0.03586 0.03550 -1.0 +7.5 
(9.5 X 10- 4) (1.0 X 10- 3) (5 .0 X 10- 4) 

Cr 0.03305 0.03421 0.03456 +1.0 +3.5 
(6.7 x 10- 4> (3.8 X 10- 4) (1.2 X 10- ' ) 

Ni 0.02437 0.02500 0.02068 - 17.3 +2.6 
(6.2 X 10- 4) (1.2 X 10- 3) (1.7 X 10- 3) 

Pb 0.01323 0.01417 0.01405 -0.8 +7.1 
(2.1 X I0- 4) (1.5 X 10- 4) (2.6 X 10-4) 

Zn 0.1521 0.1507 0.1519 +0.8 - 0.9 
(4.0 X 10- 3) (3.8 X I0- 3) (7.7 X 10- 3) 

Fraction 4 (H10 1 + HN03 + NH40Ac)-

Cu 0.031 35 0.03148 0.03029 -3.8 +0.4 
(3.3 X 10- 4) (6.9 X 10- 4) (4.1 X 10- 4) 

Cr 0.03305 0.03092 0.02210 -28.5 -6.4 
(8.6 X IQ- 4) (6.1 X 10- 4) (1.2 X I0- 3) 

Ni 0.02437 0.02542 0.02185 -14.0 +4.3 
(6.2 X 10- 4) (9.6 X tO- •) (9.7 X 10- 4) 

Pb 0.01290 0.01337 0.01318 -1.4 +3.6 
(2.4 X 10- 4) (2. 1 X 10- 4) (3.9 X 10- 4) 

Zn 0.1579 0.1504 0.1577 +4.9 - 4.7 
(3.7 X 1()- .l ) (3.0 X 1()- 3) (5.8 X 10- 3) 

• Mean value of three separate slopes; the standard deviation is given in brackets. t Slope ratio of standard addition (SA) and extractant solution (ES) 
calibration methods. * Slope ratio of ES and aqueous standard (AS) calibration methods. 
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determination in the ammonium acetate extracts. In contrast, a 
strong suppressive interference was observed for Cr in this 
extract when the BCR scheme was applied to sewage sludges in 
this work. This may be attributed to both the lower Cr contents 
of the sewage sludge in comparison with that found in 
contaminated sediments and the different extraction patterns of 
concomitants. Therefore, the concentration ratio between Cr 
and the matrix elements extracted at this stage for sewage 
sludges was suspected to be lower than for sediments. On the 
contrary, no inter-element interferences were observed in this 
work when Cr was determined in acetic acid and hydroxyl­
ammonium chloride as happens with sediments. This finding 
highlights the importance of studying the matrix interferences 
and consequently the suitable calibration procedure when 
applying sequential extraction schemes to different solid 
matrices. 

I n.fluence of Particle Size 

The Tessier scheme was applied to sludge sample A, taking into 
account the following particle size intervals: < 70 , 70-100, 
100- 150, 150-200 and 200-300 t-tm. The extracts obtained 
from each particle size interval were analysed for lead. The 
amount of metal extracted was related to that obtained from the 
finest particle size interval and a relative extracted amount (%) 
was calculated (Fig. I). It was observed that the extracted 
amount decreases with increasing particle size. In all stages the 

loss of extracted amount was in the range of 15-25% when the 
extraction process was applied to the largest particle size. 

Metal Partitioning 

Results for metal partitioning in sludges A and B by the Tessier 
and BCR schemes are presented in Tables 6 and 7, respectively. 
The results are reported as mean values and standard deviations 
(s) corresponding to three separate sequential extractions. In 
order to validate the digestion method for total metal contents. 
the BCR 145R reference certified material was employed. The 
total amount of metal extracted with each sequential extraction 
scheme was obtained as the sum of the contents found in each 
fraction. Fig. 2 shows the partitioning patterns obtained with 
both sequential extraction schemes. 

Copper 

The extraction efficiency of both methods was very close. It was 
observed that the extractable copper in fraction one of the BCR 
scheme (acid soluble) was approximately equal to the sum of 
extractable copper in fractions one and two of the Tessier 
scheme (exchangeable and carbonate-bound). Copper associ­
ated to non-residual phases was extracted with simi lar effi­
ciency when both sequential extraction schemes were applied. 
Copper was mainly associated to the fourth fraction of the 
Tessier scheme (organic matter-bound) and to fraction three of 
the BCR scheme (oxidizable). 

Table 5 Comparison of calibration methods in the application of the BCR sequential extraction scheme 

Slope/ttg- 1 ml 
%Change %Change 

Aqueous Extractant Standard in slope in slope 
Element standards* solutions"' addition* SA-ESt ES-AS; 

Praction I (0.1 I mol dm - 3 HOAc-

Cu 0.03102 0.03004 0.03091 +2.9 -3.16 
(3.3 X 10- 4) (8.7 X 10-4) (1.4 X 10- -') 

Cr 0.03380 0.03483 0.03334 -4.3 +3.0 
(6.28 X 10- 4) (2.92 X 10- 4) (3.59 X 10- -') 

Ni 0.02041 0.01947 0.01961 +0.7 -4.6 
(1.3 X tO- -') (1.26 X 10--') (7.1 X 10- 4) 

Pb 0.01245 0.01269 0.01278 +0.7 +1.9 
( 1.65 X 10- 4) (2.15 X 10- 4) (5.55 X 10- 4) 

Zn 0.1538 0.1549 0.1615 +4.3 +0.7 
(1.88 X tO--') (2.0 X t0- 3) (5 .15 X tO- -') 

Fraction 2 (IJ./ mol dm - 3 NH20H.HC/)-

Cu 0.03311 0.03179 0.03295 +3.6 -4.0 
(6.87 X 10- 4) (5.0 X t()- 4) (9.0 X 10- 4) 

Cr 0.03380 0.03280 0.03388 +3.3 -2.9 
(6.28 X t0- 4) (5.0 X 10- 4) (1.61 X 10- -') 

Ni 0.02146 0.02124 0.02211 +4.1 - 1.0 
( 1.3 X tO- -') (6.25 x to- •> (4.22 X t0- 4) 

Pb 0.01240 0.01267 0.01325 +4.6 +2.2 
(2.32 X 10- 4) (2.12 X 10- 4) (3.03 X 10-4) 

Zn 0.15t I 0.1503 0.1567 +4.2 -0.5 
(2.23 X 10- -') (1.85 X 10- -') (4.71 X 10- 3) 

Fraction 3 (H20 2 +I mol dm-3 NH-10Ac)-

Cu 0.03135 0.03189 0.03029 - 5.0 +1.7 
(3.35 X 10- 4) (5.04 X t0- 4) (4.15 X 10- 4) 

Cr 0.03244 0.03313 0.02057 -37.9 +2.1 
(9.45 X 10- 4) ( 1.1 X 10- 3) (1.22 X 10- -') 

Ni 0.02437 0.02375 0.02076 - 12.6 -2.5 
(6.25 X 10- 4) (1.25 X I0-3) (7.8 X t0- 4) 

Pb 0.01297 0.01350 0.01353 +0.2 +4.1 
(2.4 X 10- 4 ) (2.3 X 10-4) (3.12 X 10-4) 

Zn 0.1521 0.1468 0.1473 +0.3 - 3.5 
(4.0 X 10- 3) (2.76 X t0- 3) (5.1 X tO- ') 

• Mean value of three separate slopes; the relative standard deviation (RSD) is given in brackets. t Slope ratio of standard addition (SA) and 
extractant solution (ES) calibration methods. ; Slope ratio of ES and aqueous standard (AS) calibration methods. 



Chromium 

The extraction efficiency was very close when both sequential 
extraction schemes were applied. However, the extracted 
amount of chromium was considerably lower than that of 
copper since chromium associated to non-residual phases was 
only about 10--20% of the total chromium content. Chromium 
extracted in fractions one, two and three of the Tessier scheme 
and in fractions one and two of the BCR scheme was below the 
detection limit. 

Nickel 

Like chromium, nickel was mainly found in the residual fraction 
and in the oxidizable or organic matter-bound fraction. The 
extraction efficiency of both sequential extraction schemes was 
very similar, but the time needed for applying the oxidation 
stage was longer in the BCR scheme in comparison with the 
Tessier scheme. 

Lead 

In contrast to the other metals, quite different extractable lead 
contents were found with the two sequential extraction schemes 
under test. In this case, the extraction efficiency of the Tessier 
scheme was significantly higher than the BCR scheme. Thus, 
approximately 40% of the lead was extracted with the first 
scheme, but only I% with the second. This may be attributed to 

~~ 
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"' 5 80 -

~~ 
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]l ~100 1-
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<70 70-100 100-150 150-200 200-300 
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Fig. 1 Influence of particle size on extraction efficiency for lead. Tessier 
scheme: 0, fraction 1; 0, fraction 2; L,, fraction 3; --0--, fraction 4. BCR 
scheme: --+--. fraction 3. 
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the different oxidation conditions employed in the two sequen­
tial extraction schemes. Lead was distributed among the fourth 
(organic matter-bound) and the residual fraction when the 
Tessier scheme was applied. 

Zinc 

This metal was mainly associated with the non-residual 
fractions, in contrast to the rest of the metals. Zinc was 
distributed among all the fractions in both sequential extraction 
schemes, but was mainly associated with fractions three (Fe­
Mn oxides) and four (organic matter-bound) of the Tessier 
scheme, and fraction three (oxidizable) of the BCR scheme. 

LOpez-Sanchez et a[.7 compared a modified Tessier proce­
dure with the BCR protocol for metal partitioning in sediments. 
They found that the partitioning patterns obtained with both 
procedures and the extraction efficiencies from the non-residual 
fractions were quite different. In this case, significant amounts 
of heavy metals were extracted in the oxidizable fraction of the 
BCR scheme whereas with the Tessier scheme metals are 
distributed among the carbonate-bound, iron-manganese bound 
and organic matter-bound fractions. However, except for lead it 
was found that the Tessier and BCR sequential extraction 
schemes displayed similar behaviour when they were applied to 
sewage sludge samples. 

Conclusions 
Partitioning patterns for Cr, Cu, Pb, Ni and Zn in sludge samples 
obtained from an urban wastewater processing plant indicated 
that all metals except Zn were mainly associated with the 
oxidizable and residual fraction that allows us to predict their 
mobility when the sludge is discharged in the environment. 
According to these results, Zn was the most mobilizable since it 
was mainly distributed among the non-residual fractions. In 
contrast, Cr was the least mobilizable since approximately 
80--90% of the metal was located in the residual fraction. When 
both sequential extractions schemes used were compared for the 
metals determined by FAAS, the following conclusions could 
be drawn: (i) taking into account the number of stages, the BCR 
scheme was shorter than the Tessier scheme; however the stages 

Table 6 Extractable metal contents (f.lg g- 1) using the Tessier sequential extraction method 

Sample A-

Stage Chromium* Copper• Lead Nickel Zinc 

1 <0.53 14.25±0.18 6.12±0.40 2.70±3.35 88.75 ± 3.35 
2 <0.28 7.85 ±0.09 1.63±0.15 0.73±0.12 116.5±3.90 
3 <0.88 <0.43 8.47±0.48 3.43±0.17 481.5± 10.9 
4 12.10±0.51 204.74±2.3 172.1 ±5.96 8.31 ±0.52 258.1 ±3.8 

L 1-4 12.1 226.84 188.32 15.17 944.85 
Residual 114.3 ± 1.3 165.5 ± 1.0 417.3± 12.3 25.0± 1.44 345.4 ± 11.1 
Total 139.3 ± 1.9 375.3± 1.8 554.9± 13.3 38.5 ±2.3 1297.0±32.1 
digestion 

Recovery (%) 90.8 104.5 109.1 104.3 ,99.5 
SampleB-

Stage Chromium* Copper• Lead Nickel Zinc 

1 <0.53 9.46±0.24 1.21 ±0.11 4.18±0.50 84.72±2.89 
2 <0.28 9.10±0.12 5.90±0.50 0.62±0.14 141.32 ± 1.6 
3 <0.88 <0.44 7.22±0.51 4.55±0.43 610.3±5.9 
4 25.65± 1.53 227.1±1.4 244.2 ± 1.1 9.07±0.15 212.3 ±3.1 

L 1-4 25.65 245.66 258.54 18.42 1048.64 

Residual 110.9± 1.9 124.0±4.2 306.5 ± 8.2 23.10± 1.25 251.1 ± 10.7 

Total 138.3±2.5 349.6± 1.0 561.1 ± 15.3 37.84±2.32 1220.4±6.4 
digestion 

Recovery (%) 98.8 105.7 100.7 109.7 106.5 

• Metal contents in some fractions are below the detection limit (DL); DL = 3o/m, where o is the standard deviation of the blank, and m is the slope 
of the calibration graph. 
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Table 7 Extractable metal contents (f.lg g-1) using the BCR sequential extraction scheme 

Sample A-

Stage Chromium* Copper' Lead' Nickel' Zinc 

I <0.6 22.20±0.60 <2.94 4.12±0.26 3 17.3±6.9 
2 <0.6 <0.39 <3.96 <0.9 156.2 ± 5.1 
3 12.79±0.76 164.9±6.1 5.61 ±0.9 10.9j±0.14 622.5 ± 21.9 

~ 1-3 12.79 187.1 5.61 15.07 1096.0 

Residual 125.9±0.4 187.8 ± 8.9 553.4 ±4.2 25.8± 1.4 324.3±6.1 

Total 139.3 ± 1.9 375.3 ± 1.8 554.9± 13.3 38.2±2.3 1312.4 ± 32.1 
digestion 

Recovery (%) 99.6 99.9 100.7 106.9 108.2 

SampleB-

Stage Chromium• Copper' Lead' Nickel' Zinc 

I <0.6 20.72±0.40 <2.94 4.65±0.24 295.9±5.9 
2 <0.6 2.98±0.19 <3.96 (1.53±0.24) 161.2± 3.6 
3 25.43 ± 1.19 209.25 ± 2.64 20.82 ±0.71 10.55±0.46 439.8 ±4.9 

~ 1-3 25.43 232.9 20.82 16.73 896.88 

Residual 124.5 ± 1.7 143.2±2.52 562.8±8.2 25.50± 1.28 339.7 ± 14.2 

Total 138.3±2.5 349.6± 1.0 561.1 ± 15.3 37.8 ± 2.3 1220.3±6.4 
digestion 

Recovery (%) 108.4 107.5 104.0 106.4 101.3 

• Metal contents in some fractions are below the detection limit (DL); DL = 3o/m, where o is the standard deviation of the blank, and m is the slope 
of the calibration graph. 

(a) 

• MgCI2 

!3 NaAc 

1m NH20H.HCI, 

HAc 

Ill H202, HN03 
NH4Ac 

0 HCI, HN03, HF 

c 
Q) 

E o m (b) 
100 200 

Zl1 

• HAc 

1m NH20H.HCI 

ii H202, NH4Ac 

D HCI, HN03, HF 

100 200 

Extracted amount(%) 

Fig. 2 Partitioning patterns of Cu, Cr, Pb, Ni and Zn in sewage sludges 
from an urban waste water processing plant. 

in the first scheme were more time consuming when compared 
with the second one and therefore, both schemes required 
similar overall operation times; (ii) matrix effects caused by 

concomitants were less pronounced when the BCR scheme was 
employed in comparison with the Tessier scheme so that in the 
case of the BCR scheme, calibration with AS was feasible in 
most cases; and (iii) similar extractable metal contents were 
obtained with both schemes, except for lead. 

This work was financially supported by the Galician govern­
ment (Xunta de Galicia, project XUGA A38301A94). The 
authors thank the Aquagest company for close cooperation. 
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Analytical Performance Testing of an Atrazine 
Immunoassay System 

Sean D. W. Comber", Chris D. Watts• and Barbara Youngh 
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A rigorous performance evaluation of an enzyme 
immunoassay (EIA) kit for the determination of atrazine 
in water samples was undertaken. Eleven individual 
batches of samples containing standards and spiked 
drinking waters were analysed and precision, bias and 
limit of detection were measured using statistical analysis. 
The technique was shown to be capable of achieving 
performance criteria (a total standard deviation of less 
than 5% or 2.5 ng, whichever is the greater) demanded of 
modern analytical systems and achieved a limit of 
detection of 9.2 ng J- 1• There was no statistically 
significant bias measured for drinking water samples. 
Interference tests showed that the atrazine immunoassay 
was not significantly affected in the pH range 4.0-8.0 or 
by drinking water matrix components (anions, cations 
and chlorination by-products), even at their maximum 
allowable concentrations. There was a small extent of 
cross-reaction with simazine and atrazine degradation 
products, but given the persistence of atrazine, through its 
resistance to hydrolysis, breakdown products are likely to 
be present at much lower concentrations than the parent 
compound in drinking water. Simazine may potentially be 
more problematic, so it would be prudent to monitor a 
proportion of samples for simazine to determine the 
extent to which this may be contributing to the 'atrazine' 
measured in drinking water samples using the EIA kit. 

Keywords: Atrazine; enzyme immunoassay; drinking water: 
tap water 

Introduction 

Enzyme immunoassay (EIA) has been used for many years in 
the field of biochemistry for the qualitative and quantitative 
analysis of numerous compounds for which antibodies can be 
raised. More recently, more sensitive immunoassay kits have 
been developed for analytical purposes, and in particular, for the 
detennination of pesticides in natural waters (see, for example, 
refs. 1-3). Immunoassay has certain advantages over conven­
tional instrumental methods such as GC and MS by being 
relatively cheap, simple to use and offering the possibility of use 
in the field. In addition, only small sample sizes are used and no 
solvents are needed, which offers a distinct advantage over 
conventional analytical methods that require the purchase, 
storage, handling and disposal of large amounts of solvents, 
with all of the associated health and safety risks. Immunoassay 
has therefore found a niche market for the detennination of 
pesticides at relatively high concentrations and also for general 
screening purposes. 

The main principle of immunoassay (lA) is the biochemical 
reaction between an antibody and an antigen, which for 
pesticide analysis is a pesticide. The lA kit is supplied with 
antibodies which have been raised to react selectively with 
compounds that resemble the specified pesticide, which in this 

case is atrazine. The antibodies are prepared by the lA kit 
manufacturer through stimulation of a mammalian immunosy­
stem by a pesticide-hapten compound, which combines the 
functional group of the pesticide and the high molecular mass 
required to stimulate antibody formation. Once prepared in this 
manner, the antibodies will respond to atrazine. The kit also 
includes a labelled fonn of the pesticide, often termed the 
'conjugate.' The label is nonnally an enzyme, hence enzyme­
linked immunosorbent assay (ELISA). In the assay, atrazine in 
the water sample competes with the conjugated atrazine for a 
limited number of binding sites on the specific antibodies, 
which are immobilized on the walls of a small cell. The 
presence of unlabelled atrazine in the sample results in less label 
being bound to the antibody in the first stage of the assay. In the 
next step, unbound atrazine and conjugate are removed through 
washing steps. Finally, the amount of bound labelled atrazine is 
determined by reaction of the enzyme with a reagent (termed 
'chromogen') and photometric determination of the product. A 
consequence of thi s principle is that the response is inversely 
proportionally to the amount of determinand in the water 
sample. 

Some of the earlier lA kits for atrazine determination were 
highly susceptible to cross-reactivity with compounds of similar 
structure (e.g., other triazines and degradation products of 
atrazine), although for certain screening purposes this may have 
been an advantage. Recent developments, however, have 
improved both the sensitivity and selectivity of immunoassays 
to the extent that some commercially available kits now offer a 
perfonnance similar to that obtainable from more conventional 
analytical techniques.4 

In most cases, the performance testing carried out on EIA kits 
has not been extensive and more rigorous testing would provide 
a better indication of how well they compare with conventional 
analytical methods. This paper describes the performance 
testing of a commercially available atrazine EIA kit for 
precision, bias, limit of detection and the effect of interferents 
(e.g., pH, anions, metals, cations, breakdown products and 
surfactants), using an automated lA instrument (Bio-Tek ELs 
1000). 

Experimental 

Apparatus 

An automated Bio-Tek ELs 1000 immunoassay analyser 
combined with Envirogard high-sensitivity atrazine immu­
noassay kits (Millipore, Bedford, MA, USA) was used to 
perfonn all of the tests. 

Chemicals 

All lA chemicals (conjugate, substrate and stop solutions) were 
supplied by Millipore. Distilled, de-ionized water (DDW) was 
used throughout the performance testing. Two different sources 
of atrazine standards were used for the testing (Millipore and 



1486 Analyst, October 1996, Vol. 121 

British Greyhound Chromatography and Allied Chemicals, 
Birkenhead, UK). Working standard solutions used in the 
analysis were prepared freshly on a weekly basis from 
concentrated stock standard solutions. The stock standard 
solutions were stable over the duration of the testing (I month) 
and the working standard solutions showed no sign of 
deterioration over the course of I week. 

Performance Testing 

Performance testing was undertaken using a protocol previously 
described,5 which has been adopted by the Drinking Water 
Inspectorate as the water industry standard. 

The following regime was used for the analytical system 
performance tests. 

A ' normal ' calibration was run, and then duplicate determi­
nations of the following test samples: (i) blank sample; (ii) a 
standard solution at 10 ng I-1; (iii) a standard solution at 90 ng 
J- 1; (iv) drinking water at 20 ng J- 1; and (v) drinking water at 
80 ng I- 1• 

Note: although the standard solutions (ii) and (iii) are 
described as 'standards' (i.e., they are prepared in a blank 
matrix), they should more properly be thought of as ' test 
samples ' , i.e., they are not standards in the sense of being used 
in any way for calibration purposes. These samples were 
prepared fresh ly for each batch of analysis from a different 
stock standard solution. The degree of imprecision caused by 
sample preparation was known (before the tests) to be small in 
relation to the analytical variation, by a within-batch compari­
son of one sample with several separately prepared portions of 
nominally the same sample. 

Samples (iv) and (v) were spiked with the same stock as 
samples (ii) and (iii), then analysed in duplicate (with results 
expressed as the mean of the two determinations) for II batches 
of analyses, with the objective being to test the method 
performance with respect to the drinking water quality standard 
of l 00 ng l- 1. A batch is defined as a set of results for which a 
given cal ibration is applied (see above). Each duplicate 
determination made on the above test samples was also 
duplicated. This allowed the effect on precision of defining a 
test result as a mean of two measurements to be assessed. 

Interference Testing 

A series of interference tests were undertaken to examine how 
the method performed under extreme conditions where other 
water solutes, which may be interferents, were present at the 

Table 1 Precision data for atrazine"' 

UK's Maximum Allowable Concentration (MAC) in drinking 
water. DOW samples were spiked with each set of interferents 
and 0, 20 and 80 ng 1- 1 of atrazine; a set of samples without the 
interferent present was also run in each batch for comparative 
purposes. The following solutions were prepared: 

Metals (MAC) Fe 0.2 mg l- 1, Cu 3 mg l- 1, 

Anions 

Cations 
Humic acids 

Ni 50 ~g l- 1, Zn 5 mg 1- 1, 
Mn 50 ~g l- 1 

Cl- 200 mg l- 1, N03
2- 50 

mg 1-1, S042- 250 mg J- 1 
Ca2+ 250 mg J-1 , Mg2+ 50 mg 1-1 
Extracted River Thames water at 

I mg- 1, pH 4.8 and 20 
mg I- 1, pH 4.5 

Chlorination by-products Chloramine mixture 50 ~g J- 1, 
chloroform 50 ~g J- 1, trichloro­
acetic acid and dichloro-

Surfactants 

pH 
Atrazine degradation 

products 

Other triazines (used in 
UK) 

acetic acid 50 ~g 1-1 
Linear alkyl sulfonates and 

4-nonylphenol at 200 ~g J- 1 
pH 4.0, 6.0, 8.0 
Hydroxyatrazine, desethyl­

atrazine, deisopropylatrazine at 
0.1 ~g ]-I 

Simazine (0.1 ~g I-') 

The mean and standard deviation of each solution with and 
without the interferent present (four replicates) and the 
difference between them, were calculated. Using the t-test at the 
95% confidence level and the standard deviation of the 
unamended sample, it was possible to calculate the mean 
concentration difference required to result in it being signifi­
cantly different from the unamended sample. The actual mean 
difference was then expressed as a percentage of the theoretical 
value to 'fail' [to 'fail' being defined as (mean difference/ 
standard deviation)/to.os] . 

Results and Discussion 

Preliminary results showed that for determinations in the range 
0-100 ng I- 1 of atrazine, a significantly better performance 
could be obtained by restricting the calibration range to 0-110 
ng I- 1, rather than the 0-500 ng J-1 range recommended by 
instructions included with the kit. At concentrations above 110 
ng I- 1, the slope of the calibration curve was very shallow with 
a consequent decrease in precision. Calibration using solutions 

Atrazine added/ng J- • 

DDW DDW DDW Drinking Drinking Drinking 
Parameter +0 +10 +90 water +0 water +20 water+80 

Over-all mean 1.51 10.28 94.64 -0.74 18.86 80.05 
S within 1.80 1.19 2.21 1.22 2.25 4.47 
S between 2.75 0.84 4.33 1.71 1.66 1.18 
S total 3.29 1.46 4.86 2.09 2.80 4.62 
Target S total 2.5 2.5 4.7 2.5 2.5 4.0 

Fo.u~ 1.72 1.60 1.75 1.72 1.60 1.57 

F""ic 1.73 0.34 1.05 0.70 1.25 1.33 
Estimated d.f. 13 18 12 14 18 21 
Limit of detection 9.16 ng J- 1 

Precision 
assessment Pass Pass Pass Pass Pass 

• S within = within-batch standard deviation; S between = between-batch standard deviation; S total = total standard deviation; target S value 
calculated as 2.5% of mean or 2.5 ng, whichever is the greater; Fo.o'!l taken from appropriate statistical tables; F cah: derived from equation in Gardner~!'i 
estimated d.f. = Estimated degrees of freedom; precision assessment = Pass if Fc:llc < Fo.05· 



containing 0. I 0, 40, 60, 100 and I 10 ng I- 1 of atrazine ensured 
good precision across the whole range, whilst still encompass­
ing the concentration of interest (the maximum allowable 
concentration of an individual pesticide in drinking water of I 00 
ng J- 1). The data were processed using statistical tests of 
precision, bias and recovery as described by Gardner.-' 

Performance Tests 

Results obtained for the precision tests are displayed in Table I. 
All concentrations were calculated using Kineticalc software 
installed on the ELs 1000. 

The results in Table I show that the method met the 
performance requirements of having a total standard deviation 
on spiked samples of not significantly worse than 5% or 2.5 ng, 
whichever is the greater. The limit of detection was 9.2 ng J- 1, 

which also satisfied the performance requirement of less than I 0 
ng I- 1• The atrazine assay kit did not exhibit any significant bias 
(recoveries were 100% ±standard deviation) for drinking water 
spiked at both the 20 and 80 ng J- 1 levels (Table 2). 

Interference Tests 

The results of calculation of mean differences between 
measured concentrations of atrazine in samples with and 
without a particular solute are presented in Table 3. A value of 
less than 100% demonstrates that the amended sample (with a 
particular solute or mixture of solutes added) is statistically 
indistinguishable from the unamended sample. Any value 
above I 00% signifies that the presence of a potential interferent 
causes a bias in the analytical result. Obviously, the greater the 
number, the more effect the interferent has on the analysis. 

The matrix components typically found in a drinking water 
(e.g .. anions, cations and chlorinated by-products) do not cause 
a significant effect even at their MAC. There is a similar lack of 
interference caused by varying the pH between 4 and 8, which 
encompasses most UK drinking waters. Very high levels of 
humic acids cause an interference effect ( 10 ng I- 1 positive 
bias) particularly at lower analyte concentrations, but such high 
concentrations of humics are unlikely to be present in drinking 
waters. Such effects from humics are well documented-'·6 ·7 and 
may result from the inherently low pH of such samples. Only in 
raw upland waters are levels of humics likely to cause any 
problems with the assay and these may be overcome using 
standard additions or pH correction (often recommended in 
immunoassay procedures). Although the presence of surfactants 
at their MAC causes a measureable interference at low atrazine 
concentrations, these are extreme values which are unlikely to 
be encountered in most tap waters. 

The susceptibility of immunoassay to cross-reactivity with 
chemicals of similar structure manifested itself as a positive bias 
for atrazine in the presence of simazine and atrazine degradation 
products. Data supplied by Millipore for cross-reactivity of the 
atrazine high-sensitivity plate kit revealed that at concentrations 
of 1.5, 3 and 2 [tg I- 1• simazine, 6-hydroxyatrazine and de­
ethylatrazine, respectively, have been shown to produce the 
same response as seen for 0.1 [tg I- 1 atrazine. This equates to a 

Table 2 Recovery data for the atrazine test 

Standard 
error on 

Mean mean 95% 
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least detectable concentration of 50 ng I- 1 for de-ethylatrazine, 
40 ng J- 1 for simazine and 7 ng J- 1 for 6-hydroxyatrazine. The 
persistence of atrazine in water, particularly to hydrolysis, 
means that breakdown products should not be present at 
significant concentrations. Simazine, however, is still widely 
used in the UK, so it would be necessary to monitor samples for 
simazine to ensure that concentrations are insignificant. 

Conclusions 

The use of immunoassay as an analytical tool has developed 
considerably over the last few years, to the stage where it is now 
a viable alternative to conventional chromatographic methods 
for certain determinands. The performance data presented in 
this paper demonstrate that this particular immunoassay kit for 
the determination of atrazine in drinking water is capable of 
providing a precision better than the target set by the UK's 
Drinking Water Inspectorate for drinking water analysis (i.e., 
total standard deviation better than 5% or 2.5 ng, whichever is 
greater), 100% recoveries and a sub-10 ng I- 1 limit of detection. 
Indeed, these peformance data are better than those obtained 
from certain conventional analytical techniques.8.9 The method 
offers several other advantages: capital and running costs are 
less than for chromatographic and mass spectrometric equip­
ment, the lack of sample pre-treatment decreases the potential 
for contamination, the sample sizes required are much lower 
and chemical solvents, with their accompanying health, safety 
and cost implications, are not required. The user does need to be 
aware of potential cross-reactions with other triazines, but the 
constant development of immunoassay should result in greater 
specificity with later generation kits. 

From the above data, it can be seen that immunoassay now 
offers the analyst an alternative to chromatographic methods for 
the determination of atrazine in drinking waters. 

The authors thank Barbara Young and Linda Dohrman of 
Millipore and Yves Cohnen of BioTek for their help and advice 
during the course of this work and Millipore for funding the 
work. 

Table 3 Results of atrazinc interference tests 

lnterferent 

Anions 
Cations 
Chlorination by-products 
Humics (I mg I- 1) 
Humics (20 mg 1- 1) 
pH 4.0 
pH 6.0 
pH 8.0 
Surfactants 
Simazine 
Atrazine breakdown products 
Heavy metals 

Expected 

Interferent effect(%) 

At +20 ng I- 1 

71 
95 
70 
41 

514 
92 
76 

0 
241 
250 
186 
88 

At +80 ng I- 1 

23 
44 

7 
71 

104 
51 
29 
98 
45 

I 15 
290 
78 

recovery/ recovery/ confidence recovery/ Recovery 
(%) 

Recovery 
assessment Sample ng J- 1 ng (- I 

Tap+ 20 ng 1- 1 19.55 2.97 
Tap+ 80 ng 1- 1 80.5 I 5.02 

limit 

1.62 
2.74 

ng I- 1 

19.98 
79.73 

97.85 
100.98 

Pass 
Pass 
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Optical Nitrite Sensor Based on a 
Potential-sensitive Dye and a Nitrite-selective 
Carrier 

Gerhard J, Mohr" and Otto S. Wollbeish 
"Kari-Franzens University. Institute of Organic Chemistry , Heinrich St. 28, 
A-80/0 Graz. Austria 
"Unil'ersity ofRegensburg. Institute of Analytical Chemistry. Chemo- and 
Biosensors. D-93040 Regensburg. Germany 

A membrane responsive to nitrite has been developed 
which is composed of plasticized PVC, the anion carrier 
benzylbis(triphenylphosphine) palladium(n)chloride, and 
the potential-sensitive dye (PSD) rhodamine B octadecyl 
ester perchlorate. On exposure to nitrite, fluorescence 
intensity increases, while the wavelengths of both the 
excitation and emission maxima remain unchanged. The 
sensor membrane exhibits its highest sensitivity to nitrite 
in the 5 to 5000 mg J- 1 range, and the detection limit is 
0.5 mg J- 1. The signal change on exposure to 100 
mmoJJ- 1 nitrite is as high as +95%. The effect of pH is 
significant: from pH 5.0 to pH 9.0 and in the absence of 
nitrite, the fluorescence intensity changes almost linearly 
by around -9% per pH unit. In addition, the sensor is 
cross-sensitive to pH: the relative signal change from 
plain buffer to 1 mmoJJ- 1 nitrite is smaller by 65% at 
pH 9.0 than at pH 5.0. The selectivity coefficients relative 
to nitrite were determined by the separate solution 
method at pH 7.13 and were found to be 8 X 10- ·' for 
nitrate, 1.6 X I0- 3 for chloride, 8 x I0- 4 for 
hydrogencarbonate, and 3 X 10-• for sulfate. The lifetime 
of the sensor membrane is limited by leaching of the PSD, 
which is in the range of 1-3% h- 1. 

Keywords: Optode; nitrite sensor; anion sensor; 
fluorescence; polarity probe 

Introduction 

There is a need for suitable methods for the determination of 
nitrite in water, owing to the important role of nitrite as a 
precursor in the formation of N-nitrosamines, many of which 
have been reported to be potent carcinogens, and its importance 
in indicating the level of organic pollution in water. So far, 
nitrite has been determined mainly via chromatographic, 
optical , and electrochemical methods. Chromatographic meth­
ods are based on the use of ion-exchange columns for separation 
of anions along with detection via UV -absorption, refractive 
index, or conductivity. 

Spectrophotometric methods are based on the formation of an 
azo dye by diazotation of an aromatic amine with nitrite and 
coupling of the diazonium cation with an aromatic amine or 
phenol. This scheme forms the basis for the commercially 
available colour test strips, but unfortunately cannot be applied 
to continuous sensing. In order to meet the need for continuous 
monitoring, electrochemical sensors have been developed. 
These are based on the use of selective anion carriers contained 
in lipophilic polymeric matrices (such as plasticized PVC) 
coated onto the surface of a potentiometric electrode.'-2 

Anion carriers have also been used in optical approaches. In 
this scheme, the anion carrier extracts the anion into a sensor 

membrane. In order to maintain electroneutrality, a proton is co­
extracted into the membrane, where it protonates a pH indicator 
dye contained in the polymer membrane. On protonation, the 
dye undergoes a change in either absorption or fluorescence. 
Respective sensors have been presented for carbonate,3 chlo­
ride,4·5 iodide,s nitrate6-~ and cyanide.9 Recently, a fibre optical 
nitrite sensor has been described which is based on electro­
polymerized cobaltporphyrin films and does not require the 
addition of indicator dyes for optical transduction.'" 

We present a sensing scheme for anions that is based on our 
previous work on anion sensing using potential-sensitive dyes 
(PSDs). 11 The signal change is the result of the change of the 
micro-environment of the PSD at the sample-sensor interface, 
and this is measured using a dye which has optical properties 
that respond to a change in the polarity of its micro­
environment. 

PSDs have so far been used for sensing of nitrate based on the 
rather unselective anion exchanger tridodecylmethyl ammo­
nium chloride (TDMACI) ." In this paper, the feasibility of 
selectively sensing anions using a PSD in combination with the 
nitrite carrier benzylbis(triphenylphosphine) palladium(n) chlo­
ride (BPP) is demonstrated. A solid-state nitrite-sensitive 
membrane was prepared and investigated in terms of signal 
change, sensitivity, stability, limits of detection , and the 
selectivity for nitrite over other anions found in drinking 
water. 

Experimental 

Chemicals 

Rhodamine B octadecylester perchlorate (RBOE) was obtained 
from Lambda Fluoreszenz-Techno Iogie ·(Graz, Austria) and 
was used as received. PVC (high molecular weight), bis­
(2-ethylhexyl)-sebacate (DOS), o-nitrophenyl octylether 
(NPOE) and tetrahydrofuran (THF) were obtained from Fluka 
AG (Buchs, Switzerland). Poly( vinyl chloride-co-vinyl acetate­
co-2-hydroxypropyl acrylate) exhibiting a vinyl content of 81 % 
m/m, a vinyl acetate content of 4% m/m and a 2-hydroxypropyl 
acrylate content of 15% m/m was obtained from Aldrich 
(Steinheim, Germany). The nitrite selective carrier BPP was 
from Aldrich. Unless stated otherwise, 20 mmol J- 1 sodium 
phosphate buffer of pH 7.13 was used as the plain buffer and 
sodium salts of nitrite, nitrate, chloride, hydrogencarbonate, and 
sulfate were added. All buffer components were of analytical 
grade. Double-distilled water was used throughout. 

Preparation of the Nitrite-sensitive Membrane 

A solution was obtained by dissolving 2.5 mg of PVC or PVC 
copolymer, 5.0 mg of the plasticizer, 0.3 mg of RBOE and the 
respective amount of BPP in 1.5 ml of THF (Table I). A dust-
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free 12 X 50 mm 175 ~o~m polyester foil (Mylar, type GA-l 0, Du 
Pont, Wilmington, DE, USA) was placed in a desiccator 
containing THF. Then, 0.2 ml of the sensor solution were added 
onto the support. The membrane was left in the desiccator for 30 
min and the resulting membrane was placed in ambient air for 
drying. The thickness of the films was in the order of 2-4 ~o~m (as 
calculated from the volume employed for spreading), and this 
resulted in an optical signal with a SIN of typically 300-500. 

Apparatus 

Fluorescence excitation and emission spectra as well as 
response curves of the sensing membranes were measured on an 
Aminco (Rochester, NY, USA) SPF 500 spectrofluorimeter 
equipped with a 250 W tungsten halogen lamp as a light source 
and linked to an HP 98 15A desk calculator (Hewlett-Packard, 
Avondale, PA, USA) and a red sensitive detector. Response 
curves were recorded by placing the membranes in a flow­
through cell to form one wall of the cell. Excitation light hit the 
sensor membrane from outside (after passing the glass wall of 
the flow cell and the polyester support), and fluorescence was 
detected at an angle of 55° relative to the incident light beam 
(Fig. I). Buffer solutions and buffered sample solutions were 
pumped through the cell at a flow rate of 1.5 ml min- 1• When 
studying the response of the sensing membranes, excitation and 
emission wavelengths were set to 550 and 590 nm, respectively . 
The absorption spectra of the sensor membranes were measured 
on a Shimadzu (Kyoto, Japan) UV-2101-PC photometer. All 
experiments were performed at 22 ± 2 °C. 

Results 

Choice of Indicator 

The sensing scheme used in this work is based on the use of 
lipophilic derivatives of rhodamine B which dissolve very well 
in polymeric matrices because of their high solubility in organic 

Table 1 Composition of anion sensor membranes MI - MS 

Membrane Dye Polymer BPP Plasticizer 

Ml RBOE PVC 200mol% NPOE 
M2 RBOE PVC JOOmol% NPOE 
M3 RBOE PVC 40 mol% NPOE 
M4 RBOE PVC 40mol % DOS 
M5 RBOE PVC- Co 40 mol % NPOE 

Ml 
Fig. 1 Optical arrangement for measurements with the flow-through cell: 
D. detector; FC, flow-through cell ; MI, mirror; MC, monochromator: SM. 
sensor membrane consisting of the polymer support and the nitrite sensitive 
coating; S, sample solution. 

solvents, plasticizers, and plasticized polymers. 12 The fact that 
RBOE remains highly fluorescent in plasticized polymers is in 
contrast to most other PSDs such as aminostyrylpyridinium 
salts, merocyanines and derivatives of acridine orange, "· 14 and 
results in good SIN (Table 2). 

Esters of rhodamine B are preferred over other PSDs such as 
aminostyrylpyridinium dyes and carbocyanines because they 
exhibit properties that render them advantageous in being 
highly photostable, easily accessible, and highly tluorescent. 
The excitation maximum of RBOE is at around 560 nm. This 
makes it compatible with the green light-emitting diode (LED) 
which is another advantage because LEDs represent a preferred 
light source in optical sensor technology. 

Choice of Carrier 

In recent years, a wide range of se lective anion carriers has 
become available. Most of them are based on metalloporphy­
rins, metallophthalocyanines. metallocorrins or alkyltinorganic 
compounds. In all cases, the anion selectivity depends on the 
nature of the central metal ion and its complexation with 
specific anions. In general, these metalorganic compounds also 
complex hydroxide ions, which restricts the applicability of 
anion sensors to pHs below 6.0. Recently, the use of a selective 
anion carrier (BPP) in ISEs has been reported which exhibits 
very low cross-sensiti vity to pH. 15 In addition, the selectiv ity 
and sensitivity of the resulting ISE could be improved by the 
addition of up to 30 mol% of the lipophilic quaternary 
ammonium salt TDMACI (re lative to BPP). This is critical for 
the presented approach because the dye which is used for the 
optical transduction (RBOE) is a quaternary ammonium salt as 
well. Finally, BPP is advantageous over metalloporphyrins 
because it does not absorb significantly above 400 nm when 
embedded in the sensor membrane and, therefore, does not 
quench the tluorescence of RBOE. 

Choice of Polymer 

Probably the best known material for use in ISEs and optodes is 
plasticized PVC. It forms fairly stable sensor layers and acts as 
a good solvent for both li pophi lic indicator dyes and ion 
exchangers or selective ion carriers. On the other hand, the 
mechanical stability of films is low and a large fraction of 
plasticizer (usually 66%) is required to obtain fast and stable 
response. The plasticizer also limits the shelf lifetime because it 
slowly evaporates or diffuses out. In addition, toxic solvents are 
required to manufacture the sensor layers. Despite these 
shortcomings, plasticized PVC has found widespread applica­
tion. Currently , copolymers of PVC have been applied for anion 
sensing as well and are advantageous over PVC because the 
toxic solvent THF can be replaced by ethyl acetate. However, 
the matrix affects the selectivity pattern of the anion sensors in 
that it can decrease the selectivity.J 2 

Table 2 Excilation . emission. and absorption maxima (in nm) and 
corresponding reh1tive intensities of a 40 ~mol ethanolic solUiion of RBOE 
diluted 100-fold with the respective solvent 

Relative 
fluorescence 
intensity/ 
arbitrary Absorption max.: 

Solvent Excitation Emission units Absorbance (A) 

Ethanol 55'1 579 8.1 556: 0.033 
DOS 563 584 3.2 561:0.025 
NPOE 563 583 10.0 n.d. • 
Water 554 574 0.1 573: 0.01 I 

"" n.d. Not determined because of strong intrinsic absorption of NPOE. 



Sensor Response 

On exposure to buffer solutions containing nitrite, membrane 
M I shows a distinct response in giving an increase in 
fluorescence intensity (Fig. 2) which is fully reversed on 
exposure to plain buffer. The absorption spectra not only show 
that the absorption of RBOE does not change but also that there 
is a large change in the absorbance of BPP, albeit at 342 nm 
which is disadvantageous (Fig. 3). 

A calibration plot was established from the relative signal 
changes, and this is shown in Fig. 4. The increase in the relative 
signal of Ml from 0 to 100 mmol 1-1 nitrite was as high as 
+110%. The limit of detection for nitrite was 10 f.tmol 
(equivalent to 0.5 mg 1- 1). The forward and reverse response 
times t95 (for95% of the total signal change to occur) were in the 
range of 10-15 min. Contacting the membrane alternatively 
with plain buffer of pH 7.13 and the same buffer containing I 
mmol 1-1 nitrite at a flow rate of 1.5 ml min- t resulted in a 
decrease in signal by 2-3% h-1. Due to leaching, the 
operational lifetime of M I was around 12 to 24 h, and frequent 

450 500 550 600 650 700 
wavelength/om 

Fig. 2 Fluorescence excitation (and corresponding emission) spectra of 
Ml on exposure to: A. plain 20 mmoll - 1 phosphate buffer; B, I mmo11- 1 
nitrite; C, 10 mmol 1- 1 nitrite; and D, 100 mmol 1- 1 nitrite. all at pH 
7.13. 

320 395 470 545 620 
wavelength/nm 

Fig. 3 Absorption spectra of M I on exposure to: A. plain 20 mmol 1- 1 
phosphate buffer; B, 10 mmoll- 1 nitrite; and C, 100 mmoll- 1 nitrite, all at 
pH 7.13. 
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Fig. 4 Work function of the nitrite sensor Ml , and respective plots for 
potentially interfering anions occurring in drinking water. A. Nitrite; B. 
nitrate; C, chloride; D, hydrogencarbonate; and E. sulfate. 
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recalibration was required. The shelf lifetime of the membranes 
exceeded 3 months when they were stored in the dark at room 
temperature. Similar behaviour was observed for the other 
membranes plasticized with NPOE. 

In order to investigate the effect of the plasticizer on the 
response, NPOE was replaced by the less polar DOS. The 
resulting sensor membrane showed similar relative signal 
changes and sensitivity towards nitrite when compared with the 
NPOE membranes. Both the forward and reverse reponse times 
remained unchanged. However, the stability of the DOS-based 
sensor membrane in terms of signal drift and leaching was 
inferior. In a previous investigation on the effect of polymeric 
matrices on the response of an RBOE-based nitrate sensor, 
similar effects have been found.l2 

Effects of pH 

The fluorescence of RBOE in membranes Ml-M5 decreased 
almost linearly by around 9% on increasing the pH by one unit 
(Fig. 5). From pH 5.0 to 9.0, the fluorescence intensity 
decreased by -38%. Additionally, the magnitude of the relative 
signal change (e.g., from plain buffer to I mmoll- 1 nitrite) was 
pH-dependent and was lower, by around 65% at pH 9.0 than at 
pH 5.0 (Fig. 5). 

Cl) 10 
B u 

~ 
5i 8 
u 

A Ill 6 Cl) .... 
0 4 
:I 

:;::: 
2 

a; .... 0 
9 8 7 6 5 4 

pH 
Fig. 5 pH-Dependence of the fluorescence intensity of sensor membrane 
M I in: A, plain phosphate buffer; B, phosphate buffer containing I 
mmoll - 1 nitrite. 

Selectivity 

The selectivity of sensor membrane M I for anions is in clear 
contrast to the Hofmeister pattern. Anions occurring in drinking 
water in higher concentrations include chloride, sulfate, hydro­
gencarbonate, and nitrate, and the response to those was 
investigated in more detail. Fig. 4 shows the relative signal 
changes caused by nitrate, chloride, sulfate, and hydrogen­
carbonate in comparison with nitrite. Selectivity coefficients 
relative to nitrite were determined by the separate solution 
method and are shown in Table 3. The best selectivity for nitrite 
over nitrate was obtained with M2 which exhibits a I ; I ratio of 
RBOE to BPP. M2 also showed the best selectivity for nitrite 
over chloride and sulfate. However, the selectivity over chloride 
was clearly too small to carry out measurements in sea-water or 
human blood. For such sensor applications, a more selective 

Table 3 Selectivity factors (log Kop,') of sensor membranes MI-MS 
relative to nitrite for nitrate, chloride, hydrogencarbonate and sulfate as 
determined by the separate solution method (SSM) at pH 7.13 

Membrane Ml M2 M3 M4 MS 

Nitrate 1.7 2.1 1.7 1.3 1.9 
Chloride 2.6 2.8 2.8 2.2 2.1 
Hydrogencarbonate 3.2 3.1 3.2 3.1 3.1 
Sulfate >3.5 >3.5 >3.5 >3.5 >3.5 

• Log Kop1 is the log of the ratio of the concentrations of interferent 
and nitrite giving the same signals. 
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carrier is required. The selectivity of sensor membrane M4 for 
nitrate and chloride was worse than that of the NPOE-based 
membranes which is in agreement with reported findings (Table 
3).15 MS exhibited a selectivity behaviour similar to Ml-M3; 
however, the selectivity for nitrite over chloride was slightly 
smaller. 

Discussion 

Sensing Scheme of the Anion-sensitive Membranes Based 
onRBOE 

RBOE is a solvatochromic dye whose fluorescence intensity 
rather than the maxima of the excitation and emission 

wavelengths are affected by changes of polarity. The fluores­
cence of the dye is stronger in moderately polar solvents (such 
as plasticized PVC) than in water (Table 2).16.17 RBOE exhibits 
lower fluorescence (around 40 times) in water than in solvents 
such as ethanol or plasticizers. This is due to the formation of 
non-fluorescent dimers caused by hydrophobic interactions 
between the long alkyl chains of RBOE in water. Furthermore, 
the absorption in water is approximately half of the absorption 
in DOS. These facts indicate the formation of dimers in water 
which are non-fluorescent and, thus, not visible in the 
fluorescence spectrum. Similar results have been observed 
when comparing the optical properties of RBOE in water and 
ethano1.'6 

polyester 
support 

plasticized 
PVC 

aqueous phase 
(phosphate buffered) 

A plasticized PVC 

~ rhodamine B 
/ octadecylester 

qp benzylbis(triphenylphosphine) 
palladium(ll) chloride 

0 watery phase in 
plasticized PVC 

aqueous phase 
(phosphate buffered) 

aqueous phase 
containing nitrite 

weak 
fluorescence 

strong 
fluorescence 

Fig. 6 Schematic representation of the nitrite-sensitive membrane, and the motion of RBOE from A, the more aqueous interphase to B, the more lipophilic 
membrane phase on exposure to nitrite. 



Changes in the counterion of RBOE change the solubility of 
RBOE in the plasticizer and affect the dissociation of dye 
dimers to monomers, causing the fluoresence to increase. 
RBOE is a cationic lipophilic dye which due to its amphiphilic 
structure, acts as a carrier for anions in a fashion similar to the 
well known lipophilic quaternary ammonium ions. Conse­
quently, the RBOE cation by itself causes a response to 
lipophilic anions by extracting them into the organic phase 
(similar to an anion exchange catalyst). 11 

In the present case, an interaction different to the previous 
case takes place. Opposite to the RBOE-based anion sensor 
whose selectivity corresponds to the lipophilicity of anions 
(Hofmeister pattern), BPP selectively reacts with nitrite. The 
neutral carrier BPP preferably binds nitrite to form a negatively 
charged complex 1' which, in tum, forms an ion pair with 
cationic RBOE. The ion pair is more lipophilic than cationic 
RBOE alone and fluorescence increases. A schematic repre­
sentation of this extraction mechanism is shown in Fig. 6. 

Effect of the Polymer Matrix on the Response 

Plasticized PVC membranes undergo a substantial water uptake 
during conditioning in aqueous solutions. Recent investigations 
on bulk membranes of plasticized PVC have shown a water-rich 
region of a thickness of 50 (.lm on exposure of the bulk 
membrane to water. 1X The sensor membranes presented here do 
not exhibit thicknesses higher than 5 (.lm. Consequently, there is 
a significant water content in these sensor membranes after 
equilibration in buffer. Plasticizers and water form a micro­
emulsion, and this formation is known to be enhanced by the 
presence of surface active components.19 RBOE is an amphi­
philic compound and is therefore surface active. The micro­
emulsion contains water domains of different sizes and provides 
a large interfacial area.2o This explains both the relatively fast 
response of the sensor membranes and the large signal changes, 
because the signal changes are not restricted to the dye bound to 
the surface of the sensor layer (see Fig. 6). 

Effect of the Charge of PSDs and Anion Carriers on the 
Response 

To date, most of the selective anion carriers known are either 
metalloporphyrins or tin organic compounds. Their selectivity 
is caused by the interaction of the central metal atom of the 
organic molecule with the anion.4.5 However, most of these 
carriers are highly cross-sensitive to hydroxide and, conse­
quently, cannot be operated at pH values above 6.0. In order to 
reduce the cross-sensitivity of the anion carriers and to improve 
selectivity, lipophilic cationic and anionic sites have been added 
to the solvent polymeric membranes. The nitrite carrier 
aquocyanocobalt(tt1)-hepta(2-phenylethyl)cobyrinate perchlor­
ate has been combined with quaternary ammonium salts and 
borates in order to improve its selectivity.2 1 When this so-called 
'charged carrier', which is positively charged in the un­
complexed form, but neutral in the complexed form, was used 
together with borate, the selectivity for nitrite over interferent 
anions was enhanced. Addition of quaternary ammonium salts 
to the selective anion carriers, however, resulted in a selectivity 
identical to the Hofmeister pattern. 

The second type of anion carrier is the 'neutral carrier' such 
as chloro(5, I 0, 15,20-tetraphenylporphyrinato) cobalt( lit) which 
is neutral in the uncomplexed form but negatively charged in the 
complexed form . This carrier was reported to maintain its 
selectivity if used together with quaternary ammonium salts and 
to lose it if combined with borates.22 Most of the PSDs 
including RBOE are quaternary ammonium salts; if combined 
with charged anion carriers, their selectivity is lost. However, if 
cationic PSDs are combined with neutral anion carriers, the 
selectivity of the resulting sensor membrane should remain. 

Analyst, October 1996, Vol. 121 1493 

Indeed, the use of cationic PSDs together with charged anion 
carriers such as chloro(octaethylporphyrinato) indium(m) or 
trioctyltin chloride results in unselective anion sensor mem­
branes.14 Consequently, the combination of a cationic PSD with 
a neutral anion carrier such as BPP results in an anion-selective 
sensor membrane. 

Effect of the RBOE-to-BPP Ratio on the Response 

Badr et a/. 1' have shown that the ratio of BPP to the cationic 
additive (TDMACI) affects the response. At a concentration of 
around 30 mol% TDMACI, both the cross-sensitivity to pH and 
the selectivity of the electrochemical nitrite sensor to inter­
ferents were reported to be optimal. In the present case, 
however, a change of the ratio had no effect on the cross­
sensitivity to pH (Fig. 5) and only minor effects on the 
selectivity to interfering anions (Table 3). As a consequence, a 
tailoring of the sensor material is not possible. On the other 
hand, a change in the ratio caused by leaching of the 
components did not shift the calibration plot. 

Conclusion 

Ion-exchange or co-extraction based optodes are an established 
and theoretically well-described group of optical sensors. 
However, due to the mechanism, even slight changes in pH 
cause large errors in analyte determination. In contrast to this 
type of optode, PSD-based optodes respond to changes of the 
microenvironment of the dye rather than to protonation­
deprotonation of a pH indicator. Therefore, they exhibit 
significantly lower cross-sensitivity to pH than optical sensors 
based on the ion-exchange-co-extraction mechanism. How­
ever, an empirical relation between fluorescence changes and 
analyte ion concentration has to be developed, rather than a 
mathematical model which is valid for ion-exchange or co­
extraction based optodes. The most serious disadvantage of 
PSD-based ion sensors is their limited lifetime due to significant 
leaching of the indicator dye. 

This work was supported by the Austrian Science Foundation 
within project S5701-PHY and PI0,389-CHE which is grate­
fully acknowledged. 
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Polymeric Membrane Salicylate-sensitive 
Electrodes Based on Organotin(IV) 
Carboxylates 

Dong Liu, Wen-Can Chen, Guo-Li Shen and Ru-Qin Yu* 
Deparrmenr ofChemisrry and Chemical Engineering , Hunan Universiry , 
Changsha, 410082. China 

Selectivity properties were established for membrane 
electrodes prepared by incorporating tribenzyltin 
carboxylates in plasticized polymeric membranes. These 
electrodes display high selectivity for salicylate with 
respect to many common anions. An electrode prepared 
with tribenzyltin octoate, using o-nitrophenyl octyl ether 
(o-NPOE) as the plasticizer, possesses the best 
potentiometric response characteristics, including a fast 
response time. It shows a linear response towards 
salicylate ions over the concentration range 0.1-5 x tO- • 
moll - • with a slope of -57.5 mV decade- • in buffer 
solutions of pH 5.5. The behaviour of the electrode is 
considerably influenced by the plasticizer employed and 
the optimum response appears to result when o-NPOE is 
present. The electrode was applied to the determination of 
salicylate in pharmaceutical and urine samples. 

Keywords: Salicylare-sensirive elecrrode; trihenzyltin 
carboxylates; ionophore 

Introduction 

Highly selective polymeric membrane electrodes are now 
routinely used for the in situ determination of various cations.' - ' 
However, the development of similar devices by using 
conventional ion exchangers as the carriers for the detection of 
anions was difficult. Usually all these electrodes exhibit roughly 
the same selectivity sequence, i.e., CI04 - > SCN- > I- ~ 

Sal - > N03- > N02 - > CI - > S04
2 - (Hofmeister 

sequence4 ). Since the pioneering work of Simon's groupS.6 
using vitamin B 12 derivatives and trioctytin chloride as anion 
carriers for the preparation of polymeric membrane electrodes 
that show selectivity patterns different from the Hofmeister 
series, significant effort has recently been placed on the 
development of ion-selective electrodes (ISEs) by the use of 
organometallic spec ies and metal-ligand complexes as mem­
brane-active components_?- IS The electrode selectivity, in these 
cases, is not governed by simple anion lipophilicity rather than 
by a specific chemical interaction between the organometallic 
species in the membrane phase and the anions in solution. In 
other words, the nature of the central metal and the structure of 
the carrier will play an important role in the realization of the 
se lectivity pattern. 

A salicylate-selective electrode based on a quaternary 
ammonium salt 16 has been proposed for some practical 
purposes. However, the sensor suffered significant interfer­
ences from a wide range of other anionic species, including a 
number of common physiological anions, and thus cannot be 
utilized for direct measurements in biological samples. A 
systematic search for salicylate-sensitive electrodes has been 
undertaken in thi s laboratory . After discovering a salicylate-

.. To whom correspondence should be addressed. 

sens1t1ve electrode based on a tin(1v)-phthalocyanine com­
plex,17 which has a similar structure to tetraphenylporphyrin­
tin(lv) dichlorides reported by Chaniotakis er al .• 'R it has been 
found that tribenzyltin carboxylates, which have a radically 
different structure to the salicylate-sensitive carriers reported so 
far, possess promising potentiometric response characteristics 
for salicylate ions. In this paper, the use of tribenzyltin 
carboxylates as salicylate ionophores is reported together with 
their potentiometric response characteristics and preliminary 
application to the determination of salicylate in human urine 
samples and pharmaceutical analysis. 

Experimental 

Reagents 

All aqueous solutions for the potentiometric measurements 
were prepared with distilled, de-ionized water and salts of the 
highest purity available. Working standard solutions were 
freshly prepared by accurate dilution from a stock standard 
solution stored in an amber-coloured bottle. High molecular 
mass PVC powder of chromatographic grade and dinonyl 
sebacate (DNS), dibutyl phthalate (DBP) and tetrahydrofuran 
(THF) of analytical-reagent grade were purchased from Shang­
hai Chemicals (Shanghai, China) and used without further 
purification. 

To ensure high purity of o-nitrophenyl octyl ether (o-NPOE) 
for measurements in liquid membranes, it was prepared 
according to the reported procedure.' 9 Synthesis of the 
tribenzyltin carboxylates (Fig. I) was carried out according to 
the method of Xie et af.2° by reaction of bis(tribenzyltin) oxide 
with the corresponding carboxylic acid. Elemental analysis and 
melting-points were used to identify the compounds (Table 
1). 

Apparatus 

All potentiometric measurements were carried out at 20 °C on 
a Model 901 Microprocessor Ionalyzer (Orion, Cambridge, 

~ ~Sn-OOCR 

6 
Fig. I Slructure of the carriers Sludied. R = I. H; 2, C1 H7 ; 3, C7H 15 ; 4, 
C6 H,; 5, 4-CH1 C6 H.; 6, 4-CICoH4 . 
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MA, USA). Plasticized PVC membranes were prepared accord­
ing to the reported method. 2 1.22 The composition of these 
membranes was 1.5% m/m of the ionophore, 64.0% m/m of the 
plasticizer and 34.5% m/m of PVC. A solution containing 0.01 
mol t- 1 sodium salicylate and 0.1 mol t- 1 potassium chloride 
was used as the internal filling solution and a saturated calomel 
electrode was used as the reference electrode. The electrode cell 
for potential measurements was 

Hg I Hg2Ch I KCI (satd.lllsample solution I membrane I 
0.01 molt - • NaSal , 0.1 molt - 1 KCIIAgiAgCI 

Procedures 

The calibrat ion solut ions were buffers 0.0 I mol t- 1 in H,P04 

and the pH was adjusted with NaOH solution. The calibration of 
the electrodes was carried out by adding, while stirring, 
appropriate amounts of aliquots of standard salicylate solutions 
of different concentrations to a beaker containing 30.0 m l of 
buffer. 

The potentiometric selectivity coefficients of the electrodes 
for salicylate with respect to other anions were determined by 
the separate solution method in 0.1 mol 1- 1 solutions of the 
corresponding sodium salts. The solutions were buffered to pH 
5.5. The single- ion activities were calculated by use of the 
extended Debye-Hiickel equation. 

For the preparation of pharmaceutical samples containing 
salicylate for potentiometric measurement, tablets of aspirin or 
aspirin-phenacetin-<:odeine (APC) were finely powdered. A 
precisely weighed sample of the powder containing approxi­
mately 0.5 g of acetylsalicy lic acid was refluxed with 30 ml of 
0.5 mol t- 1 sodium hydroxide for I h. After being tittered , the 
solution was adjusted to pH 5.5 with sulfuric acid and then 
transfered into a 250 ml calibrated flask and diluted to volume 
with phosphate buffer (pH 5.5). An aliquot of 30 ml of this 
solution was pi petted into the measuring cell for emf recording. 
A pharmacopoeial procedureD was used as the reference 
method for the assay of aspirin contents. This method is based 
on the conventional acid-base titration of acetylsalicy li c acid, 
using phenophthalein as the indicator and keeping the tem­
perature below 10 °C to avoid the hydrolytic decomposition of 
aspirin . 

Results and Discussion 

Potentiometric Response Characteristics of Electrodes 

The potentiometric response characteristics of the PVC mem­
brane electrodes incorporating tribenzy ltin carboxylates to­
wards salicylate in buffer solut ions of pH 5.5 are shown in 
Fig. 2. All the electrodes are sensitive towards salicylate to 
some extent. The electrode containing carrier 3 exhibits a 
nearby Nemstian slope of -57.5 mY decade - • for the linear 
response concentration range 0.1-5.0 X 10- 6 moll- 1, whereas 
membrane electrodes based on carriers 4-6 show poor potentio-

Table I Physical properties and analytica l data for the carriers 

Carrier Colour 

White 
White 

3 Colourless 
4 White 
5 White 
6 Colourless 

Mpt'C 

t4t 
llt - 11 2 
66-67 

t02-103 
% -97 

t05 

Elemental analysis: 
found (calculated) 

C(% ) H(% ) 

60.2t (60.44) 5.09 (5.07) 
62.56 (62.66) 5.R9 (5.R4) 
65.0 t (65.09) 6.63 (6.74) 
65.69 (65.54) 5.02 (5.(J:1) 
65.99 (66.08) 5.27 (5.1t) 
61.t2 (61.t4) 4.50 (4.57) 

metric responses with an average slope of about - 30 
mY decade - •. The electrode based on carrier 3 shows slightly 
superior potentiometric characteristics when compared with 
tin(tv)-phthalocyanine, reported elsewhere.i7 

The disparity of these electrodes in potential response 
characteristics may derive from the differences in their 
molecular structures. Generally, it is thought that, with sensing 
materials of the metal-ligand complex type, the selective 
potential response towards anions comes from the interact ion 
between the central metal and the an ions sensed. The differ­
ences in the molecular structures of the ionophores. on the other 
hand, may also have a sign ificant influence on the response 
characteristics of corresponding electrodes. Different hydro­
carbyls attached to the carboxy group in the organotin 
derivatives involved, for instance, may have a substantial 
influence on the properties of the compounds and the behav iou r 
of the electrodes prepared. For carriers 4-6, containing benzene 
rings, the response characteristics seem to be influenced by the 
steric effect of the benzene ring hindering the interaction 
between the cen tral metal Sn( tv) and the anion sensed. For 
carriers 1-3, such a hindrance should be diminished because of 
the linear structure of the hydrocarbyls involved. 

The lipophi licity of the ionophores also plays a role, a lthough 
its effect is not so sign ificant. For electrodes based on carriers 
1-3, only a minor difference in potentiometric response 
characteristics was observed: the linear response limits for 
carriers I, 2 and 3 are 1.0 X 10- 5,8.0 X to- o and 5.0 X 10-" 
mol 1- •. respectively , with a slope of approximately -57 
m V decade- • in each instance. 

The stability and reproducibility of the carrier 3-based 
electrode were also tested. Its potential drift was within 0.8 m V 
when the electrode was dipped in a solution containing I O--' 
mol 1- • NaSal for 2 h. The slope of the electrode was 
reproducible to within 1.0 m V decade- • over a period of 2 
months. 

The conditions for the storage of the electrodes were 
evaluated. It was found that the be~t results were obtained when 
the electrodes were kept at room temperature. conditioned in 
I 0- 4 mol 1- • NaSal between ex periments. Under these 
conditions the tluctuat ion of the starting potential was found to 
be withi n ±5 mY. 

The effect of variations in membrane composition on the 
electrode performance was studied (Table 2) An increase in the 
concentration of the carrier in the membrane phase is beneficia l 
for obtaining any e lectrode slope closer to the theoretical value . 
At least 1.5% m/m of carrier must be present in the membrane 
phase to obtain e lectrodes with a more or less normal response 
slope. When the concentration of carrier reached 3% m/m. the 
resulting membranes were found to be heterogeneous or non­
transparent and the potential readings for these electrodes in the 

0 

> 
~ 

-100 

-200 +-..--,,-.---,-~-.-~ ...... ---T-l 
-6 -5 -4 -3 -2 -1 

Log a 
Fig. 2 Potentiometric response to salicylate for the electrodes hased on 
carriers dcpictt:!d in Fig. I: I. a: 2. b; 3. c: 4, d: 5. e: and 6. f. 



low concentration range were fairly unstable. When the o­
NPOE to PVC ratio was altered from I : 2 to 2: I. the resulting 
membranes possessed the lowest detection limit. Taking all 
these results into account and on the basis of solubility 
considerations, the optimum carrier-plasticizer-PVC composi­
tion was found to be 1.5 : 64: 34.5 m/m and most of the 
electrodes tested in this study had this composition. 

Selectivity 

Possible interferences from a number of monovalent anions 
(CJ- . Br- , I- . CI04 - , NOJ- , N01 - . SCN- . acetate, benzoate, 
citrate and lactate) were studied. Table 3 gives the selectivity 
coefticient values for electrodes containing carriers 1-3 with 
respect to various anions tested. In general, these three 
electrodes display remarkable selectivity for salicylate over 
common anions. This may be interpreted in terms of the special 
interaction between salicylate ions and carrier incorporated in 
the membranes. Thiocyanate and benzoate ions seem to tend to 
interact with the organotin carriers to some extent, showing 
some interference in the salicylate determination. When 
compared under similar experimental conditions, the selectivity 
characteristics of organotin carboxylates are slightly superior to 
those of tin(tv}-phthalocyanine reported elsewhere.1 7 

Effect of pH on Response Characteristics of Electrodes 

The potentiometric response of the organotin-based electrodes 
tested was found to be sensitive to pH changes (Fig. 3). The pH 
dependence of these electrodes was tested by measuring 
calibration curves in buffer solutions at various pH values. 
Fig. 4 illustrates the results obtained with the electrode 
containing carrier 3, which show that there was essentially no 
difference in the slopes of the calibration curves for these buffer 
systems. However. as the pH increases, the detection limits 
(determined according to the IUPAC recommendation) of the 
calibration curves for salicylate deteriorate. This is accom-

Table 2 Variation of potentiometric response characteristics of electrodes 
using tribenzyltin octoate as the carrier with different membrane composi­
tions. measured in phosphate buffer solution (pH 5.5) 

Proportion of component 
(ck m/m) 

Carrier o-N POE PVC 

0.1 50 4'1.9 
0.5 50 49.5 
1.5 50 48.5 
.1.0' 45 52 
1.5 33 65.5 
1.5 65 33.5 

Detection limit/ Slope/mY 
moll -- 1 decade - I 

5 X to·-.' -32.4 
2 X 10 ' - 48.6 
7 X 10 " -56.4 
4 X IO- ' - 54.7 
I X IO- ' -56.6 
I X JO -" -57.5 

Potentiometric readings in the solutions of L·oncentrution < I 0 - 4 
moJI -- 1 were unstable for this membrane composition. 
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panied by a decrease in the starting potential (recorded with the 
cell before any addition of the salicylate standard solution). The 
experiments with electrodes containing carriers I and 2 showed 
results similar to those for carrier 3. This behaviour can be 
explained in terms of the increased interference from OH-. As 
a consequence, the detection limits of the electrode in Fig. 4 
were equal to 1.0 X J0- 6 , 2.7 X I0- 5 and 9.8 X J0- 5 when the 
electrode was exposed to calibration solutions buffered to pH 
5.0, 6.5 and 8.0, respectively. 

Dynamic Response Characteristics 

Response time is an important factor for an lSE. Although a 
tin(tv)-tetraphenylporphyrin-based polymeric membrane elec­
trode has been reported1X with high selectivity, the response 
time seems slow, ranging from 2 to 10 min depending on the 
concentration of salicylate in the samples. The practical 
response times of organotin compound-based electrodes were 
studied by rapidly changing the salicylate concentration in 
stirred solutions. More or less stable potential readings can be 
obtained within 10-15 s, depending on the mixing efficiency. 
The actual potential versus time trace showed that 90% of the 
expected response can generally be obtained within 30 s for 
solutions with salicylate levels higher than I0- 3 moJI - 1, and 
within I min for lower concentrations (Fig. 5). In the presence 
of a background electrolyte, e.g., 0.1 mol J- 1 KN03, the 
response time would be even faster and the potential readings 
remain stable. Preconditioning of the membranes is beneficial 
for achieving a fast response time. A freshly prepared 
membrane used directly after preparation without treatment 
gives a slow response time of 2-3 min. After exposure to I0-3 

mol J- 1 NaSal solution for 3 h, the same electrode gives a 
normal response time of around I min. 

Influence of Plasticizer 

The plasticizer used seems to have a significant influence on the 
response of the electrode. When o-NPOE was used as the 
plasticizer, the detection limit for salicylate and the selectivity 
coefficients of the electrode for carrier 3 were better than those 
for the DBP-based electrode. The electrode employing DNS 
shows hardly any potentiometric response towards salicylate 
(Fig. 6). The observed phenomena might be related to the 
existing forms of the ionophores molecule involved. It has been 
noted that substituted organotin carboxylates may have two 
forms (Fig. 7): the single molecular form and the commonly 
existing carboxylate-bridged polymer (B). When dissolved in a 
polar solvent, according to Yang et al.,24 the polymer tends to 
depolymerize and return to the single molecular form. For the 
solvent polymeric membrane electrodes, the sensitive mem­
branes are in fact liquid membranes, with ionophores dissolved 
in a plasticizer as the solvent. For substituted organotin 
carboxylates, the form in which it exists will be determined by 
the polarity of the solvent or the plasticizer in membrane. When 
the plasticizer is o-NPOE, which has a comparatively strong 

Table] Potemiometrk selectivity coefficients . log K~:~~.i' for the electrodes, determined using the separate solution method in 0.0 I moiJ -- 1 phosphate butler 
solution (pH 5.5) at an anion concentration of 0.1 mol ·! - I 

Interfering ion . .i 

Carrier oo.- SCN- I- Br- NO, - NO, CI -· Acetate Lactate Citrate Benzoate 

-2.98 -1.96 -3.66 -3.92 -4.17 -3.00 -4.52 -3.76 -2.46 -3.31 -1.21 
- 3.02 -2.01 -3.79 -.1.84 -4.14 - 2.94 -4.79 -.1.77 -2.52 - 3.47 -1.28 

.1 - .1.07 - 2.14 -3.7X -3.95 -4.20 - 3.12 - 4.85 - 3.89 -2.95 -3.40 - 1.26 
A' 2.24 l.(J4 0.62 -1.17 - 0.95 -1.82 -1.96 -2.15 -1.94 - 1.56 -1.01 

'' The membrane was prepared with 5% m/m Aliquot 336-SaL 30% PVC 659(; DBP. 
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polarity, the single molecular form of the ionophore would be 
dominant. In contrast, when employing DNS, the polarity of 
which is the weakest among the three mediators studied, the 
polymeric structure might be dominant. The relatively high 
molecular mass of the polymer will reduce the mobility of 
ionophore in the membrane phase, causing the potentiometric 
response to diminish for particular membranes. 

Preliminary Applications 

Polymeric membrane salicylate-sensitive electrodes may find 
applications in a variety of fields. To demonstrate such 
applications, the electrode based on ionophore 3 and employing 
o-NPOE as the plasticizer was used in assaying the content of 

200 

> 100 
E 
L;j 0 

-100 

-200 -+-~--.--~-.-~-.----..--..-.--.,.-~-l 
1.0 3.0 5.0 7.0 

pH 
9.0 11.0 13.0 

Fig. 3 pH response of electrodes containing organotin carriers. 
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Fig. 4 Calibration graphs for electrode incorporating carrier 3 at different 
pH values. 
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Fig. 5 Response time (90%) of electrode based on carrier 3. 

acetylsalicylate acid in tablets and in the determination of 
salicylate in human urine samples. 

Aspirin is usually dispensed alone or together with phenace­
tin and codeine as APC tablets. They are commonly used as 
effective analgesic and antipyretics. The content of acetylsal­
icylic acid in tablets is conventionally assayed by titrimetric 
analysis of the hydrolysed product, salicylate. Many other 
methods based on chromatography, spectrophotometry and 
enzymic methods have also been developed,25-27 but most of 
them require lengthy clean-up of the sample. A direct 
potentiometric method using ISEs seems to be promising with 
the advantages of being simple and fast. The tablets were treated 
according to the above-described procedure and the electrode 
was used to determine the concentration of salicylate as the 
hydrolysed product of aspirin in samples by employing the 
standard additions method. The results obtained with potentio­
metric method compared with those of Chinese Pharmacopoeia 
(C.P.) standard procedure23 and the label values are shown in 
Table 4. The results obtained by the two methods agree with the 
label values very well, but the C.P. procedure is tedious for 
practical application. 

Polymeric membrane electrodes for salicylate measurements 
employing quaternary ammonium salts as the carriers have been 
proposed previously. 16.2H These earlier versions of salicylate 
probes were, unfortunately, not suitable for clinical purposes as 
they lacked adequate selectivity over common anions. Because 
of the high selectivity of the described electrodes over a number 
of physiological anions, including chloride, it makes the use of 
the sensor in the analysis of physiological samples feasible. The 
electrode was used to determine salicylate in human urine. All 
samples can easily be prepared simply by tenfold dilution of 

0.0 

-100.0 

-200.0 -t-~-.~~.--~--.-~~..--~-,--l 
-6.0 -5.0 -4.0 -3.0 

Log a 
-2.0 -1.0 

Fig. 6 Potentiometric response of carrier 3-based electrodes plasticized 
with: I. o-N POE; 2. DNS; and 3. DBP. 

w 
Sn-o-c-R 

1\ 
(A) (B) 

Fig. 7 Two forms of the tribenzyltin carboxylate molecule. 

Table 4 Determination of aspirin in tablets(%) 

Tablet 

Aspirin 
APC 

Label 

80.62 
41.15 

Potentiometry* 

80.30 
40.98 

"' Mean values for three separate detenninations. 

C.P. method 

80.84 
40.77 



Table 5 Comparison of results of electrode and spectrophotometric methods 
for the determination of salicylate concentration (mmol J- 1) in urine 
samples. Samples were diluted tenfold with 0.05 moll- 1 phosphate solution 
(pH 5.5) 

Method 

Electrode 
Spectrophotometry 

I 

0.82 
0.86 

0.78 
0.75 

Measurement No. 

3 

0.68 
0.66 

4 

0.97 
0.94 

5 

1.02 
1.07 

urine with 0.05 mol( - 1 phosphate buffer solution (pH 5.5). The 
. results are shown in Table 5. A comparison with the results 
obtained by spectrophotometry29 (which is based on the Trinder 
reaction, in which sample salicylate reacts with Fe3+ ions to 
form a coloured complex in acidic solution) showed good 
agreement, indicating that the application of organotin com­
pound-based electrodes to physiological samples is feasible . 

This work was supported by the National Natural Science 
Foundation of China. 
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Surface Plasmon Resonance of 
Self-assembled Phthalocyanine Monolayers: 
Possibilities for Optical Gas Sensing 

Tim R. E. Simpson,• Michael J, Cook,• Michael C. Petty,b Stephen C. 
Thorpec and David A. Russell•·* 
"School of Chemical Sciences , University of East Anglia. Norwich, 
UK NR4 7T.l 
"Cenrre for Molecular Electronics. School of Engineering , University of 
Durham. Durham. UK DHI 3LE 
'Health and Safety Executive. Broad Lane. Sh~!Jield. UK 53 7HQ 

A diphthalocyanine disulfide (Pc) molecule has been 
deposited as a monolayer on gold-coated substrates 
through the process of self-assembly. To establish the 
molecular orientation of the Pc molecule on the gold 
surface the two complementary techniques of 
transmission IR and reflection absorption IR (RAIR) 
spectroscopies were used. The appearance of IR 
absorption bands associated with the Pc nucleus in the 
transmission spectrum, and their absence in the RAIR 
spectrum, suggests that the Pc self-assembled monolayer 
(SAM) is orientated with the macrocycle parallel to the 
metal surface. The Pc SAM has been used in conjunction 
with surface plasmon resonance (SPR) to establish the 
utility of combining these techniques for optical gas 
sensing. The SPR reflectivity curves for the gold substrate 
and the Pc SAM on the gold substrate have been 
obtained. On exposure of the Pc SAM to the 
environmentally important N02 gas, changes of the 
reflectivity signal were obtained in proportion to the 
concentration of the analyte gas. The results obtained 
show that the monolayer deposition technique of 
self-assembly is an ideal method for the production of 
chemically sensitive substrates which can be combined 
with surface plasmon resonance for the optical sensing of 
gaseous species. 

Keywords: Swface plasmon resonance; se/f-assemhled 
mono/ayers; phthalocyanine; optical sensor; nitrogen dioxide 

Introduction 

The formation of organic monolayers on surfaces through the 
process of self-assembly is now a well established procedure. In 
particular, two forms of self-assembled monolayers (SAMs) 
have been extensively characterized.' The first involves the 
formation of a covalent bond between an organic amphiphile 
and the substrate. This type of SAM is typified by the 
organosilicon on a hydroxylated surface, either silicon or glass, 
system.2 The second type is formulated between an amphiphile 
containing a thiol or disulfide moiety and a metal surface. 3 The 
bond formed in this second type of SAM is considered to be 
somewhat ionic in nature as a thiolate species is formed between 
the metal , typically gold or silver, and the amphiphile.4 

Numerous spectroscopic techniques have been applied to the 
characterization of these SAMs including surface plasmon 
resonance (SPR). SPR is a method by which photons can be 
coupled to the surface plasmons at a metal-dielectric interface. 

· To whom correspondence should be addressed. 

The production of highly reproducible monolayer structures on 
a metal surface by self-assembly thus creates an ideal interface 
for the generation of surface plasmons. SPR has been used for 
the characterization of monolayer thickness of a SAM5 and for 
the measurement of protein interactions" with SAMs at the 
metal surface. For the development of optical sensors the 
production of a monolayer film should provide a fast response 
for a particular analyte as there should be minimal diffusion 
effects within the monolayer. Accordingly , SAMs may prove to 
have advantages over multilayer structured chemical sensors 
such as Langmuir-Blodgett (L-B) films. 

We have recently reported the synthesis and characterization 
of a series of highly substituted phthalocyanine (Pc) molecules 
each containing either a thiol or disulfide moiety to facilitate the 
formation of SAMs on gold surfaces.? A preliminary reflection 
absorption IR (RAIR) spectroscopic study of one of these 
molecules , a diphthalocyanine disulfide, on a gold-coated 
optical waveguide established that this spectroscopic method 
was sufficiently sensitive to detect a Pc SAM film." Addition­
ally, we have formed a Pc SAM, using a thiol-terminated Pc 
macrocycle, on a gold-coated optical waveguide. The thiol Pc 
SAM sensor was used to monitor the concentration of N02 gas 
by measurement of evanescent wave excited fluorescence 
intensity." In this current study complementary RAIR and 
transmission IR spectroscopic characterization of the diph­
thalocyanine di sulfide (1), Fig. I, on a gold-coated glass or 
silicon substrate has been performed to establish the orientation 
of the Pc nucleus in relation to the metal surface. The Pc SAM 
has then been used in a preliminary study to investigate the 
potential of combining self-assembly technology with SPR for 
the optical sensing of N02 gas detected through changes of the 
surface plasmon reflectivity signal. 

Experimental 

Reagents 

The synthesis and characterization of the 
I, I ',4,4',8,8', II, II ' , 15, 15', 18, 18',22,22'-tetradecakishexyl-
25,25' -(3 ,3' -dithiodipropy l)diphthalocyanine 
I (C6 H nhPc(CH2h S 12 (I) used in this work has been reported 
elsewhere7 All other chemicals were purchased from Aldrich 
(Milwaukee, WI , USA) unless otherwise stated, and used as 
received. 

Preparation of Substrates for IR Transmission 
Characterization 

High-purity silicon (Advent Research Materials, Halesworth , 
Suffolk, UK: orientation 100, purity 99.999%, thickness 0.56 
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mm, one side etched, one side lapped) was cut into two 
substrates, approximately 35 mm X 25 mm. The two substrates 
were cleaned in a solution containing 50 ml of Millipore water, 
10 ml of 30% hydrogen peroxide and 10 ml of 25% ammonia 
solution at 80 °C for 5 min. The silicon substrates were then 
cleaned in a solution containing 60 ml of pure water, 10 ml of 
30% hydrogen peroxide and I 0 ml of hydrochloric acid at 80 °C 
for 5 min. to (The hydrogen peroxide, ammonia solution and 
hydrochloric acid were all Aristar grade and were purchased 
from Merck, Poole, Dorset, UK). The substrates were then 
rinsed with Millipore water and dried in a stream of refluxing 
propan-2-ol (AnalaR grade) vapour. The silicon substrates were 
then coated with chromium, approximately 20 nm thick ( 16-20 
mesh powder, 99.995% purity, Johnson Matthey, Royston, 
Hertfordshire, UK) to ensure adhesion of the gold to the silicon 
surface, by thermal evaporation under vacuum. A gold film of 
approximately 100 nm thickness (99.995% purity, Johnson 
Matthey) was thermally evaporated on top of the chromium 
layer. A SAM of I was deposited onto one of the substrates (see 
below) while the other acted as a reference substrate. 

Preparation of Substrates for RAIR Spectroscopic 
Characterization 

Glass microscope slides (Merck) were used as the SAM 
substrate. The slides were cleaned using a solution of aqueous 
KOH in methanol (I 00 g of KOH, AnalaR grade, was dissolved 
in 100 ml of Millipore water and then diluted with methanol , 
Distol grade, to a total volume of 250 ml). The slides were 
rinsed in fresh Millipore water and then dried in a stream of 
refluxing propan-2-ol (AnalaR grade) vapour. The cleaned dry 
slides were then coated with approximately 500 nm of gold by 
thermal evaporation under vacuum. 

Both IR and RAIR spectra were obtained using a Bio-Rad 
FfS 40 Fourier-transform infrared spectrometer (MCT detec­
tor). RAIR spectra were recorded at an incidence angle of 85° 

(1) 

(2) 

using a Spectra-Tech Ff85 grazing incidence reflection ac­
cessory. 

Formation of Pc SAMson the Gold-coated Substrates 

The Pc SAM was formed by immersing a freshly prepared gold­
coated substrate into a solution of the Pc ( ~ 3.0 X I 0-4 mol 
dm-3) in cyclohexane (spectroscopic grade). To ensure the 
formation of well organized self-assembled films , the gold­
coated substrates were left in the Pc solution for a period of 24 
h. 10 Reference (blank) substrates were placed in cyclohexane 
for an equivalent amount of time. Both Pc SAM and reference 
substrates were washed with cyclohexane and dried in an oven 
at 25 °C for 2 h. The substrates were stored in clean sample 
jars. 

Interaction ofN02 with the Diphthalocyanine 
Disulfide: UVIVIS Absorption Data 

UV /VIS absorption spectra were recorded using a Hitachi 
U3500 spectrophotometer from a I X JQ- 5 mol dm-3 solution 
of the diphthalocyanine disulfide, I, in cyclohexane. To 
measure the interaction of N02 with the Pc molecule, 20 ml of 
50 Torr (I Torr = 133.322 Pa) N02 in air (at STP) was bubbled 
through the Pc solution for 5 s using a gas syringe and an 
absorption spectrum was again recorded. 

Preparation of Self-assembled Pc Mono/ayers for Surface 
Plasmon Resonance 

Glass microscope slides were washed and then polished using a 
I% Decon-90 in Millipore water solution. The glass slides were 
then sonicated in fresh Millipore water for 30 min. The slides 
were rinsed in fresh Millipore water and blown dry in clean air. 
Gold films were thermally evaporated at a pressure of ~ JQ-5 
Torr [Edwards (Crawley, West Sussex, UK) E306A vacuum 

Fig. I Structure of the diphthalocyanine disulfide (1) and the structure of the phthalimide derivative (2) (the proposed oxidation product after bubbling N02 
gas through a solution of 1). 



evaporator] onto the clean microscope slides. The gold films 
were coated to a thickness which gave a good SPR profile by 
experiment. The SPR curves were analysed by a curve-fitting 
programme and the thickness of the gold was calculated to be 
~ 42 nm. The fresh gold films were immersed in a solution of 
~ 3.0 X 10- 4 mol dm- -' of the Pc molecule in cyclohexane 
(spectroscopic grade) for 24 h. The substrates were then washed 
in fresh cyclohexane and blown dry in clean air. 

Gas Sensing ofN02 Using Surface Plasmon Resonance 

The experimental configuration used to generate the SPR 
profiles of the Pc SAMs has been reported previously''·'2 and is 
shown in Fig. 2. The Pc SAM glass substrate was clamped, with 
its uncoated side, to one side of a glass prism. Index-matching 
fluid (refractive index = 1.497 at 20 °C, Optaball Radiall, Fibre 
Optic Centre, Rochester, Kent, UK) was used to link the prism 
and the glass substrate optically. The prism-glass waveguide 
was mounted on a computer-controlled rotating table which 
could rotate the prism by (}whilst rotating the detector at 20. p­
Polarized light from an He-Ne laser (Melles Griot, Aldershot, 
Hampshire, UK) at). = 632.8 nm was used to generate the SPR. 
A beam splitter was used to reflect a small portion of the 
incident radiation onto a reference detector to compensate for 
any fluctuations in laser intensity. The output signals from the 
photodiode detector and from a reference detector were 
digitized and stored in a personal computer which generated 
each SPR profile. SPR profiles were obtained from blank gold 
film substrates in order to measure the changes in the 
reflectivity due to the Pc SAM. 

The response of the Pc SAM to varying concentrations of 
N02 was measured using the experimental system shown in 
Fig. 2. The glass substrate was mounted on the prism and a 
Perspex gas cell was clamped onto the surface of the Pc 
monolayer. The SPR profile of the film was measured by 
recording the A TR signal of the He-Ne laser as the angle of 
incidence was varied. In this experimental configuration the 
prism was fixed while the laser and detector were mounted on 
rotating stages which were controlled manually using mic­
rometre screws. Again a portion of the incident light was ratioed 
with the detector output to compensate for any fluctuations in 
laser intensity. The laser and detector were set at the angle 
which corresponded to the steepest part of the SPR curve at 
angles less than the SPR minimum. A gas blender (Model 850, 
Signal Instruments, Camberley, Surrey, UK) was used to 
provide varying concentrations of N02 in oxygen-free nitrogen 
(OFN). The N02 gas was supplied in a cylinder (BOC, 
Guildford, Surrey, UK) at a concentration of 1000 ppmv 

Syslem Cor N02 
gas sensing using 
SPR. 

Pt:SAM 

A• 

Fig. 2 The instrumentation used to generate the SPR profiles and study the 
effects of N02 gas on a SAM of the diphthalocyanine disulfide deposited on 
a gold-coated optical slide. 
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blended in nitrogen. Therefore the gas used in this study was a 
mixture of nitrogen oxide gases with N02 the major component. 
The Pc SAM was flushed with OFN and the SPR signal 
monitored over time. This measurement provided a baseline for 
the measurements with N02. After each N02 measurement the 
gas cell was flushed with OFN to allow the Pc SAM to recover 
to the baseline SPR response. Reference gold-coated slides 
were subjected to N02 in OFN in order to obtain a background 
response. 

Results and Discussion 

Fig. 3 shows the UV /VIS absorption spectra from the 
diphthalocyanine disulfide, in cyclohexane, before and after 
interaction with N02 . Prior to interaction with N02 the 
absorption spectrum shows the characteristic phthalocyanine Q 
bands (A.nax = 692 and 725 nm), the splitting being typical of a 
metal-free Pc centre. Bubbling the N02 gas through the Pc 
solution caused the latter to change from blue to colourless, the 
absorption spectrum showing the complete removal of the Pc Q 
bands. The solution colour change appeared permanent, with no 
reappearance of the characteristic Pc spectrum after I week. The 
colourless solution was analysed using GC-MS and the 
principal oxidation product gave an mlz of 315, which has been 
tentatively assigned to the phthalimide structure 2 shown in 
Fig. I. 

Fig. 4 shows theIR transmission and Fig. 5 the RAIR spectra 
obtained for the SAM of 1 on the gold-coated silicon wafer and 
gold-coated glass slide, respectively. The transmission spec­
trum shows the IR absorption bands of the alkyl CH stretches 
(CH2, v .. at 2931 cm- 1, v, at 2847 cm- 1; CH3, Vas at 2959 
cm- 1, v, at 2871 cm- 1 ), a weak band at 3300 cm- 1 tentatively 
assigned to the NH stretch, the aromatic CH stretches in the 
broad envelope between 3030 and 3100 cm- 1 [Fig. 4(a)] and 
the ring vibrations in the 'fingerprint' region of theIR spectrum 
(out-of-plane ring C-H deformation at 884 cm- 1, ring mode 
involving skeleton and N-H at 1023 cm- 1, in-plane C-H 
deformation at 1076 cm- 1, C=N stretch at 1093 cm- 1, C-H 
deformation or C=N stretch at 1149 cm- 1, C-N stretch at 1270 
cm- 1, isoindole stretch at 1433 cm- 1 and N-H in plane 
deformation at 1498 em-') [Fig. 4(b)]. However, in the RAIR 
spectrum only the alkyl CH stretches (CH2, Vas at 2917 cm- 1, v, 
at 2850 em- '; CH3, Vas at 2956 em- ') are evident (Fig. 5). With 
consideration of the metal surface selection rule these two 
spectra give complementary data with regard to defining the 
orientation of the diphthalocyanine molecule on the metal 
surface. The presence, or absence, of a particular absorption 

0.4 

0.3 

j 
~ 0.2 

0.1 

500 600 700 800 
Wavelength/om 

Fig. 3 UV NlS absorption spectra from the diphthalocyanine disulfide in 
cyclohexane before (solid line) and after (dashed line) interaction with N02 

gas. 
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band is indicative of whether the nucleus of the Pc molecule is 
parallel or perpendicular to the metal surface. As such, the 
presence of the aromatic CH stretch, the NH stretch and the ring 
vibrations in the transmission spectrum, and their absence in the 
RAIR spectrum, suggest that the Pc nucleus is orientated 
parallel to the gold surface with the alkyl chains tilted in 
relationship to both the parallel and perpendicular planes of the 
metal surface. Such an orientation would suggest that the Pc 
molecule used in this study self-assembles in a different manner 
from that observed for a thiol-derivatized Pc.9 Such a difference 
can be readily attributed to the different peripheral substituent 
groups of the two Pc macrocycles which are likely to result in a 
different packing of the molecules on the gold surface. It should 
be noted that the two substrates, i.e. the glass and silicon, do not 
affect the self-assembly packing arrangement of the Pc 
molecule. A RAIR spectrum of I on a gold-coated (500 nm) 
silicon substrate gave a similar spectrum, in the 4000--2300 
cm- 1 region, to that seen on the gold-coated glass substrate (a 
full RAIR spectrum on gold-coated silicon could not be 
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Fig. 5 RAIR Spectrum of the Pc SAM on a gold-coated glass slide 
between 3350 and 2700 em - 1• 

obtained as the lower regions of the spectrum were obscured by 
the occurrence of interference patterns through the partial 
transmission of the probe beam). 

Fig. 6 shows the SPR reflectivity curves for a gold-coated 
slide and that of a slide after deposition of the SAM of I. It can 
be seen that the shape of the reflectivity curve changes on 
deposition of the SAM. with the curve becoming shallower and 
broader in appearance with a slight increase in the angle of 
resonance minimum owing to the finite thickness of the self­
assembled monolayer. Experiments were conducted on the 
reference substrates to establish changes of the SPR reflectivity 
signal in response to gases flowing over the gold surface. On 
exposure to a flow of OFN the reflectivity signal decreased , 
reaching a new equilibrium value. However. the original signal 
recovered, over 2 h. when the OFN was doped with 1000 ppmv 
N02• This result implies that the flow of pure OFN removes 
molecular species, possibly water molecules, from the gold 
surface and that the vacant sites are subsequently filled by 
physisorbed N02 molecules. The gold-coated slide supporting 
the Pc SAM was similarly investigated but showed contrasting 
behaviour. In this instance there was no change in the SPR 
reflectivity when pure OFN was passed over the SAM surface. 
but the reflectivity signal changed when N02 was introduced. 
The results imply that the observed change with N02 is 
attributable to an interaction with the Pc monolayer and not with 
the gold underlayer. 

The change of the intensity of the SPR minimum on 
interaction of gaseous N02 with the Pc SAM was monitored, at 
a fixed angle of incidence, as a function of N02 concentration. 
Fig. 7 shows the changes in reflectivity for the Pc SAM upon 
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Fig. 6 SPR reflectivity c..·urves for a gold-coaled glass slide (dashed line) 
and that of lhe slide after deposition of the SAM of I (solid line). 
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exposure to two concentrations of N02 (1·iz. 300 and 1000 
ppmv) as a function of time. The response time and recovery 
time of the Pc SAM sensor to the electron acceptor N02 gas was 
found to be dependent on the gas concentration. For example, 
for 300 ppmv N02 gas the response time was 56.4 min 
(recovery time on purging with nitrogen was 94.8 min) while for 
a sample of 1000 ppmv N02 gas the response time was 4.8 min 
(the recovery time was 207 min). Other studies with Pc 
molecules. formulated as L-B films, used for SPR gas sensing 
have also shown this concentration dependence. ILl-' 

It has already been established using UV /VIS spectroscopy 
that at high N02 concentrations the phthalocyanine 1 breaks 
down into phthalimide derivatives. At a concentration of 1000 
ppmv no ev idence of such oxidation was obtained from the gold 
surface as determined by RAIR spectroscopy. Additionally, the 
reversible nature of the SPR signal on interaction of the N02 
even at the 1000 ppmv level suggests that a chemisorption 
interaction of the N02 gas with the Pc molecule is occurring 
rather than a permanent oxidation reaction with the macrocycle. 
This suggests that the Pc SAM film exhibits similar physico­
chemical behaviour towards N02 gas as that shown by 
previously reported vacuum-sublimed phthalocyanine films. 14 

The preliminary data shown in Fig. 7 suggest that the N02 
sensor may give a reproducible signal as similar changes of 
retlectivity intensity were obtained for two separate measure­
ments at 1000 ppmv. For measurement of N02 at the 
occupational hygiene levels a limit of detection of at least 3-5 
ppmv would be required. Previous conductiometric studies 
have shown that a highly substituted Pc structure, similar to the 
Pc used in this work, imparts a degree of selectivity towards the 
target analyte, 1.< while the use of metallated Pc molecules, 
particularly cobalt-, lead- and copper-Pc, 11• significantly 
improves the sensitivity of such electrochemical sensors. The 
addition of such metals to our highly substituted diph­
thalocyanine molecule could be readily achieved, although we 
have yet to determine whether such metallated Pes would 
enhance the sensitivity of this optically based sensor system. 
The equ ilibrium response time of this sensor system may be 
improved by the use of other peripheral side chains which 
should alter the packing arrangement of the SAM on the gold 
surface. To enhance the speed of recovery it should be poss ible 
to desorb the gaseous N02 by heating the Pc SAM substrate. 
The gold coating on the substrate could easily facilitate such 
heating. 
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In conclusion therefore, the research presented in this paper 
has shown that a low molecular mass gas can be readily detected 
by surface plasmon resonance using a specifically designed 
self-assembled phthalocyanine monolayer possibly offering a 
novel forrn of chemical sensing technology. 
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Determination of Formaldehyde in Air by 
len-exclusion and len-exchange 
Chromatography With Pulsed Amperometric 
Detection 

Yilin Shi and Brian J, Johnson 
Department of Chemistry, University of Nevada , Las Vegas , 4505 S. Maryland 
Parkway, Las Vegas , NV 89154-4003 , USA 

A method is presented for the determination of 
formaldehyde in air sample extracts containing aqueous 
sodium hydrogensulfite. Utilizing the unique properties of 
its hydrogensulfite complex, formaldehyde is separated 
from other sample components by ion-exclusion and 
ion-exchange chromatography, then selectively detected 
by amperometry at a silver electrode. Optimum sensitivity 
of detection was found to occur at +0.10 V versus a silver 
wire reference electrode using a strongly basic 
background electrolyte. Using ribose as an internal 
standard, a linear response (r2 > 0.99) was observed for 
aqueous formaldehyde concentrations in the range 
0.02-10.0 mg ]- t; detection limits of < l ng for 
formaldehyde were obtained using a 50 111 sample 
loop. The short-term reproducibility was better than 5% 
(as RSD). Analysis of laboratory air by collection in 
impingers containing aqueous NaHS03 yielded results 
consistent with previous literature values. 

Keywords: Formaldehyde determination; ion exclusion ; ion 
exchange; pulsed amperometric detection; 
hydroxymethanesulfonate 

Introduction 

Formaldehyde is a ubiquitous compound in the environment, 
occurring both naturally and due to anthropogenic inputs. In the 
atmosphere, formaldehyde is a crucial intermediate in the 
oxidation of natural methane and non-methane hydrocarbons 1 

and is an important component of photochemical smog.2 

Formaldehyde. is one of the largest volume production chem­
icals,3 having many commercial uses. Studies in industrial 
environments• have demonstrated a statistical link between 
formaldehyde exposure and incidence of lung cancer, although 
possible confounding variables were not eliminated. Concentra­
tion information for formaldehyde in various matrices is 
therefore needed in a wide variety of technical, industrial and 
human health-related applications . 

While many methods are available for formaldehyde deter­
mination, all have potential drawbacks. Most of the methods 
based on the formation of a colour reagent have chemical 
interferences, e.fi. , ozone for the 2,4-dinitrophenylhydrazine 
(2,4-DNPH) methods (this topic has been addressed for a 
related fluorimetric method, however),6 nitrate, nitrite, phenol , 
ethanol , etc. , for the chromotropic acid method7 and ethanal, 
propenal, sulfite, etc., for the pararosaniline method.s In 
addition to the interferences, all three methods generate large 
amounts of toxic waste, and the 2,4-DNPH method is prone to 
high blank values. A method based on oxidation of the 
formaldehyde to formate by H20 2 , followed by ion chromato­
graphic analysis of the formate, suffers not only from the 
obvious possible contamination by formic acid in the air but 

also from low recoveries of formaldehyde from various 
collection substrates.9 

Detection of formaldehyde by an amperometric detector after 
chromatographic separation would appear to be an appealing 
option for a sensitive and selective determination, but initial 
studies using platinum electrodes in acidic solution yielded 
detection limits of only about 1.0 mg I- 1 HCHO, with ethanol 
and methanol interference. 10 Oxidation of HCHO on platinum 
surfaces is complicated by the formation of a stable CO 
complex that can lead to poor sensitivity .11 

The chromatographic separation of formaldehyde from other 
polar organic molecules and hydrogensulfite using aqueous 
eluents is challenging, but is highly desirable to maintain 
compatibility with amperometric detection and to minimize the 
production of hazardous waste. Using both ion-exclusion and 
ion-exchange processes, the properties of the HCHO--S'v 
complex [hydroxymethanesulfonate (HMSA)] and detection at 
a silver electrode in basic solution, we have developed and 
tested a laboratory method for the determination of formal­
dehyde that is highly selective, sensitive and linear over a large 
dynamic range. The method has been applied to some 
preliminary measurements of HCHO concentrations in indoor 
air, but the analytical methodology could also be used for other 
matrices . 

Experimental 

Apparatus 

Chromatographic separations were performed with an isocratic 
Dionex (Sunnyvale, CA, USA) Qic ion chromatograph vari­
ously equipped with one of the following columns or a 
combination of two of the columns (described below): Dionex 
AS4A (25 em, low-capacity strong anion exchanging), Dionex 
AG 10 (5 em, high-capacity strong anion exchanging), Dionex 
AS I (25 em ion exclusion) and Phenomenex Rezex RFQ (I 0 em 
ion exclusion). Eluents were stored in polyethylene containers 
under a nitrogen or helium atmosphere. As shown in Fig. I and 
explained in the Results and Discussion section, modifications 
to the instrument configuration were subsequently incorpo­
rated. 

Fig. 1 Formaldehyde analytical system. Operating conditions are given in 
Table 2. 
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Detection was accomplished with a Dionex pulsed amper­
ometric detector (PAD) using both platinum and silver working 
electrodes and a silver wire reference electrode. The PAD 
allows the addition of oxidative and reductive pulses following 
the application of the analytical potential to prevent unwanted 
side-products from accumulating on the electrode and impeding 
electrode performance. 12 

Reagents 

High-purity water (low organic, 18 mQ em; Barnstead 
Dubuque, lA, USA) was used for the preparation of all eluents 
and reagent solutions. The H2S04 used in eluents was a highly 
purified trace metal grade (Spectrum Chemical , Gardena, CA, 
USA), as was the HN03 (Uitrex; J. T. Baker, Phillipsburg, NJ, 
USA). NaOH (Matheson, Houston, TX, USA) was prepared as 
a 50% m/m aqueous solution to precipitate the Na2C03 before 
diluting to the appropriate strength for use as an eluent. 
Formaldehyde working standard solutions were prepared from 
a nominaliOOO mg 1- 1 stock standard solution (standardized by 
sodium sulfite titration D) prepared by dilution of formalin (37% 
m/m HCHO) (Mallinkrodt, Paris, KY, USA). All other reagents 
were of analytical-reagent grade and were used as received. 

Samples 

Except where noted otherwise, all samples were treated with 
excess NaHS03 (100--400 mg 1-1) to preserve the formal­
dehyde as hydroxymethanesulfonate. Ambient air samples were 
collected in impingers containing 400 mg 1- 1 NaHS03 and 4.0 
mg )- 1 ribose (2-10 ml liquid volume); flow rates were 
typically 0.4 I min- 1. (The ribose was used as an internal 
standard, which is described in the Results and Discussion 
section). The collection efficiency was evaluated by sampling 
through two impingers in series. No detectable amounts of 
formaldehyde were found in the second impinger for typical 
laboratory air, indicating nearly quantitative collection. 

Separation Experiments 

The separation of formaldehyde from other sample components 
and from potential interferents was first investigated using 
single columns with a variety of eluents. In the early 
experiments, solution mixtures containing HCHO, HCOOH, 
HSO_,- , Br- and C20 4

2- were used to characterize the 
separation. With the AS4A column, the following eluents were 
used: 1.8 X J0-·1 mol J- 1 Na2C03-1.7 X I0- 3 mol 1- 1 
NaHC03, potassium hydrogenphthalate (KHP)-potassium so­
dium phthalate (KNaP) (three combinations in the range 
1()- •-IO- -' mol J- 1) and boric acid (0.5-1.0 x J0-3 mol 1- 1 
range)-NaCI (0.5- 1.0 X J0- 4 mol J- 1 range). With the AGIO 
column, 5.0 X 10- 2 mol J- 1 NaOH was used, along with some 
mixed eluents containing NaOH, Na2C03 and NaN03 (added as 
HN03 ). Acidic eluents, including HCI, HN0.1 and H2S04 , were 
used for the AS I and Rezex RFQ ion-exclusion columns; 
mixtures of these acids and their sodium salts (e.g ., HN03 and 
NaN01) were also investigated. 

Detection Experiments 

Using selected eluents from the separation experiments, studies 
of amperometric detection by oxidation of formaldehyde were 
conducted using both platinum and silver electrodes. The 
oxidation potentials for formaldehyde were optimized for the 
best response for each of the various eluent-electrode combina-

tions; both pulsed and non-pulsed data acquisition cycles were 
investigated. 

System Experiments 

As described in the Results and Discussion section, considera­
tion of the results of the separation and detection experiments 
led to the experimental design depicted in block form in Fig. I. 
The proper eluent concentrations to obtain optimum separations 
of formaldehyde from sample components and sensitive 
detection of formaldehyde were refined on the basis of the 
previous experiments. Potential interfering compounds were 
investigated, including ethanol, benzaldehyde, 2-methylpro­
panal, methanol, ethanol, formic acid and sodium oxalate. 

Candidate compounds for use as internal standards were 
investigated to improve the short-term analytical reproducibil­
ity (e.g., by compensating for detector drift) and to provide 
correction for evaporation of impinger solutions due to air 
sampling. Because of their absence in the analytical samples 
under consideration and their response to the detector, the 
sugars xylose, glucose and ribose were tested for their 
suitability. 

Results and Discussion 

Separation Experiments 

Using the AS4A ion-exchange column, it was possible to 
separate formaldehyde from the strongly acidic anions (includ­
ing Cl - , NO_,- , S042- and S0_12-) using the C03

2--HC03-

eluent. Here, the HMSA complex is converted on the column 
into formaldehyde and sulfite, with the sulfite being retained 
and the non-ionic formaldehyde being essentially non-re­
tained.14 However, weakly ionized species such as HCOOH 
(i.e. , a potential interferent) are not separated from formal­
dehyde with this eluent. The use of weaker eluents (e.g., boric 
acid-NaCI and KHP-KNaP) effects this separation, but severe 
peak tailing is encountered, and the strongly acidic anions have 
very long retention times. Further. no separation between 
formaldehyde and other non-ionic organic compounds (includ­
ing potential interferents) is possible. 

From the experiments conducted with the AS I ion-exclusion 
column, it was determined that the HMSA complex does not 
decompose into formaldehyde and hydrogensulfite under the 
separation conditions employed. When hydrogensulfite is 
present, formaldehyde injected onto the column is retained, but 
when excess hydrogensulfite is present, the HMSA anion is 
excluded by the negatively charged stationary phase and elutes 
with the void volume. The HMSA anion, being resistant to 
oxidation, 15 could not be detected by amperometry, but its 
presence was inferred from fraction collection followed by the 
chromotropic acid colorimetric test.7 However, formic acid and 
other carboxylic acids are readily separated from the HMSA 
anion, as are alcohols and sugars. 

Detection Experiments 

Table I contains a summary of the results for the detection of 
formaldehyde under various conditions. E 1 refers to the 
analytical potential during which the current measurement is 
taken and £ 2 and £ 3 are reductive and oxidative pulses intended 
to clean the electrode surface; in all cases, t 1 (duration of the £ 1 

pulse) was 240 ms, t2 was 60 ms and (1 was 60 ms. The 
important points to note are that (I) the best detection for 
formaldehyde is clearly using the silver electrode with a basic 
eluent and (2) as noted above, formaldehyde should not be 
complexed with hydrogensulfite if amperometric detection is 
desired. Fortunately, these two requirements are compatible; the 
HMSA complex is unstable in alkaline solution. 



System Experiments 

Optimization of separation 

Because neither the ion-exchange nor the ion-exclusion process 
alone can accomplish the separation of formaldehyde from all 
sample components and potential interferents, the separation 
modes were used in tandem, as illustrated in Fig. l. To effect a 
more rapid analysis, the 25 em AS l and AS4A columns were 
replaced with the lO em Rezek RFQ and 5 em AG I 0 columns, 
respectively. Characterization studies of the shorter columns 
were conducted before the system experiments commenced. t6 

From consideration of the previous separation and detection 
experiments, and refinements based on further optimization of 
system performance, the conditions in Table 2 were estab­
lished. 

Reproducibility 

In combination with the optlmtzation of separation experi­
ments, different eluents were investigated for their impact on 
detection. In particular, mixed NaOH-Na2C03 eluents were 
used instead of the pure NaOH eluent indicated in Table 2. The 
presence of carbonate was found to contribute to a steady 
decline in the detector response. When carbonate was removed 
from the eluents, the downward drift in response was slowed 
considerably but not eliminated. The decreased response is 
apparently due to slow oxidation of the silver working 
electrode; the electrode surface turns noticeably darker after a 
long period (e.g. , time-scale of hours) of operation. 

Compensation for the remaining small detector drift was 
accomplished by using an internal standard. Because of their 
positive response to the detector-eluent combination, their 
absence in the samples under investigation (e.g., air extracts) 
and their stable and non-toxic nature, the sugars glucose, xylose 

Table 1 Detection of formaldehyde by pulsed amperometry 

Peak 
Working response/ 
electrode Eluent Edv E,jv £,/v nA mg- 1 I 

Pt I x JO- ' moll- 1 HCI +0.40 +1.25 -0.10 0.33 
4 x I0-4 mol 1- 1 

KHP-4 X J0- 4 moll- 1 
KNaP +0.40 +1.25 -0.10 0.87 

I x 10-' mol 1- 1 
NaOH +0.40 +1.25 -0.10 0.34 

Ag I x 10- ' moll- ' 
HNO, +0.10 +0.09 -1.15 0 

I X JO- ' moll - 1 

NaOH +0.10 +0.09 -1.15 60 
I X 10-' moll - 1 

NaOH +0.10 60 

Table 2 Standard operating conditions for HCHO determination 

Separation­
Column I 
Column 2 
Eluent I 
Row rate I 
Eluent 2 
Flow rate 2 

Detection­
Electrode 
Potential 

Rezex RFQ ion exclusion 
Dionex AGIO 
1.0 x I O-' mol 1- 1 H2S04 

1.0 ml min- 1 
2.0 X J0- 2 mol 1- 1 NaOH 
0.6 ml min- 1 

Silver 
+0.10 y• 

"' Versus a silver wire reference electrode. Pulsed or non-pulsed (see 
Table 1). 
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and ribose were investigated for their suitabi.lity. Of these 
candidate compounds, ribose proved to be the most suitable in 
terms of its separation from other sample components. Fig. 2 
illustrates a typical chromatogram. When the silver electrode is 
freshly polished and the ribose internal standard is used, the 
system can function for several hours under the standard 
operating conditions (Table 2) before the electrode needs to be 
repolished. Replicate analyses typically yield RSDs of less than 
5% (Table 3). 

interferences 

Solutions of various representative compounds at SO mg [-t 
(e.g., 2-3 orders of magnitude greater than typical analyte 
concentrations) were run on the system, including methanol, 
ethanol, ethanal , benzaldehyde, 2-methylpropanal, formic acid 
and sodium oxalate. There was no response to any of the 
compounds except formic acid, and its response was at least 400 
times lower on a molar basis than that for formaldehyde. 
Although separated from formaldehyde, formic acid in high 
concentrations could conceivably interfere with the current 
method owing to incomplete resolution from the internal 
standard peak. Although not addressed in this study, the 
selection of a new internal standard would correct this potential 
interference. The detector responds weakly to sulfite, but it is 
completely separated from formaldehyde (Fig. 2). Besides 
formaldehyde, the only compounds found to date to give an 
appreciable response are the sugars, and they are easily 
separated from formaldehyde (e.g., ribose in Fig. 2). 

Air sample results 

Least-squares analysis of a typical calibration experiment 
yielded the response curve R = 16.SC + 0.30 over the 
concentration range 0.02-10.0 mg )-t with r2 = 0.9999, where 
R is the formaldehyde to ribose peak-height ratio and C is the 
formaldehyde concentration in mg [-t. Table 3 gives the 
analytical results for measurements of formaldehyde concen­
trations in air in a chemistry laboratory and in an anatomy 
laboratory where formaldehyde was being used for the 
preservation of biological samples. The range of concentrations 

2 

[o.s nA 

I I I I 

6 9 12 IS 

Retention/min 

Fig. 2 Chromatogram ofO.I mg J- 1 HCHO in 400 mg J- 1 HSO, - with 
4.0 mg J- 1 ribose as internal standard. Peak I, HCHO; peak 2, ribose; peak 
3, sulfite. Conditions are given in Table 2. 
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Table 3 Measured fonnaldehyde concentrations in air 

Air 
Location Date volume/1 

UNLV Chemistry research laboratory 5/10/94 3.0 
5/19/94 3.0 
6/29/94 12.0 
7/13/94 12.0 

UNLV Anatomy teaching laboratory 6/29/94 12.0 
6/30/94 12.0 
6/30/94 12.0 
7/12/94 12.0 
7/13/94 12.0 
7/14/94 12.0 
9/21/94 12.0 
9/21/94 12.0 
9/21/94 12.0 
9/21/94 12.0 

* In aqueous sample extract. t In air. 

(13-92 f.lg m- 3) compares favourably with the range 18-500 
f.lg m-3 measured in various industrial environments.17 

Conclusions 

The proposed method displays excellent selectivity and very 
good sensitivity for formaldehyde, and does so using much less 
toxic reagents than most current methods. Although designed 
for the analysis of air samples, the method should be applicable 
to other matrices (e.g., food and biological extracts). No 
problems with long-term reproducibility have been encoun­
tered, but repolishing of the silver electrode is required when 
detection has degraded (usually after 4-6 h of operation). With 
a different collection technique, 18 the method could be used for 
the determination of formaldehyde in clean air in conjunction 
with isotopic measurements.t 9 Further studies, including com­
parison with other techniques, are planned. 
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Simultaneous Determination of Urinary Zinc, 
Cadmium, Lead and Copper Concentrations in 
Steel Production Workers by Differential-pulse 
Anodic Stripping Voltammetry 

Ching-Jyi Horng 

School of Chemistrv. Kaohsiung Medim l College. Kaohsillng. 80708, Taiwan 

The determination of toxic metals in urine is an important 
clinical screening procedure. In this study, 
differential-pulse anodic stripping voltammetry on a 
hanging mercury drop electrode was used for the 
simultaneous determinations of zinc, cadmium, lead and 
copper in the urine of 23 production and 23 quality 
control workers in a steel production plant and their 
matched normal controls. The urine specimens were 
pre-treated with a mixed acid solution and Analytical 
Products Group set-point laboratory standards were used 
to check the analytical accuracy. The results indicated 
that the urinary zinc, cadmium, lead and copper levels of 
the production and quality control workers are 
significantly higher than those of the controls. The 
possible connection of these elements with the etiology of 
disease is discussed. The results also show the need for 
immediate improvements in workplace ventilation and 
industrial hygiene practices. 

Keywords: Steel production workers: dijj'erellfial-pulse 
anodic stripping \'Oitammetry; atomic absorption 
spectrometry; heal'y metals ; urine analysis 

Introduction 

The biological monitoring of toxic metal s in urine has become 
a maner of wide interest owing to the tox icity of these metals 
and their influence in controlling the course of biological 
processes.' It is because of its speed, simplic ity, low cost, high 
sensitivity and ability to determine a number of metals 
simultaneously0-5 that differential-pulse anodic stripping vol­
tammetry (DPASV) has been widely used for measuring tox ic 
metals in various matrices such as body fluids. In DPASV, 
metal ions are reduced and amalgamated al a hanging mercury 
drop electrode (HMDE) or a mercury-film electrode (MFE) 
during pre-electrolys is at a suitable applied potenti al. The 
reduced amalgamated metals are then reox idized by means of a 
potential ramp imposed between the working electrode 
(HMDE) and a platinum rod electrode. 

The HMDE is wide ly used as a working electrode in anodic 
stripping voltammetry (ASV).6 ASV analysis has been shown 
to be applicable to the simultaneous determination of metals in 
urine, and advances in microcomputer technology have made 
ASV more powerful. In order to decrease the effects of water­
soluble prote ins and intermetallic interferences in the voltam­
metric determination, a variant of the standard addition 
calibrati on procedure for determinations by ASV was adopted 
in order to eliminate the background current7 In thi s method, 
two deposition times and two standard additions were used in 
the determination of unknown concentrations. In DPASV. the 
background currents are e liminated electronically. This has led 
to substantial improvements in both accuracy and precision. 

Kaohsiung is the most important industrial area in Taiwan. 
and it is also the most affected by air pollution and industri al 

wastes (most of the pollutants being heavy metal s) which are 
detrimental to human health. The aim of thi s study was to 
examine trace elements (Zn, Cd. Pb and Cu) in the urine of steel 
production workers and quality control workers to evaluate the 
degree of their exposure in these working environments. These 
data can prov ide guiding references to occupational di seases 
and for pollution control. 

Experimental 

Apparatus 

A Milestone (Bergamo, Italy) microwave digestion system was 
used for sample digestion. DPASV was performed with a 
Metrohm 646 VA processor fitted with a 647 VA stand . Its 
central element is the multi-mode electrode (MME). which 
combines the dropping mercury electrode (DME) and the 
hanging mercury drop electrode (HMDE) in a single unit. A 
rotating di sc electrode (RDE) can also be fitted in the stand. A 
salt bridge filled with 3 molt - 1 potassium chloride served as a 
link between the reference electrode and the working e lectrode 
(HMDE) and a platinum rod was used as the au xiliary electrode. 
Dissolved oxygen was removed from the urine samples by 
purging with purified nitrogen (99.999%) through the measur­
ing vessel for 5 min. During the experiments , nitrogen was 
passed over the solution to prevent oxygen interference. All 
glassware and polyethylene bottles were soaked in 2 mol 1- 1 

nitric acid for at least 7 d, rinsed several times with de-ionized 
water, soaked in de-ioni zed water and finall y soaked in 0.1 
mol 1- 1 hydrochloric acid before use. The measuring vessel and 
capillary were treated with dimethyldichlorosil ane at regular 
intervals. 

Reagents and Standard Solutions 

All acids were of Suprapur grade (Merck, Darmstadt, Ger­
many). Sodium acetate and mercury were of analytical 
Suprapur grade (Merck). De-ioni zed water ( 18.2 MQ cm- 1 ) , 

prepared with a Millipore (Bedford, MA, USA) Plus Milli-Q 
ultra-pure water system, was used throughout. 

Stock standard solutions containing 1000 ppm of Zn, Cd. Pb 
and Cu were prepared from Merck Titri sol standard solutions 
( 1.000 ± 0.002 g) by adding 5.0 ml of concentrated nitric acid 
and then diluting to I I with de- ioni zed water. Working standard 
solutions ( I ppm) were prepared daily by appropriate dilution 
and stored at 4 °C. Mi xed standards for the standard additions 
method were Zn 25, Cd 2.5 , Pb 5.0 and Cu 2.5 f,lg 1- 1 • Other 
so lutions being used were acetate buffer solution (pH 4.64), 3 
mol 1- 1 potassium chloride solution and 0.1 mol 1- 1 lead ion 
standard solution. 

Sample Pre-treatment 

The urine spec imens were filtered through a 0.45 X I 0- 6 m 
Millipore membrane filter and concentrated nitric acid was 
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added to the aliquot for future analysis. The aciditied urine 
specimen was refrigerated at 4 °C for no longer than 2 weeks or 
frozen at -20 °C for a longer storage period prior to analysis. 

Microwave dissolution is particularly suitable for the rapid 
preparation of samples for instrumental analysis and its uses for 
preparing analytical solutions for AAS and DPASV are well 
documented.K Volumes of 5 ml of sample and 10 ml of a mixed 
acid solution were transferred into a 125 ml pressure-resistant 
PFfE bottle . The sample was digested either at 300 W for 4 min 
or at 600 W for 2 min, to move the interfering matrix within the 
samples. The digested solution was evaporated almost to 
dryness to remove excess acid and then diluted to 25 ml with de­
ionized water. 

Voltammetric Procedure 

Before the analysis of sample solutions, the accuracy of the 646 
VA processor was checked with a lead standard solution 
prepared by mixing 1.0 ml of 3 mol I- 1 KCI solution, 20 ml of 
de-ionized water and 20 ftl of 0.1 mol I- 1 Pb standard 
solution. 

Sequential simultaneous determinations of zinc, cadmium, 
lead and copper in urine samples of workers were then 
performed by DPASY. The optimum experimental conditions 
were established as follows: the potential was swept using 
differential-pulse modulation (DPASY) with a pulse rate of 
3.33 s-1, a scan rate of 10 mY s- 1 and a pulse amplitude of 50 
mY; two repetitions were made. The standard additions 
technique was used to give the concentrations of zinc, cadmium, 
lead and copper simultaneously when a sweep potential was 
applied between -1.150 V and 160 mY (for zinc -1 . 150 V to 
-800 mY, for cadmium -800 mY to -450 mY, for lead -500 
mY to -200 mY and for copper -200 mY to 160 mY). 

To perform an analysis sample, I ml of the pre-treated sample 
was pi petted into a measuring vessel and the pH was adjusted to 
4.5 by addition of 2 ml of acetate buffer. De-ionized water was 
then added to give a total solution volume of20 mi. The solution 
was then de-aerated with pure nitrogen for 5 min, followed by 
deposition at the HMDE. DPASV was performed and the results 
of the DPASV of the samples, together with two subsequent 
standard additions, were recorded. Further, Standard Trace 
Metals 7879 Level If [Analytical Products Group (APG), 
Belpre, OH, USA) were used to check the analytical reliability, 
following the same procedures, and all experiments were 
conducted at ambient laboratory temperature (25 °C). 

Results and Discussion 

Our goal was to accomplish the simultaneous multi-element 
analysis of urine in a routine clinical laboratory situation. To 
assess the reliability of the DPASV approach, we evaluated 
critical factors such as detection limit, range of calibration, cost. 
accuracy and precision, which might affect the analysis of 
urinary Zn, Cd, Pb and Cu in exposed workers. 

Analytical Reliability 

The precision and accuracy of the analytical method were 
checked with APG Standard Trace Metals 7879 Level II. Table 
I lists the analytical data obtained by DPASV, indicating that 
this method was reliable for analysis. 

Influence of Sample pH 

Various pH conditions had been reported for ASY. Kemula and 
Kubik9 acidified the sample to approximately pH I with 
hydrochloric acid prior to the analysis, whereas Copeland et 
a/. 10 preferred an acetic acid-acetate buffer for analysis. Franke 
and De Zeeuw '' used a combination of these approaches with 
different reagents. Lund and Eridsen 12 used a sodium acetate 
buffer (pH 6.5) with some samples but could not obtain 
satisfactory results. In this study, the concentrations of Zn. Cd, 
Pb and Cu in the urine of workers were measured in the pH 
range 1.18-5.92, and the optimum pH for analysis was found to 
be 4.5. Copper was shown to interfere with the analysis at 
pH ;;.2. 

Standard Additions Method 

The voltammograms of Zn, Cd, Pb and Cu detem1inations are 
shown in Fig. I. The results indicate that analysis of the samples 
by the standard additions method could achieve high sensitivity 
(slopes: Zn 2.276, Cd 3.637, Pb 6.876 and Cu 2.452 
ftgf!A - '). 

Metal Concentrations in Urine Specimens 

Urine specimens from 23 production workers, 23 quality 
control workers and 23 unexposed normal controls were 
analysed by DPASV. The difference between the results 
obtained in this study and those in the literature was analysed by 
the Mann-Whitney test, using the p value as a measure of 
significance. 

Regression relationships, using FAAS- or ETAAS-measurcd 
data as the independent variables and DPASY-measured data as 
the dependent variables. are shown in Table 2. Agreement 
between the results was good for Cd, Cu, Zn and Pb. 

Table 3 shows that the range of urinary zinc levels in normal 
controls was 271.5-650.9 ftg I- 1, with a mean value of 433.7 ± 
122.8 ftg I- 1. The normal urinary zinc values of 500 ftg I- 1 
reported by Kimberly and Paschal'' and 361 ± 228 1-1g I- 1 
reported by Abdulla and Chimielnicka 1 ~ were in good agree­
ment with our results. The urinary zinc levels of quality control 
workers (Table 3) and production workers were 818.4 ± 238.1 
and 1012.1 ± 393.9 1-1g I- 1, respectively. Both results were 
significantly higher than that of the present normal controls (p 
< 0.0 I). The exposed mean values reported by Abdulla and 
Chimielnicka14 (524 ± 185 1-1g I-- 1) (p <0.01) and Kimberly and 
Paschal'' (700 ftg I- 1) were in good agreement with those for 
quality control workers but lower than those for production 
workers. However, Adeloju et a!." reported that the average 
urinary zinc level was 1500 ± 500 ftg I- 1, a value higher than 
ours (p <0.01). The normal range of urinary zinc value is 
140-800 ftg 1- 1. There were 7 (30%) and 17 (74%) persons with 
values above 800 ftg I- 1 in the quality control workers and 
production workers, respectively. Two production workers had 
values less than 140 ftg 1- 1. 

The range of urinary cadmium levels in normal controls was 
0.68-6.91 1-1g I- 1, with a mean value of 3.49 ± 2. 11 ftg I- 1. 
which was in good agreement with our previous work"' and 
with that of Copeland et a/. 10 (2.64 ± 2.45 1-1g I- 1). The levels of 
urinary cadmium level in quality control workers and produc-

Table I Accuracy of Zn. Cd. Pb and Cu delenninalion in S1andard Trace Me1als 7879 Level II' 

Measured value 
Certified value 

Zn/~g t- • 
139.5 ± 13.6 
139.4 ± I 1.6 

• Each value is the mean± s of six runs by DPASV. 

Cd/~g t- • 
116.9 ± 1.2 
117.4 ± 7.7 

Pbhtg t- • 

222.3 ± 18.1 
223.4 ± 19.9 

Cuhtg t· 1 

118.8 ±5.7 
122.5 ± 6.4 



tion workers were 7.79 ± 2.39 and 9.67 ± 5.08 !-lg J- 1, 
respectively. Both results were significantly higher than that of 
normal controls (p < 0.0 I). This is in good agreement with our 
previous report 17 and the exposed mean values reported by 
Golimowski etal-'7 (8.3 ± 0.8 !-lg l- 1) and Ong et al.1" ( > 2 year 
exposure, 9.3 !-lg l- 1). The reported exposed mean value 
reported by Lin 19 (15.2 ± 4.8 !-lg ] - I) was significantly higher 
than that in the present study (p < 0.0 l ). A urinary cadmium 
concentration of ,;:;20 !-lg l- 1 is generally considered as normal. 
In this study, only three production workers showed cadmium 
concentrations in excess of the normal level, i.e., 13% showed 
>20!-lgl - 1. 
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The uptake of cadmium following environmental or occupa­
tional exposure results in a gradual accumulation in the liver and 
kidney, with the eventual production of kidney dysfunction.zo It 
is also linked with respiratory ailments, hypertension, and 
damage to bones,21 Itai-ltai disease and paralysis. In this study, 
among the three production workers with cadmium concentra­
tions > 20 !-lg 1- 1, one had proteinuria and abnormal liver 
function, another had hypertension and the third had proteinuria 
with hypertension. However, none of the workers in our study 
had ltai-ltai disease or paralysis. 

The range of urinary lead levels in normal controls was 
3.7-56.7 !-lg 1- 1, with a mean value of33.0 ± 15.7 !-lg J- 1, which 
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Fig, I Voltammogram of Zn. Cd. Pb and Cu in the same urine sample by the standard additions method. 

Table 2 Regression relationships for urine samples analysed by AAS (x) and DPASV (y ) 

Normal controls· Quality control Production workers' 
urine (n = 23) workers' urine (n = 23) urine (11 = 23) 

Metal Regression equation Regression equation Regression equation 

Zn .\' = 0.867.r + 53.656 0.99 y = 0.879x + 88.573 0.99 y = 0.959x + 48.83 0.993 
Cd )' = 1.025.r - 0.046 0.997 .\' = 0.982t + 0.189 0.996 y = 0.971x - 0.399 0.996 
Pb y = 0. 985.r + 0.873 0.989 y = 0.9ll.t + 3.795 0.972 y = 0. 965x + 1.432 0.994 
Cu y = 0.964.r + 0.574 0.996 y = 0.989.r + 0.931 0.996 y = 1.0 18x - 0.098 0.996 
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Table 3 Metal concentrations"' in urine specimens determined by DPASV 

Group Zn/!'g 1- 1 Cdht g 1- 1 Pbhtg I I Cu/!'g 1- 1 

Normal control 433.7 ± 122.8 3.49 ± 2.11 .13.0 ± 15.7 12.9 ± 4.6 
(271.5-650. 9) (0.68-6.91) (3.7- 56.7) (6.7- 27.3) 

Quality control workers 818.4 ± 238.1 ' 7.79 ± 2.39 1' 47.5 ± 7.4 ' 34.1 ± 11.6 ' 
(448.9-1320) CU0- 10.56) (35.9-66.4) ( 15.9- 62.3) 

Production workers 1012.1 ±393.9' 9.67 ± 5.08 1 52.0 ± 18.5' 37.2 ± 18.0"' 
(128.1-1575) (3.49- 21.12) (28.9- 85.6) (16.5- 77.1) 

Detection limit 0.207 0.064 0.033 0.041 

• Each value is the mean± s with the range shown in parentheses. :· Each is compared with the corresponding normal control value by Student's r-test. 
I' < 0.01. 

were in good agreement with our previous study"' and the value 
reported by Burguera et a/.22 (39.0 ± 8.3 !'g J- 1). The urinary 
lead values of quality control workers and production workers 
were 47.5 ± 7.4 and 52.0 ± 18.5 l'g J- 1, respectively. Both were 
significantly higher than that of the nomnal controls (p < 0.0 I). 
The result was in good agreement with our previous study'" and 
the exposed mean value of lead reported by Lin 19 (58.8 ± 
21.3 l'g J- 1 ). The exposed mean value reported by Burguera et 
af22 (71.7 ± 26.3 !'g ) - I) was higher than that in the present 
study (p < 0.0 1). 

The method described above has proved to be suitable for this 
work because it covers the range critical for lead poisioning in 
humans, as indicated in the literature: 1 80 or 651'g J- 1 is nomnal, 
80 or 65-150 l'g J- 1 acceptable, 150-200 !'g J- 1 excessive and 
> 250 l'g J- 1 dangerous. Nomnallevels in urine are < 80 l'g 1- 1. 
In this study only four production workers showed values in 
excess of nomnal level, i.e. , 17% showed > 80 l'g J- 1. 

The effects of lead toxicity include impaired blood synthesis, 
renal failure, gastrointestinal dysfunction, hypertension, periph­
eral neuropathy and brain damage. In this study, among the four 
production workers with value greater than 80 l'g J- 1, two had 
hypertension , one had proteinuria and one had both hyper­
tension and proteinuria. However, none of the workers had 
brain damage. 

The range of urinary copper levels in nomnal controls was 
6.7-27.3!'g 1- 1 with a mean value of 12.9 ± 4.6!'g )- 1, which 
were in good agreement with the reported data by Marshall and 
Ottaway2·' (10-30 l'g 1- 1), Abdulla and Chmielnicka 14 (12.0 ± 
7.5!'g 1- 1) and Dube24 (11.6 ± 9.2!'g J- 1). The urinary copper 
levels in quality control workers and production workers were 
34. 1 ± 11.6 and 37.2 ± 18.0 f.lg J- 1, respectively. Both were 
significantly higher than that of the present normal controls (p 
< 0.0 I). The result was in good agreement with the exposed 
mean copper level reported by Marshall and Ottaway2-' (38.9 ± 
33.1 !'g 1- 1 ). A total copper content in urine of~ 15.5 l'g J- 1 is 
generally considered as normal. In the present study, all of the 
workers showed concentrations in excess of the normal level. 

Copper poisoning leads to a variety of toxic effects, such as 
hepatic necrosis. gastrointestinal bleeding, azotaemia, hae­
maturia, hypotension, coma and death.25 In this study, two 
workers had hypotension which may be related to copper 
poisoning. However, none of the workers had Wilson's disease, 
haematuria, azotaemia or hepatic necrosis. 

Conclusions 

The results showed that the levels of zinc, cadmium, lead and 
copper in the production workers and the quality control 
workers were all significantly higher than those in the normal 
controls. The results indicate the need for an immediate 
improvement in workplace ventilation and industrial hygiene 
practice. 

The DPASV method is not only cheaper and simpler but also 
more rapid and accurate than AAS. Hence the procedure 
provides important potential for the surveillance of occupa­
tionally exposed persons and extended ecotoxicological base­
line studies in man. 

This work was supported by Kaohsiung Medical College, 
Taiwan. 
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Determination of Ultratrace Amounts of 
Copper(n) by Its Catalytic Effect on the 
Oxidative Coupling Reaction of 
3-Methyl-2-benzothiazolinone Hydrazone With 
N-Ethyi-N-(2-hydroxy-3-sulfopropyl)-3,5-
dimethoxyaniline 

Satomi Ohnoa, Norio Teshima•, Tsuyako Watanabe•, Hideyuki ltabashi•,* 
Shigenori Nakanoh and Takuji Kawashima•.t 
"Laboratory of Analytical Chemistry, Department of Chemistry , University of 
Tsukuba, Tsukuba 305, Japan 
h Chemica/Institute , Faculty of Education, Tottori University, Koyama-cho, 
Tottori 680, Japan 

A spectrophotometric method was developed for the 
determination of ultratrace amounts of copper(u) based 
on its catalytic effect on the oxidative coupling reaction of 
3-methyl-2-benzothiazolinone hydrazone with 
N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3,5-dimethoxyaniline 
to produce an intensely coloured dye O·max = 525 nm) in 
the presence of hydrogen peroxide. In this reaction, 
pyridine acted as an effective activator for the catalysis of 
copper(u). By measuring the absorbance of the dye, 
copper(u) can be determined at the 0.002-0.1 ng cm-3 
(3.1 X 10- 11-1.6 x l0-9 mol dm- 3) level. The relative 
standard deviation for ten determinations of 0.06 ng cm- 3 
of copper(u) was 2.6%. The proposed method was 
successfully applied to the determination of copper(u) in 
tap water and biological material. 

Keywords: Catalytic method; copper(u) determination; 
3-methyl-2-benzothiazo/inone hydrazone; mod1jied Trinder's 
reagents; N-ethyi-N-(2-hydroxy-3-su/fopropyl)-3,5-
dimethoxyani/ine 

Introduction 

Catalytic methods for the determination of trace amounts of 
copper(11) have been reported by several workers using various 
indicator reactions. 1- 14 Lopez et af.5 developed a method for the 
determination of 25-380 ng cm- 3 levels of copper( II) by using 
the aerial oxidation of dimedone bisguanylhydrazone in the 
presence of pyridine as an activator. Casassas et af.1 proposed a 
method for the determination of copper( II) at levels as low as 
0.06 ng cm-3 based on the oxidation of 3-hydroxy-2-naphthoic 
acid by hydrogen peroxide in an ammoniacal medium. Velasco 
et af.iO proposed an indicator reaction , viz. , the oxidation of 
3-hydroxybenzaldehyde azine by potassium peroxydisulfate in 
an ammoniacal medium, for the determination of copper( H). We 
have also developed catalytic methods for sub-nanogram to 
nanogram levels of copper(ll) by the oxidative coupling 
reactions of N,N-dimethyl-p-phenylenediamine,1.13 N-phenyl­
p-phenylenediamine2 and 3-methyl-2-benzothiazolinone hydra­
zone (MBTH)•·' 4 with N,N-dimethylaniline (DMA). In these 
reaction systems, ammonia,t.2.4.13 2,2' -bipyridine 14 and 

~ Present address: Department of Applied Chemistry. Faculty of Engineering. Gunma 
University. Kiryu. Gunma 376, Japan. 
+ To whom correspondence should be addressed. 

l,IO-phenanthroline1 4 acted as activators for the catalytic action 
of copper( II). 

Modified Trinder's reagents have been proposed as effective 
hydrogen donors for oxidative coupling reactions of 4-amino­
antipyrine or MBTH and these reactions have been applied to 
the determination of hydrogen peroxide. 15- 19 These reagents 
have the following advantages: 15.16 (a) good solubility in water; 
(b) oxidative coupling reactions over a wide pH range; and (c) 
highly sensitive colour reactions. This paper describes the 
catalytic determination of ultratrace amounts of copper(ll) 
based on the oxidative coupling reaction of MBTH with 
modified Trinder's reagents in the presence of hydrogen 
peroxide. Levels of copper(11) as low as 10- 11 mol dm-3 
(pg cm- 3 levels) can easily be determined by using N-ethyl-N­
(2-hydroxy-3-sulfopropyl)-3,5-dimethoxyaniline as the Trin­
der' s reagent and pyridine as an activator. The proposed method 
was successfully applied to the determination of copper( II) in 
tap water and in National Institute for Environmental Studies 
(NIES) CRM No. 5 Human Hair. 

Experimental 

Reagents 

All reagents were of analytical-reagent grade and used without 
further purification. Water used to prepare the reagent and 
buffer solutions was obtained from a Milli-Q water purification 
system (Millipore, Tokyo, Japan). 

A commercially available copper solution for atomic absorp­
tion spectrometry (1000 1-1g cm-3) (Kanto Kagaku, Tokyo, 
Japan) was used and working standard solutions were prepared 
fresh daily by serial dilution of the copper solution with 0.05 
mol dm-3 sulfuric acid. A stock solution of 5 mmol dm- 3 
MBTH was prepared by dissolving 0.23 g of 3-methyl-
2-benzothiazolinone hydrazone hydrochloride (Tokyo Kasei , 
Tokyo, Japan) in 200 cm3 of water. The Trinder's reagents were 
obtained from Dojindo Laboratories, Kumamoto, Japan and 5 
mmol dm- 3 stock solutions were prepared by dissolving 
appropriate amounts of N-ethyi-N-(2-hydroxy-3-sulfopropyl­
)aniline sodium salt (ALOS), N-sulfopropylaniline sodium salt 
(HALPS), N-ethyi-N-(2-hydroxy-3-sulfopropyl)-m-toluidine 
sodium salt dihydrate (TOOS), N-ethyi-N-(2-hydroxy-3-sulfo­
propyl)-3,5-dimethylaniline sodium salt monohydrate 
(MAOS), N-ethyi-N-(2-hydroxy-3-sulfopropyl)-m-anisidine 
sodium salt dihydrate (ADOS) and N-ethyl-N-(2-hydroxy-
3-sulfopropyl)-3,5-dimethoxyaniline sodium salt (DAOS) in 
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water and stored in a refrigerator. A stock solution of 0.0 I 
mol dm-3 DMA was prepared by dissolving N,N-dimethylani­
line (Wako, Tokyo, Japan) in 0.1 mol dm-3 hydrochloric acid. 
A 0.05 mol dm-3 MOPSO buffer solution was prepared by 
dissolving 5.63 g of 3-(N-morpholino)-2-hydroxypropanesul­
fonic acid (Dojindo Laboratories) in 500 cm3 of water. A 3 
mol dm-3 hydrogen peroxide solution was prepared by diluting 
the commercial 30% solution with water. Stock solutions of 
pyridine (0.1 mol dm-3), 2,2'-bipyridine (0.01 mol dm-3), 
2,2',2"-terpyridine (0.01 mol dm-3) and 1,10-phenanthroline 
(0.01 mol dm- 3) were prepared by dissolving appropriate 
amounts of each reagent in water or 0.1 mol dm-3 hydrochloric 
acid. Working solutions of these reagents were prepared by 
suitable dilution with water. 

Apparatus 

A JASCO (Tokyo, Japan) UVIDEC-320 spectrophotometer 
with 10 mm glass cells, a Horiba (Kyoto, Japan) F8-AT pH­
meter and a Taiyo (Saitama, Japan) C-630 thermostat were 
used. 

Recommended Procedure 

To an aliquot of copper( II) solution in a beaker, 3 cm3 of DAOS 
(5 mmol dm-3), 3 cm3 of MBTH (5 mmol dm- 3), 3 cm3 of 
MOPSO (0.05 mol dm-3) and 5 cm3 of pyridine (0.1 mol dm-3) 
were added; the pH of the solution was adjusted to about 5.6 by 
adding 0.5 mol dm-3 sulfuric acid. The solution was transferred 
into a 50 cm3 calibrated flask and diluted to about 44 cm3 with 
water. The reaction was then initiated by adding 5 cm3 of 
hydrogen peroxide (3 mol dm- 3) solution, diluting to the mark 
with water and mixing vigorously. The mixed solution was kept 
at 30 °C in the thermostat during the reaction. Exactly 7.5 min 
[for 0.02-D. I ng cm-3 of copper(n)] and/or 15 min [for 
0.002-D.OI ng cm-3 of copper(n)] after the addition of 
hydrogen peroxide, the reaction mixture was pipetted into a 10 
mm glass cell and the absorbance at 525 nm was measured 
against distilled water as a blank. The net absorbance was 
obtained by subtracting the blank absorbance. 

Results and Discussion 

Catalytic Effect of Copper( II) on Coupling Reaction of 
MBTH With Modified Trinder's Reagents 

The catalytic effect of copper(n) on colour development was 
examined under the following conditions: in the absence of 
activator, Ccull = 5 ng cm-3, CMBTH = 0.4 mmol dm-3, 
CoMA or modified Trinder's reagents = 0.4 mmol dm-3, CH202 = 0.03 
mol dm-3 and reaction temperature = 30 °C. The results are 
shown in Fig. I. The data for DMA are also included for 
comparison. The absorbance at each Amax after 30 min is plotted 
as a function of the pH of the solution. As can be seen in Fig. I, 
colour development was maximum in the pH range 5-7, and the 
coupling reactions of MBTH with DAOS, TOOS, ADOS and 
MAOS were more sensitive than that of DMA for the 
determination of copper(n). The net absorbances (M) at each 
"-max are shown in Fig. 2. DAOS is the most sensitive reagent for 
this method: the value of ~A is more than 30 times that of DMA 
at 5 min. Therefore, DAOS was selected for the procedure. 

Effect of Experimental Variables 

The effect of reaction variables on the colour development for 
the uncatalysed and catalysed reactions was examined for a 
constant time of 5 min at 30 °C in the presence of 0.6 ng cm-3 
of copper( II). 

The effect of the concentrations of various ligands such as 
pyridine (py), 2,2'-bipyridine (bpy), 2,2',2"-terpyridine (tpy) 

and I, 10-phenanthroline (phen) was examined in relation to 
their use as possible activators. The results are shown in Fig. 3. 
Py, bpy and phen acted as activators whereas tpy acted as an 
inhibitor. The stability constant ofthe copper(n)-tpy complex is 
larger than that of the copper(I)-tpy complex; tpy seemed to act 
as an inhibitor rather than an activator, forming a stable complex 
with copper(n). 14 Of the ligands tested, py was the most 
effective activator for the catalysis of copper( II); the absorbance 
obtained in the presence of 0.01 mol dm-3 py was about three 
times higher than that in its absence. A 0.01 mol dm- 3 py 
concentration was selected for the procedure since the reagent 
blank remained constant over the py concentration range 
examined. In the presence of pyas an activator, the effect of pH 
was examined over the range 5.0-7.0. The maximum colour 
development for the catalysed reaction was obtained in the pH 
range 5.2---6.1; the absorbance decreased rapidly outside this pH 
range. Since the reagent blank increased slightly at a pH of 
about 6.0, a pH of about 5.6 was selected for the proposed 
method. The effect of MBTH concentration was examined over 
the range 0.1-3 mmol dm-3. The absorbance increased 
gradually with increasing MBTH concentration up to 0.3 mmol 
dm-3, and maximum absorbance was obtained over the range 
0.3-3 mmol dm-3. A 0.3 mmol dm-3 MBTH concentration was 
selected since the reagent blank remained almost constant. The 
effect of the DAOS concentration was examined over the range 
0.06-1 mmol dm-3. The absorbance increased gradually with 
increasing DAOS concentration up to 0.1 mmol dm-3, and 
maximum absorbance was obtained over the range 0.1-1 mmol 
dm-3. The reagent blank remained constant over the DAOS 
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concentration range examined. A 0.3 mmol dm-3 DAOS 
concentration was used for the procedure. The effect of 
hydrogen peroxide concentration was examined over the range 
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0.03-D.6 mol dm- 3. The absorbance increased with increasing 
hydrogen peroxide concentration, and an almost constant 
absorbance was obtained in the concentration range 0.3-D.6 
mol dm- 3. A 0.3 mol dm- 3 hydrogen peroxide concentration 
was used, taking into consideration reproducibility. 

Calibration Graphs 

Calibration graphs obtained with the proposed procedure were 
linear over the range 0.02--0.1 ng cm-3 (3.1 X IO-tO_J.6 X 
I 0- 9 mol dm- 3) of copper(n) for a reaction time of 7.5 min and 
over the range 0.002--0.008 ng em--' (3.1 X J0-11_1.3 X I 0- 10 
mol dm-3) of copper(11) for a reaction time of 15 min. The 
reproducibility was satisfactory wilh a relative standard devia­
tion of 2.6% for ten determinations of 0.06 ng cm-3 of 
copper( II). 

Interferences 

The effect of foreign ions on the determination of copper( H) at 
the 0.2 ng cm-3 level was investigated. A ±5% error was 
considered to be tolerable. The results are summarized in Table 
I. Iron( til), vanadium(v) and arsenic(m) at concentrations up to 
2000 ng cm-3 did not interfere with the determination of 
copper(u). Chromium(vt) showed a serious positive inter­
ference, the maximum tolerable concentration being 2 ng cm-3. 
However, this interference can be eliminated by previously 
reducing chromium(vi) to chromium(m) with hydrogen per­
oxide: chromium(m) at concentrations up to 200 ng cm-3 did 
not interfere with the determination of copper( II). 

Application to Tap Water and Biological Material 

The proposed method was applied to the determination of 
copper in tap water and in NIES CRM No.5 Human Hair 
without preconcentration and separation of copper(n). For tap 
water, the sample was collected after discharging tap water for 
about 30 min. Then, 5 cm3 of tap water were directly used for 
the recommended procedure. A pressure decomposition proce­
dure in a double vessel digestion bomb20 was carried out for the 
wet digestion of Human Hair. The digested solution was diluted 
I 00 times with water prior to measurement. Known amounts of 
copper(u) were added to these samples to examine the recovery 
of copper(u). The results are shown in Tables 2 and 3. The 

Table 1 Tolerance limits for foreign ions in the determination of 0.2 
ng em- ' of copper( 11) 

Tolerance limit/ 
ng cm- .J 

2000 

200 

20 
2 

Ion or salt added 

Na1, K1, Mg11 , Ca11 , Sr11 , Ba11 , v v. Fe 111 , As111 , 

NH4•. F-. Br- . CI - , S04 2 - , P04 ' - , 

CI04 -, CIO,-
AI111, Cr111 , Co11 , Ni 11 , Zn 11 , Mov•. Pd 11 • 

Cd11
• Sb'11

• Pb11 

Se1v, Mn11 

crvr 

Table 2 Detenpination of copper in tap water* 

Sample taken/ Cu" added/ 
cm.J pg cm-·1 

0 
10 
20 
30 

Cu found/ 
pg cm-3 

18.2 
27.7 
37.7 
46.4 

Cu in sample 
(ppt)t 

182 
177 
177 
164 

Average: 175 ± 7 

• Collected at the University of Tsukuba. t Parls-per-trillion. 
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Table 3 Detennination of copper in NIES No. 5 Human Hair' 

Sample taken'/ Cu" added/ 
cm3 pg cm-3 

5 0 
5 10 
5 20 
5 30 

Cu found/ 
pg em~> 

19.9 
32.5 
40.7 
52.0 

Cu in sample/ 
f!g g~l 

15.4 
17.4 
16.0 
17.0 

Average: 16.5 ± 0.8 

• Certified value of copper: 16.3 ± 1.2~tg g~ 1 • 'The digested solution 
was diluted I 00 times before measurement. 

recovery of added copper(n) was found to be quantitative and 
the reproducibility was satisfactory. Furthermore, the analytical 
result for Human Hair was in good agreement with the certified 
value. The proposed method is suitable for the determination of 
picogram levels of copper in small sample volumes. 

We gratefully acknowledge the financial support of this study 
by a Grant-in-Aid for Scientific Research [No. 0829 and 0264 
(N.T.), No. 06453066, 06303005 and 07304048 (T.K.)] from 
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Perspective 

Reliability Versus Uncertainty for Analytical 
Measurements 

J, D. R. Thomas 

4 Orchard Court. Gre.\:flml. Wrexlwm. UK LL/2 REB 

The opening statement of the summary of a recent paper in 
Anal. Commun .. 1 namely ' Uncertainty of measurement is a 
parameter of quality that should accompany any measurement 
result' , brings into stark perspective the point raised by M. 
Thompson2·' that ' uncertainty' casts doubt on the credibility of 
analytical measurements. Apart from the fact that ' uncertainty ' 
does not blend with the concept of ·quality ' . insistence on 
making uncertainties explicit as a universal practice, as 
emphasised by Thompson, 2 could damage the analytical 
profession. As queried by him ' What would politicians, 
journalists and the general public make of such a technical 
issue?' It can also lead to difficulties in law enforcement. 

'Reliability ' is better related to quality,4 and is consistent 
with Thompson ' s stance2 for an alternative, such as 'reliance 
interval' in place of ' uncertainty'. Indeed, a feature in the Spring 
1996 issue of the VAM Bulletin' opens with the statement that 
'Users of analytical data are becoming increasingly aware of the 
issue of reliability and confidence which can be placed in the 
results of analytical measurements ' . This points to the quality 
concept being directly related to ' reliability ' , and the response 
by analysts , in my view, could be based on a recognition and 
understanding of the factors and parameters that characterize 
the dispersion of values. Features on confidence issues of 
measurement, might then, more fittingly , be under titles like 
'New Guidance on Measurement Reliability ' , particularly for 
analytical measurements. 

' Reliability ' is easy to understand , to explain and to defend. 
Indeed, except for the arguably unsatisfactory concept in 
analytical measurements of ' Uncertainty in Measurement ' 
introduced by metrologists into ISO parlance<r H, the paper' by 
Pueyo, eta!. , could readily go under the title of ' Expression of 
Reliability of an Acid-Base Titration ' , i.e .. with ' Uncertainty ' 
having been replaced by 'Reliability ' . The many instances of 
the use of 'uncertainty' in the text would be replaceable by 
' reliability', or a variant thereof, or in some instances by the 
sufficiently and widely understood statistical concept of 
"error' . 

Of course, the matter of reliability of analytical data is 
important for trade , for those who set or test for compliance with 
regulatory limits, and to all with responsibility for quality 

control, quality assurance and method development. For this 
purpose, the important point is that due recognition is given to 
those parameters within the accepted definition 7·" of 'Un­
certainty of Measurement ' , namely 'the parameter associated 
with the result of a measurement, that characterizes the 
dispersion of the values that could reasonably be attributed to 
the measurand'. But, the 'uncertainty' paradigm signifies doubt 
and its use, apart from the criticisms made above, can 
undermine efforts directed at improving reliability. 

Although the Analytical Methods Committee of The Royal 
Society of Chemistry has recently considered the implications 
of 'Uncertainty of Measurement' in analytical science,9 the 
exercise has been directed at the method by which uncertainty 
is expressed amongst analytical chemists. It does not address 
what has been expressed' as the 'hidden dangers' of the use of 
' uncertainty ' . 

The expression of disquiet over the use of ' uncertainty ' 
indicates that it is timely that the matter of ' Expression of 
Uncertainty in (Analytical) Measurement' be fully and properly 
addressed for revision, or, as Thompson has said2 'What is to 
stop analytical chemists adopting their own special synonym?' 
It is also a matter that EURACHEM, ISO and other bodies 
might reopen for full and open debate. 
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Book and Software Reviews 

AAS SoftBook 
By Cognitive Solutions Ltd. Revised and Updated. 
January 1995. Price £295.00 (plus VAT); US$ 529.00 

This is a software-based text on AAS which takes the novice 
from basic theory through to a number of applications. The 
software is very simple to install, aided by the manual which 
takes the operator through a step-by-step procedure. The 
manual itself contains no subject matter, but is a well written 
guide to the structure and operation of the software package. 
Once installed, the operator is then given the option to go 
straight into the programme or to run through a tutorial, which 
explains such things as how to use a mouse, the basic concepts 
of using Windows-based software and a brief explanation of 
how the software works. 

Once the tutorial has been completed, the user is returned to 
the home page. If the main body of the software is then opened, 
one of four discrete modules may be chosen. These are 'Theory 
of AAS', 'AAS Instrumentation', 'Analysis with AAS' and 
'Questions and Answers'. Any of these modules may be opened 
by clicking on the appropriate icon. It will then load, producing 
a module overview page. Each module is comprised of 20-30 
topic areas. These topic areas may be accessed individually by 
cl1cking on the appropriate icon, or alternatively may be 
accessed in series by clicking on one and then repeatedly 
clicking on the 'next' icon. In many of the topic pages there are 
so-called 'hotwords'. If clicked upon, these will reveal a further 
page explaining more about the specific hotword. Some of the 
topic areas also have demonstration buttons. An example is a 
demonstration of the avalanche effect that occurs in a 
photomultiplier tube. Simple demonstrations such as this are a 
good use of this media and save substantial effort reading 
through reams of text. When finished with a particular topic, the 
user can return to the module overview page by clicking on the 
home icon at the bottom of the screen. Once the user finishes the 
last topic area the program will state that the module has been 
finished and will give the option of returning to either the main 
menu or to the home page of the module. If required, the next 
module may then be investigated in a similar fashion. When 
using the package, clear and concise instructions appear in 
boxes on most pages to aid the user. 

The questions and answers module is somewhat limited (only 
10 questions for theory and a further 10 for applications) but 
does give the user an opportunity for self assessment. There is 
also an option to print a certificate of achievement! A pass mark 
is given at 50% for both the theory and applications tests. 

It must be said that this computer program is easy to follow 
and is very user friendly . Some of the material is, however, 
rather thin. In the monochromators section, for example, the 
Czemy-Turner style is shown, but there is no mention of the 
other types (e.g., Littrow and Ebert). Little detail is given about 
Zeeman background correction, and although the fundamental 
theory is probably unnecessary for this program, there is no 
mention that the magnetic field can be applied to either the atom 
cell or the source, or in a longitudinal or transverse manner. The 
program explains (nicely) how a hollow cathode lamp works, 
but fails to mention anything about electrodeless discharge 
lamps. But perhaps most importantly there is a complete 
absence of the use of isothermal operation (i.e ., platforms or 
probes) in ETV. Since many applications use isothermal 
operation (and other elements of the STPF concept), I feel this 
really should have been included. Omissions aside, the program 
is refeshingly free of errors although the equation hidden under 
'photons' in the electromagnetic radiation part of the theory 
section is expressed as E = h/v rather than E = hv. 

Overall, I feel this is a useful and well structured teaching 
package. It would benefit from a more comprehensive questions 
and answers section, perhaps interactive with the main text and 
suggesting further reading. However, overall the package is 
good value for money and I am sure it will prove popular with 
students and trainees who respond to material in this format and 
who wish to know more about the fundamentals of AAS. 

Steve Hill 
5!99074C University of Plymouth 

Selective Detectors. Environmental, Industrial and Bio­
medical Applications 
Edited by Robert E. Sievers. Volume 131 in Chemical 
Analysis: A Series of Monographs on Analytical Che­
mistry and its Applications. Series editor J. D. Wine­
fordner. Pp. xxi + 262. Wiley. 1995. Price £49.95. ISBN 
0-471-01343-9. 

Although the title suggests that this book provides a com­
prehensive review of selective detectors and their application in 
chemical analysis, it focuses on some of the more recent 
developments and is therefore a text for the specialist rather than 
the novice chromatographer seeking an overview of the subject. 
Overall there is too much emphasis on atomic (rather than 
molecular) detectors and I was surprised to see no contribution 
on molecular mass spectrometric or infrared detection systems. 
However, the book is well produced with clear illustrations and 
the balance between the operational principles and applications 
of the detectors described is good. 

The first two chapters deal with sulfur-selective chemilu­
minescence (CL) detection and concentrate on ozone-induced 
CL. In the first contribution the authors describe two detectors 
they have developed, one of which converts sulfur compounds 
dissolved in aqueous solutions to SO using high temperatures 
and pressures and has been employed for selective detection in 
analytical and preparative HPLC systems. The second chapter is 
devoted to flameless sulfur CL detection and describes 
applications of this detector in combination with GC and 
SFC. 

Most of tbe third chapter covers applications of detectors 
employing the NO-ozone CL reaction. These include the 
analysis of N-nitroso compounds; organonitrogen species in 
petroleum samples; nitrate and nitrite ions in water and 
foodstuffs; and nitric oxide, nitrogen dioxide and ammonia in 
the atmosphere. Indirect analysis, by measuring the NO 
produced when samples are oxidized by nitrogen dioxide, is 
also discussed. 

'it focuses on some of the more recent 
developments and is therefore a text for the 
specialist rather than the novice chromato­
grapher seeking an overview of the subject' 

The oxygen-sensitive flame ionization detector (0-FID), the 
recent development of which has been catalysed by the need to 
determine oxygenated hydrocarbons in fuel, is the subject of 
chapter four. The major application areas of 0-FID (i.e ., 
oxygenates in automotive petroleum and flavours and fra­
grances in natural products) are outlined and the chapter 
concludes with some useful remarks on 0-FID operation which 
should help the newcomer to avoid many of the pitfalls 
experienced by the author. 
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Chapter five is essentially a paper describing the experimen­
tal optimization of a metal-selective FID for the determination 
of elements such as aluminium, iron, tin, lead and manganese. 
This contribution contains little information on applications of 
the detector and will be of interest to only a few readers. 

GC-atomic (plasma) emission spectroscopy is described in 
chapter six, which concentrates on the widely used microwave­
induced helium plasma. A good list of references is given to 
papers where GC-atomic emission detection has been used to 
determine metallic and non-metallic elements, and the author 
concludes with the view that this detection technique will be 
used increasingly as commercial instrumentation becomes more 
widely available. The following chapter continues the theme of 
plasma sources but deals with mass spectrometric (MS) 
detection. The great analytical power available from the 
combination of chromatography (for speciation) with in­
ductively-coupled plasma (ICP)-MS (for selectivity and sensi­
tivity) is emphasized, and the significance of this combination 
illustrated with a brief account of the biological significance of 
different chemical forms of a range of 'environmentally 
sensitive' elements. HPLC rather than GC is most frequently 
combined with ICP-MS, as witnessed by the variety of HPLC 
separations reported in this chapter. The concluding sections of 
this comprehensive account focus on the combination of GC 
and SFC with ICP-MS detection systems. 

The penultimate chapter deals with peroxyoxalate CL 
detection and somewhat overstates the sensitivity of this 
technique compared with fluorescence. Following a fairly 
detailed account of the mechanism of the peroxyoxalate 
reaction, the remainder of this contribution deals with the design 
and optimization of instrumentation for peroxyoxalate CL and 
describes some applications of the technique. 

The book concludes with a fascinating chapter which is 
essentially a mini-autobiography of James Lovelock's scientific 
career. This pioneer of selective detection provides a fascinating 
insight to how some of the analytical devices that we nowadays 
take for granted have their origins in completely different areas. 
He also emphasizes the value of regular personal contact 
between supervisor and trainee, which is something we 
frequently overlook in these days of increased workloads and 
reduced staff numbers. 

5/90044A 

Modern Infrared Spectroscopy 

S. Forbes 
Shell Research Limited 

Chester 

By Barbara Stuart. Analytical Chemistry by Open Learn­
ing. Edited by David J. Ando. Pp. xx + 180. Wiley. 1995. 
Price £17.95. ISBN 0-471-95917-0. 

Modem Infrared Spectroscopy is one of the latest books in the 
ACOL (Analytical Chemistry by Open Learning) series. In 
common with the other texts the book concentrates on a limited 
area of analytical chemistry and then aims to make it accessible 
to readers who may be following a course, doing a self-tuition 
programme, or are otherwise new to the area. 

For readers unfamiliar with Open Learning, the text follows 
a pattern established by bodies such as the Open University. 
Thus a complex set of ideas is presented in a series of well­
defined blocks. Each block is broken into smaller segments 
which allows the student to make effective use of even small 
increments of study-time. Regular use of self-assessments 
related to the material helps the student gain confidence in how 
much has been assimilated during their study. 

Dr. Barbara Stuart of the University of Technology, Sydney, 
deserves congratulations for writing a very readable and 

interesting book on modem infrared spectroscopy. The empha­
sis of the book is on the choice of effective sampling methods. 
The main instrumental method is almost assumed to be FTIR, 
although sufficient information on dispersive systems is 
included. There is a section on the identification of unknown 
materials via correlation charts and typical vibrations, but this 
does not form the bulk of the text as it might have done a few 
years ago. 

There are a lot of clear drawings and some good-quality 
spectra to assist the novice in all stages of infrared analysis. 
Background theory, including signal processing, is integrated 
into the text in a readily assimilated format. All the major 
sampling methods are discussed and critical appraisals given of 
their strengths and weaknesses. There are also about 30 original 
problems in the book. These range from simple numerical 
conversions through to complex questions involving calibration 
graphs and the identification of unknowns. These problems 
form the core of the self-assessment process and so fully worked 
answers are provided. 

In comparison with some of the courses provided by 
instrument manufacturers, ACOL texts offer a cost-effective 
resource which can be used to produce in-house training 
packages. There are also courses run by the RSC which can lead 
to the award of LRSC. 

5/90098K 

Practical Gamma-ray Spectrometry 

J. E. Newbery 
Greenwich University 

By Gordon Gilmore and John Hemingway. Pp. viii+ 314. 
Wiley. 1995. Price £60.00. ISBN 0-471-95150-1. 

This book is based on notes used for a series of practical 
gamma-ray spectrometry courses run by the authors at the 
Universities Research Reactor at Risley. The authors' intention 
was to provide more of a workshop manual than an academic 
treatise. In this they have eminently succeeded. The book 
contains all the information which a newcomer to the technique 
of gamma-ray spectrometry would need to understand the 
principles underlying the technique and to set up and run a 
practical operating system for real applications. 

Chapters are included on radioactive decay and the origin of 
gamma- and X-rays; interactions of gamma radiation with 
matter; semiconductor detectors for gamma-ray spectrometry; 
electronics; counting statistics; spectrometer calibration; co­
incidence summing; computer analysis of spectra; scintillation 
spectrometry; choosing, setting up and checking the specifica­
tion of a detector; resolution; troubleshooting; low-count rate 
systems; high-count rate systems; and ensuring quality in 
gamma-ray spectrometry. Five appendices provide useful 
sources of further information, decay data for detector calibra­
tion standards, data on background gamma-rays including those 
from Chemobyl fallout, a list of chemical names and symbols 
and details of suppliers of spectrometry equipment. 

'would be invaluable for anyone setting up, 
or operating, a gamma-ray spectrometry 

system for practical applications' 

Much of this material is, of course, also contained in other 
texts and comparison can be made with, for example, 'Gamma­
and X-ray Spectrometry with Semiconductor Detectors' (K. 
Debertin and R. G. Helmer, North-Holland, 1988). The strength 
of Gilmore and Hemingway's book lies in the wealth of 
practical information and advice which appears throughout the 
text and which is collected together at the end of each chapter in 
a section entitled 'Practical Points'. Their chapters on scintilla-



tion spectrometry (still important for many applications) and on 
troubleshooting do not appear in the Debertin and Helmer text. 
The latter book is a detailed treatise on gamma- and X-ray 
spectrometry and one would expect to find it on the shelves of 
radionuclide metrologists and nuclear physicists. The Gilmore 
and Hemingway book, on the other hand, would be invaluable 
for anyone setting up, or operating, a gamma-ray spectrometry 
system for practical applications such as neutron activation 
analysis, environmental monitoring or measurements related to 
the nuclear fuel cycle. The chapter on low count rate systems, 
for example, will be particularly relevant to measurements on 
environmental radioactivity; whilst that on high count rate 
systems will have particular relevance to measurements of 
nuclear fuel. 

The book must be highly recommended to anyone involved 
with gamma-ray spectrometry. 

51900451 

NMR Techniques in Catalysis 

Desmond MacMahon 
Imperial College 

Edited by Alexis T. Bell and Alexander Pines. Pp. viii+ 432. 
Marcel Dekker. 1994. Price $165.00. ISBN 0-8247-9173-8. 

Nuclear magnetic resonance (NMR) spectroscopy has emerged 
as a powerful technique to investigate the structure of solid 
materials. In view of the importance of heterogeneous catalysis 
to modem chemical processes, it has proved to be a major 
growth area for the application of solid state NMR techniques. 
As well as providing unique information on the chemical 
environment of specific nuclei in catalysts or species adsorbed 
on the catalysts, NMR can monitor the connectivities and 
dynamics of these environments and species. This book is the 
first that has attempted to cover the many diverse applications of 
NMR in heterogeneous catalysis. 

After a brief introduction, by the editors, to basic NMR 
concepts and the type of information that can be obtained from 
modem techniques, the book comprises six chapters written by 
leaders in the field (Maciel, Karger, Fyfe, Haw, Eckert and 
Haddix) on the application to specific areas in heterogeneous 
catalysis. These include zeolites and related areas, molecular 
diffusion, in situ measurements, bulk oxide catalysts, silica and 
alumina surfaces and layered materials (clays, aluminophos­
phates and metal sulfides). The chapters highlight the major role 
29Si and 27 AI NMR play in the characterization of aluminosili­
cates, the growing number of other catalytically-important 
nuclei that can be investigated by NMR (e.g., 31p, 170, SIV) and 
the key role of 1 H, 13C and 31 P in probing adsorbed species and 
acidity (Bronsted and Lewis acid sites), together with the skill 
and ingenuity that has gone in to providing information on 
diffusion and in situ measurements. The final chapter of the 
book provides a very brief overview of emerging techniques. 

'the book represents a valuable and unique 
reference source on the application of NMR 

techniques to heterogeneous catalysis' 

Although under the themes chosen for the chapters, it is 
clearly impossible to include every application of NMR to 
catalytic science, there are relatively few omissions. Perhaps a 
chapter devoted specifically to 13C NMR could have brought 
together more of the work on adsorbed species and the 
importance of the technique for characterizing catalytic coke. 
Some of the overlap between the different chapters on the 
presentation of essential theory for the various applications 
covered (particularly cross-polarisation, magic-angle spinning) 
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could have been avoided by having an expanded introductory 
chapter. The final chapter of the book is somewhat disappoint­
ing in that the reader not conversant with NMR is left with 
barely a superficial understanding of the emerging techniques. 
Further, no attempt has been made to cross-reference these 
techniques to where they appear in other chapters and the other 
chapters, particularly those covering aluminosilicates, could 
have been intergrated to a greater extent. Putting aside these 
relatively minor criticisms, the book represents a valuable and 
unique reference source on the application of NMR techniques 
to heterogeneous catalysis and its purchase is highly recom­
mended for those working in the field. 

4190/06A 
Colin E. Snape 

University of Strathclyde 

ICUMSA. International Commission for Uniform Meth­
ods of Sugar Analysis 
By ICUMSA. Pp. xxxvi + 438. ICUMSA Publications. 1995. 
Price £42.00; ISBN 0-905003-14-4. 

The proceedings of the twenty-first session of the International 
Commission for Uniform Methods of Sugar Analysis 
(ICUMSA), held in Havana in May of 1994 is published by 
ICUMSA itself, and runs to xxxviii pages of introduction, 
followed by 424 pages of the proceedings of the meeting, 
accompanied by an index. The introductory pages incorporate a 
revealing blow-by-blow account of the structure, politics, 
allegiance, and financial viability of!CUMSA itself. Discussion 
of the last point dwells considerably on the substance and 
construction of this very volume; its cost and the likely return 
against those costs. Whilst of minimal curiosity value to the 
general reader, none of these topics is of general interest and 
would be better reported, in the opinion of this reviewer, 
internally to the ICUMSA as minutes to relevant management 
committee meetings. 

Regrettably that style is maintained throughout this produc­
tion. Its content can be briefly described as being a mixture of 
ICUMSA's definitions of the requirements for sugar analysis, 
accompanied by elaborate internal disucussion as to how to 
establish those criteria. The text covers many, but not all, of the 
required categories. Those that it does deal with are, to the credit 
of the authors, presented in clear and acceptable format. They 
range widely from raw sugar determination to chromatographic 
techniques for sugars. The principal drive is, however, directed 
not to analysis itself, but to the formulation . of particular 
protocols for sugar analysis, the intention being their adoption 
as self-imposed internal regulatory controls, and presumably 
directed to the general acceptance, by others, of those protocols. 
It is clear that ICUMAS 's efforts would be well served by a 
wider view of the development of the science, by others, in each 
of those many categories covered by this text. Instead the 
organisation takes an introspective view, and at length, tends 
only to discuss and report those analytical developments 
conducted by its own members, in the period between this and 
their previous report. 

This reviewer is of the opinion that this text will be of 
considerable value to the delegates of the meeting in question, 
of some minimal interest to those in the sugar industry, but only 
of curiosity value to anyone working in the wider fields of 
carbohydrate chemistry and their analysis. 

In summary, this text will necessarily appear to the general 
reader as a peculiarly introspective account of a meeting held by 
just another vested interest group. 

51900681 
lvor Lewis 

King's College 
London 
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Advances in Chromatography. Volume 36 
Edited by Phyllis R. Brown and Eli Grushka. Pp. xvii + 444. 
Marcel Dekker. 1995. Price $175.00. ISBN 0-8247-9551-2. 

After 35 volumes this series can certainly be called well 
established. Like previous volumes it contains a series of 
chapters across a broad spectrum of interest. This volume is no 
exception and covers mathematical methods and detection 
principles as well as more mainstream topics. This diversity 
makes reviewing difficult as many of the eight topics covered 
are of a highly specialist nature. 

The first chapter, by Cserhati and Forgacs (Central Research 
Institute for Chemistry, Budapest, Hungary) on the use of 
multivariate methods for the evaluation of retention data 
focuses heavily on the applications of a variety of techniques 
and assumes that the reader has at least a reasonable working 
knowledge of the methods used although references to more 
detailed works are given as well as to data sources. Chapter 2 is 
a very readable account of the liquid chromatography of the 
fullerenes by Jinno and Saito (Toyohashi University of 
Technology, Japan). It is well illustrated and gives an excellent 
insight into liquid-crystal bonded phases. The next 2 chapters 
and chapter 8 concern themselves with the application of 
capillary electrophoresis (CE) to biomolecules. Cohen, Smis­
mek and Wang (Hybridon, USA) describe the use of CE-MS in 
sequencing of oligonucleotides whilst Oda, Madden and 
Landers (Mayo Foundation/Mayo Clinic, Rochester, USA) 
cover the analysis of glycoproteins and glycopeptides. Lunte 
and Lunte (University of Kansas, USA) discuss microdialysis 
sampling in pharmacological studies and its applicability to 
HPLC and CE. Whilst specialist in nature, they are all well 
written and well referenced. 

'Overall, this volume continues the tradition 
and standards set by previous volumes in the 
series and will find a place in many library 

collections' 

Chapter 5 is somewhat different as it is a detailed review of 
LC methods (413 references) for the screening of biological 
fluids for drugs of abuse (Binder, Bio-Rad Laboratories, 
Hercules, USA). It covers specific drug separations as well as 
broad spectrum screening. It is very readable as well as being 
most informative. The role of electrochemical detection for 
molecules of biological interest is the subject of the next chapter 
by Chen, Woltman and Weber (University of Pittsburgh, USA). 
The application of electrochemical methods for detection of a 
wide variety of molecules at low levels of concentration is 
discussed and the conflict of sensitivity and specificity is 
explored. 

Chapter 7, by Lindon (Wellcome Research Laboratories), 
Nicholson (Birkbeck College) and Wilson (Zeneca Phar­
maceuticals) UK, discusses the development and application of 
the hybrid technique of HPLC-NMR. After discussion of the 
basic theory and experimental aspects, its application to drug 
metabolism studies and biochemical analysis is discussed. 

Overall . this volume continues the tradition and standards set 
by previous volumes in the series and will find a place in many 
library collections. 

C. Burgess 
6/90012G Co. Durham 

Encyclopedia of Nuclear Magnetic Resonance. Volume 1. 
Historical Perspectives 
Edited by D. M. Grant and R. K. Harris. Pp. xii + 814. Wiley. 
1996. Price £125.00; ISBN 0-471-93871-8. 
·---·--- - - ·- --·-- ---- _____ , ___ _ 
I find that students at all levels respond enthusiastically to the 
teaching of NMR spectroscopy via an historical perspective: the 
failure of Gorter to detect nuclear resonance in the 1930s, the 
success of Felix Bloch and co-workers at Stanford and of 
Edward Purcell and colleageus at Harvard in the 1940s, 
followed by the unexpected discovery of the chemical shift and 
of spin-spin coupling, phenomena which we all take for granted 
these days. Then there was Albert Overhauser, the young (in 
1953) theoretician who predicted that, in a metal , the saturation 
of the ESR resonance of the electrons should lead to an 
enormous increase in nuclear polarization; nobody believed him 
(his presentation to the American Physical Society went down 
like a lead balloon!) until Charles Slichter demonstrated it to be 
so later that year. Without the (nuclear) Overhauser effect, we 
would not now be using multinuclear NMR methods to solve 
the structures of proteins as big as 25 kDa. 

'definitely the volume for introducing all 
aspects of NMR to students' 

NMR spectroscopy is one of the few techniques which has 
continued to evolve; almost every year useful new advances in 
the instrumentation or pulse sequences (but remember the days 
of continuous wave NMR) seem to appear. A large number of 
research workers have made important contributions and most 
of them are detailed in this volume. not only for high resolution 
spectroscopic studies of liquids but also for solids (e.l/ .. the 
major impact of magic angle spinning introduced by Raymond 
Andrew in Nottingham in 1960). and imaging. Paul Lauterbur 
says that 'The invention of NMR imaging (MRI) can be traced 
back through a variety of specific incidents to a set of 
underlying interests developed in my childhood.': enough to 
arouse the curiosity of any reader! 

This is a heavy volume. one for the library and not for 
carrying home very often, but definitely the volume for 
introducing all aspects of NMR to students. I can see a market 
for a slimmer version which can be carried home (and is 
affordable), perhaps a fifth the size, with just the key people 
(can we agree on them?). As Silvio Aime pointed out in his 
contribution 'The personal pathway sketched in this brief report 
may closely resemble the story of many (hundreds. thousands?) 
of researchers who had the fortune to meet the splendid armoury 
of NMR spectroscopy early in their career.' Long may the good 
fortune continue. 

Peter J. Sadler 
6/90035F Unil·ersity of' London 



Conference Diary 
Date Conference 

1996 
November 
4- 6 ISPPP '96: 16th International Symposium on 

the Separation and Analysis of Proteins, 
Peptides and Polynucleotides 

4-8 International Symposium on the Industrial 
Application of the Miissbauer Effect 

12- 15 International Exhibition and Conference for 
Chemical Technology, Analytical Technology 
and Biotechnology 

13 Capillary Electrophoresis Meeting 

13- 15 Quality Control Laboratory CGMP 
Compliance and Auditing 

13-15 13th Montreux Symposium on Liquid 
Chromatography-Mass Spectrometry 

14-15 US Generic Drug Approval System Series. 
GMP, GLP and FDA Inspections for Generic 
Drugs 

17-22 l996 Eastern Analytical Symposium 

19-20 Safety of Biopharmaceutical Products and 
Processes: Validation and Testing 

20--22 ICP/NZ Trace Elements Groups Joint 
Conference 

20--22 TAS '96, 2nd International Symposium on 
Micro Total Analysis Systems 

21 Spectroscopic Detection in Process Analysis 
(II) 

24-30 4th Rio Symposium on Atomic Spectrometry 

26--27 Biopharmaceuticals: Analytical, Formulation, 
Product Development Process and Regulatory 
Issues 

26--28 7th National Symposium on Mass 
Spectrometry 

Location 

Luxembourg 

Johannesburg. 
South Africa 

Basel , 
Switzerland 

Hertfordshire, 
UK 

Zurich, 
Switzerland 

Montreux, 
Switzerland 

Zurich, 
Switzerland 

Somerset, NJ, 
USA 

Basel , 
Switzerland 

Hamilton, 
New Zealand 

Basel, 
Switzerland 

Hull, 
UK 

Buenos Aires, 
Argentina 

Basel , 
Switzerland 

Gwalior, 
India 
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Contact 

Secretariat ISPPP '96, B.O. Conference Service, 
P.O. Box 100 78, S-750 10 Uppsala, Sweden 
Tel: +46 18 165 060. Fax: +46 18 304 074. 
E-mail: bengt.osterlund@seuppbt.pharmacia.se. 
Herman Pollak, Mtissbauer Laboratory, University 
of the Witwatersrand, Private Bag 3, WITS 2050, 
Johannesburg, South Africa 
Tel: +27 II 716 4053/2526. Fax: +27 II 339 8262. 
E-mail: isiame@physnet.phys. wits.ac.za. 
L. E. Loew, ilmac96, Messe Basse), CH-4021 Basel, 
Switzerland 
Tel: +41 61 686 2707. Fax: +41 61 686 2188. 
Mrs Gill Caminow, The Chromatographic Society, 
Suite 4, Clarendon Chambers, 32 Clarendon Street, 
Nottingham, UK NG I 5JD 
Tel: +44 (0)115 950 0596. Fax: +44 (0)115 950 
0614. 
Programme Division, Technomic Publishing AG, 
Missionstrasse 44, CH-4055 Basel, Switzerland 
Tel: +41 61 381 5226. Fax: +41 61 381 5259. 
M. Frei-Hiiusler, Postfach 46, CH-4123 Allschwil2, 
Switzerland 
Tel: +41 61 481 2789. Fax: +41 61 482 0805. 
Programme Division, Technomic Publishing AG, 
Missionstrasse 44, CH-4055 Basel, Switzerland 
Tel: +41 61 381 5226. Fax: +41 61 381 5259. 
EAS, P.O. Box 633, Montchanin , DE 19710-0633, 
USA 
Tel: +I 302 738 6218. Fax: +I 302 738 5275. 
Programme Division, Technomic Publishing AG, 
Missionstrasse 44, CH-4055 Basel, Switzerland 
Tel: +41 61 381 5226. Fax: +41 61 381 5259. 
Dr. Peter Robinson, Conference Secretary, R. J. Hill 
Laboratories Ltd., P.O. Box 4048, Hamilton, New 
Zealand 
Tel: +64 7 855 2266. Fax: +64 7 854 9886. 
E-mail: Peter@rjhill.co.nz. 
Secretariat , Mrs E. Muller, Corporate Analytical 
Research, K-127.1.54, Ciba Inc., CH-4002 Basel, 
Switzerland 
Tel: +41 61 696 2571. Fax: +41 61 696 4504. 
Dr. J. S. Lancaster, BP Chemicals, Hull Research 
Centre, Saltend, Hull, UK HUI2 8DS 
Tel: +44 (0) 1482 894803. Fax: +44 (0) 1482 892171. 
Osvaldo E. Troccoli, Quimica Analitica, Facultad de 
Ciencias Exactasy Naturales, Ciudad Universitaria, 
( 1428) Buenos Aires, Argentina 
Tel: +54 I 783 3025. Fax: +54 I 782 0441. E-mail: 
troccoli@trazas.uba.org or batiston@cena.edu.ar. 
Programme Division, Technomic Publishing AG, 
Missionstrasse 44, CH-4055 Basel, Switzerland 
Tel: +41 61 381 5226. Fax: +41 61 381 5259. 
Dr. Suresh Aggarwal, Fuel Chemistry Division, 
Bhabha Atomic Research Center, Bombay 400 085, 
India 
E-mail: hejain@magnum.baretl.emet.in or Dr. G. 
Sudhakar Reddy, The University of Michigan. OSEH, 
1655 Dean Road, Ann Arbor, MI 48109, USA 



148N Analyst, October 1996, Vol. 121 

Date Conference 

27 North West Analytical Science 

28-29 Process Validation from A to Z: An 
International Perspective 

December 
3 

17-20 

2nd Young Scientists Research 
Symposium-Current Research Trends in 
UK Air Quality 

1st Asia-Pacific International Symposium on 
Capillary Electrophoresis and Related 
Techniques 

1997 
January 
4-9 The Fourth International Symposium On: 

New Trends in Chemistry The Role of 
Analytical Chemistry in National 
Development 

12-16 International Conference on Flow Injection 
Analysis-ICFIA 97 

Location 

Salford, 
UK 

Basel, 
Switzerland 

London, 
UK 

Hong Kong 

Giza, 
Egypt 

Orlando, 
USA 

12-17 1997 European Winter Conference on Plasma Gent, 
Spectrochemistry Belgium 

20--24 First Asia-Pacific EPR/ESR Symposium 

26-30 9th International Symposium on High 
Performance Capillary Electrophoresis and 
Related Microscale Techniques 

February 
2-6 

3-5 

The Australian and New Zealand Society for 
Mass Spectrometry 16th Conference 
(ANZSMS 16) 

2nd Symposium on Macromolecules Used as 
Pharmaceutical Excipients-New 
Opportunities, Characterization and 
Applications 

Hong Kong 

Anaheim, 
USA 

Hobart, Tasmania, 
Australia 

Stockholm, 
Sweden 

Contact 

University of Salford, Salford M5 4ET, UK 
Tel: +44 (0)161 745 5000. Fax: +44 (0)161 745 
5999. 
E-mail: d. w .m.arrigan@chemistry .salford.ac.uk. 

Programme Division, Technomic Publishing AG, 
Missionstrasse 44, CH-4055 Basel, Switzerland 
Tel: +41 61 381 5226. Fax: +41 61 381 5259. 

SCI Conference Department, 14/15 Belgrave 
Square, London SWIX 8PS, UK 

APCE '96, c/o Dr. Sam F. Y. Li, Department of 
Chemistry, National University of Singapore, 10 Kent 
Ridge Crescent, Singapore 119260, Republic of 
Singapore 
Tel: +65 772 2681. Fax: +65 779 1691. 
E-mail: chmlifys@leonis.nus.sg. 

Professor Dr. M. M. Khater, Chemistry 
Department, Faculty of Science, Cairo University, 
Giza, Egypt 

ICFIA 97, Sue Christian, P.O. Box 26, Medina, WA 
98039-0026, USA 
Fax: +I 206 454 9361 . 
E-mail: sue@flowinjection.com. 

L. Moens, Secretariat, 1997 European Winter 
Conference, Laboratory of Analytical Chemistry, 
University of Gent, Proeftuinstraat 86, B-9000, Gent, 
Belgium 
Tel: +32 9 264 66 00. Fax: +32 9 264 66 99. 
E-mail: plasma97@rug.ac.be. 

Professor C. Rudowicz, Chairman, LOC & JOC, 
City University of Hong Kong, Department of 
Physics and Materials Science, 83 Tat Chee Avenue, 
Kowloon, Hong Kong 
Tel: +852 2788 7787. Fax: +852 2788 7830. 
E-mail: apsepr@cityu.edu.hk. 

Shirley Schlessinger, Symposium Manager, HPCE 
'97, 400 East Randolph Street, Suite 1015, Chicago, 
IL 60601, USA 
Tel: +I 312 527 2011. 

Mures Convention Management, Victoria Dock, 
Hobart, T AS 7000, Australia 
Tel: +61 002 312121. Fax: +61 002 344464. 
E-mail: mures@hba.trumpt.com.au; 
WWW :http://www .csl.edu.au/ ANZSMS/ 
anzsms 16.html. 
The Swedish Academy of Pharmaceutical 
Sciences, P.O. Box 1136, S-Ill 81 Stockholm, 
Sweden 
Tel: +46 8 723 50 00. Fax: +46 8 20 55 II. 
E-mail: academy@swepharrn.se or visit 
http://www .swepharrn. pharrnsoft.se. 



Date Conference 

18-19 Inbio '97 Industrial Biocatalysis: The Way 
Ahead 

March 
9-14 

16-21 

23-27 

April 
13-17 

14-19 

19-22 

21-25 

CANAS '97 Colloquium Analytische 
Atomspektroskopie 

48th Pittsburgh Conference on Analytical 
Chemistry and Applied Spectroscopy 

Electrophoresis '97 

213th American Chemical Society National 
Meeting 

Genes and Gene Families in Medical, 
Agricultural and Biological Research: 9th 
International Congress on lsozymcs 

Scanning 97 

Seventh International Symposium on 
Biological and Environmental Reference 
Materials (BERM-7) 

location 

Manchester, 
UK 

Freiberg/Sachsen, 
Germany 

Atlanta, GA. 
USA 

Seattle, WA, 
USA 

San Francisco, CA, 
USA 

Texas, 
USA 

Monterey, CA, 
USA 

Antwerp, 
Belgium 

28-29 Computer & Process Validation in the Manchester, 
Pharmaceutical and Fine Chemical Industries UK 

30-2/5 Flavours and Fragrances 

May 
4-8 PBA '97, 8th International Symposium on 

Pharmaceutical and Biomedical Analysis 

Warwick, 
UK 

Orlando, Fl, 
USA 

11-15 5th European Workshop on Modern Torquay, 
Developments and Applications in Microbeam UK 
Analysis 
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Contact 

Spring Innovations Ltd., 185A Moss Lane, 
Bramhall, Stockport, Cheshire, UK SK7 IBA 
Tel: +44 (0)161 440 0082. Fax: +44 (0)161 440 
9127. 

G. Werner, Universitat Leipzig, Institut fiir 
Analytische Chemie, Linnestrasse 3, D-04103 
Leipzig, Germany 
Tel: +49 0341 973 6101. Fax: +49 0341 973 6115. 
Linda Briggs, The Pittsburgh Conference, 300 Penn 
Center Blvd., Suite 332, Pittsburgh, PA 15235-5503, 
USA 
Tel: +I 412 825 3220, +I 800 825 3221. 
Fax: +I 412 825 3224. 
David Wiley, Electrophoresis Society, P.O. Box 
1987, Lawrence, KS 66044-8897, USA 
Tel: +I 913 843 1221. Fax: +I 913 843 1274. 
E-mail: dwiley@allenpress.com. 

Department of Meetings, American Chemical 
Society, 1155-16th St. NW, Washington, DC 20036, 
USA 
Tel: +I 202 872 4396. Fax: +I 202 872 6128. 
E-mail: natlmtgs@acs.org. 
Mrs. Janet Cunningham, Barr Enterprises, 10120 
Kelly Road, P.O. Box 279, Walkersville, MD 21793, 
USA 
Tel: +I 301 898 3772. Fax: +I 301 898 5596. 
Mary K. Sullivan, FAMS Inc., SCANNING 97 
Program Committee, Box 832, Mahwah, NJ 
07430-0832, USA 
Tel: +I 201 818 1010. Fax: +I 201 818 0086. 
E-mail: fams@holonet net; Internet: 
http://www.scanning-fams.org. 
J. Pauwels, Institute for Reference Materials and 
Measurements, Retieseweg, B-2440 Gee!, Belgium. 
Tel: +32 14 571 722; or Wayne Wolk, US 
Department of Agriculture, 10300 Baltimore Blvd, 
Beltsville, MD 20705, USA 
Tel: +I 301 504 8927. 
Spring Innovations Ltd, 185A Moss Lane, 
Bramhall, Stockport, Cheshire, SK7 1BA 
Tel: +44 (0) 161 440 0082. Fax: +44 (0)161 440 
9127. 
Elaine Wellingham, Conference Secretariat, Field 
End House, Bude Close, Nail sea, Bristol BS 19 2FQ, 
UK 
Tel: +44 (0)1275 853311. Fax: +44 (0)1275 853311. 
E-mail: confsec@dial.pipex.com. 

Shirley E. Schlessinger (Symposium Manager), 
Suite 1015, 400 East Randolph Drive, Chicago, IL, 
60601 , USA 
EMAS Secretariat, University of Antwerp, 
Department of Chemistry, Universiteitsplein I. 
G-2610 Antwerp-Wilrijk, Belgium 
Fax: + 32 3 820 2376. 
E-mail: vantdack@uia.ua.ac.be. 
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Date Conference Location Contact 

12-13 Chiral USA '97 Boston, Spring Innovations Ltd, 185A Moss Lane, 
USA Bramhall, Stockport, Cheshire, UK SK7 IBA 

Tel: +44 (0)161 440 0082. Fax: +44 (0)161 440 9127 
or Brandon Associates, PO Box 1244, Merrimach, 
NH 03054, USA. Tel and Fax: +I (630) 424 2035. 

12-16 European Symposium on Photonics in Paris, Francoise Chavel, Executive Secretary, European 
Manufacturing III France Optical Society, B.P. 147-91403 Orsay Cedex, 

France 
Tel: +33 I 69 85 35 92. Fax: +33 I 69 85 35 65. 
E-mail: francoise .chavel@iota.u-psud.fr. 

18-22 19th International Symposium on Capillary Wintergreen, VA, Joy Wise, P.O. Box 4153, Frederick, MD 
Chromatography and Electrophoresis USA 21705-4153, USA 

Tel: +I 301 473 8311. Fax: +I 301 473 8312. 
E-mail: Wisejoy@aol.com. 

27-28 lind Miniaturisation in Liquid Ghent, Prof. Dr. Willy R. G. Baeyens, Chairman MINI-LC 
Chromatography versus Capillary Belgium II, University of Ghent, Faculty of Pharmaceutical 
Electrophoresis Conference Sciences, Department of Pharmaceutical Analysis, 

Laboratory of Drug Quality Control, Harelbekestraat 
72, B-9000 Ghent, Belgium 
Tel: +32 9 264 80 97. Fax: +32 9 264 81 96. 
E-mail: willy.baeyens@rug.ac.be 

June 
1-5 Geoanalysis '97, 3rd International Conference Vail, CO, Belinda Arbogast, USGS, Dever Federal Center, 

on the Analysis of Geological and USA Box 25046, MS 973, Denver, CO 80225, USA 
Environmental Materials Tel: +I 303 236 2495. Fax: +I 303 236 3200. 

E-mail: plamothe@helios.cr.usgs.gov. 

2-5 6th Annual Course on Practical Methods of Amherst, MA, Beverly Lissner, Questron Corporation, 4044 
Digestion for Trace Analysis USA Quakerbridge Rd., Mercerville, NJ 08619, USA 

Tel: +I 609 587 6898. Fax: +I 609 587 0513. 

3-5 LIMS '97, 11th International LIMS The Hague, Conference Secretariat, LIMS 97, 45 Hilltop 
Conference and Exhibition Netherlands Avenue, Hullbridge, Hockley, Essex, UK SS5 6BL 

Tel: +44 (0)1702 231268. Fax: +44 (0)1702 230580. 
E-mail: 10 1320.1617@compuserve.com. 

15-21 International Conference on Analytical Moscow, Dr. L. N. Kolomiets, Scientific Council on 
Chemistry Russia Chromatography of the Russian Academy of Sciences 

Leninsky Prospect 31 , 117915 Moscow, Russia 
Tel: +7 95 952 0065. Fax: +7 095 952 0065. E-mail: 
Iarionov@lmm.phyche.mk.su. 

16--20 European Symposium on Environmental Munich, Fran~oise Chavel, Executive Secretary, European 
Sensing III Germany Optical Society, B.P. 147-91403 Orsay Cedex, France 

Tel: +33 I 69 85 92. Fax: 33 I 69 85 33 65. 
E-mail: francoise .chavel@iota.upsud.fr. 

22-27 HPLC '97, 21st International Symposium on Birmingham, HPLC '97 Symposium Secretariat, ICC, Broad 
High Performance Liquid Phase Separations UK Street, Birmingham B I 2EA, UK 
and Related Techniques Tel: +44 121 200 2000. Fax: +44 121 643 0388. 

30--3n 6th European ISSX Meeting Gothenburg, Meeting Secretariat, 6th European ISSX Meeting, 
Sweden c/o The Swedish Academy of Pharmaceutical 

Sciences, P.O. Box 1136, S-Ill 81 Stockholm. 
Sweden 
Tel: +46 8 723 5000. Fax: +46 8 20 5511. 

July 
21-25 4th International Conference on Laser Monterey, CA, Richard E. Russo, Lawrence Berkeley Laboratory, 

Ablation USA MS 90-2024, Berkeley, CA 94720, USA 
Tel: +I 510 486 4258. Fax: +I 510 486 4260. 
E-mail: rerusso@ lbl.gov;http://cola97 .oml.gov. 



Date Conference 

23-26 4th International Conference on the 
Biogeochemistry of Trace Elements 

August 
10-15 11th International Conference on Fourier 

Transform Spectroscopy 

25-28 VII Flow Conference 

25-29 IMSC '97-14th International Mass 
Spectrometry Conference 

September 
7-11 lllth AOAC International Annual Meeting 

and Exposition 

7-11 214th American Chemical Society National 
Meeting 

7-12 llth International Conference on Secondary 
Ion Mass Spectrometry (SIMS XI) 

8-12 4th International Conference on Nanometer 
Scale Science and Technology 

8-12 Biomedical Optics V 

Location 

Berkeley, CA, 
USA 

Athens, GA. 
USA 

Aguas de Sao 
Pedro-Piracicaba, 
Brazil 

Tampere, 
Finland 

San Diego, CA. 
USA 

Las Vegas, NE, 
USA 

Orlando, FL, 
USA 

Beijing, 
China 

Poland 

15-19 3rd International Symposium on Speciation Port Douglas, 
of Elements in Biological, Environmental Queensland, 
and Toxicological Sciences Australia 

21-26 XXX Colloquium Spectroscopicum 
Internationale 

October 
5- 10 4th international Symposium on 

Environmental Geochemistry 

Melbourne, 
Australia 

Vail, CO, 
USA 
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Contact 

I. K. Iskandar, U.S. Army Cold Regions Research 
and Engineering Laboratory, 72 Lyme Rd., Hanover, 
NH 03755, USA 
Tel: +I 603 646 4198. Fax: +I 603 646 4561. 
E-mail: iskander@crrel.usace.anny.mil. 

James A. de Haseth, Department of Chemistry, 
University of Georgia, Athens, Georgia 30602-2556, 
USA 
Tel: +I 706 542 1968. Fax: +I 706 542 9454. 
E-mail: dehaseth@dehrsv .chem.uga.edu. 
Henrique Bergamin Filho, CENA-USP, Caixa 
Postal 96, 13400-970 Piracicaba, SP, Brazil 
Tel: +55 194 335122. Fax: +55 194 228339. 
E-mail: flow97@aguia.cena.usp.br. 
14th IMSC Congress Secretariat, c/o Congress 
Management Systems, P.O. Box 151, SF-00141 , 
Helsinki , Finland 

Margreet Lauwaars, P.O. Box 153, 6720 AD 
Bennekom, The Netherlands. Tel: +31 318 418725; 
Fax: + 31 318 418359; or Derek Abbott, 80 Chaffers 
Mead, Ashtead, Surrey, UK KT2 INH 
Tel: +44 372 274856. Fax: +44 372 274856. 
Department of Meetings, American Chemical 
Society, !!55-16th St. NW, Washington, DC 20036, 
USA 
Tel: +I 202 872 4396. Fax: +I 202 872 6128. 
E-mail: natlmtgs@acs.org. 
SIMS XI, 1201 Don Diego Ave., Santa Fe, NM 
87505, USA 
Tel: +I 505 989 4735. Fax: +I 505 989 1073. 
Shijin Pang, Beijing Laboratory of Vacuum Physics, 
Chinese Academy of Sciences, P.O. Box 2724, 
Beijing 100080, People's Republic of China 
Tel: +86 10 256 8306. Fax: +86 I 0 255 6598. 
E-mail: pang@image.blem.ac.cn. 
Francoise Chavel, Executive Secretary, European 
Optical Society, B.P. 147-91403 Orsay Cedex, 
France 
Tel: +33 I 69 85 35 92. Fax: +33 I 69 85 35 65. 
E-mail: francoise.chavel@iota.u-psud.fr. 
Dr. J. P. Matousek, Department of Analytical 
Chemistry, University of New South Wales, 
Sydney, NSW 2052, Australia 
Tel: +61 2 3854713. Fax: +61 2 3856141. E-mail: 
j.matousek@unsw.edu.au. 
The Meeting Planners, I 08 Church Street, 
Hawthorn, Victoria 3122, Australia 
Tel: +61 3 9819 3799. Fax: +61 3 9819 5978. 
E-mail: 
http;//www .latrobe.edu.au/CSiconf/XXXCSI.html. 

R. C. Severson, U.S. Geological Survey, Federal 
Center, Box 25046, MS 973, Denver, CO 80225, 
USA 
Tel: +1 303 236 5514. Fax: +I 303 236 3200. 
E-mail: iseg@helios.cr.usgs.gov. 
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Courses 

Date Conference 

1996 
November 
6-10 Interpretation of Infrared Spectra 

16-17 GC and GC-MS for Beginners 

19 Spectroscopic Techniques for Extrusion 
Cooking 

25-29 Quality Management Short Course 

30 Pesticide Maximum Residue Levels 

December 
9-12 An Introduction to ICP Spectrometry; An 

Introduction to ICP-MS Spectrometry 

10--13 Introduction to Mass Spectrometry 

1997 
January 

Location 

Seer Green, 
UK 

Duisburg, 
Germany 

Campden, 
UK 

Loughborough, 
Leicestershire, 
UK 

Campden, 
UK 

Omaha, NE, 
USA 

Warwick, 
UK 

14 ICP-MS Instrumentation Gent, 

14 

14 

14 

Belgium 

Quality Assurance and Quality Control Gent, 
Belgium 

Plasma Spectrometry and Speciation Trends Gent, 
Belgium 

High Resolution ICP-MS Gent, 
Belgium 

Contact 

Ms M. Pope, Course Administrator, Perkin-Elmer 
Ltd., Post Office Lane, Beaconsfield, Bucks, UK 
HP91QA 
Mrs. Fliehmann, Shimadzu Europe, GmbH, 
Albert-Hahn Strasse 6-10, D-472689 Duisburg, 
Germany 
The Training Department, Campden & 
Chorleywood Food Research Association, Chipping 
Campden, Glos., UK GL55 6LD 
Tel: +44 (0)1386 842104. Fax: +44 (0)1386 842100. 
Dr. B. L. Sharp, Department of Chemistry, 
Loughborough University, Loughborough LEI I 3TU, 
UK 
Tel: +44 (0)1509 222 572/575. Fax: +44 (0)1509 223 
925. E-mail: B.L.Sharp@lboro.ac.uk. 
The Training Department, Campden & 
Chorleywood Food Research Association, Chipping 
Campden, Glos. GL55 6LD, UK 
Tel: +44 (0)1386 842104. Fax: +44 (0)1386 842100. 

Robyn Castleman, Continuing Education 
Administrator, CETAC Technologies, 5600 S. 42nd 
St., Omaha, NE 68107, USA 
Tel: +I 402 733 2829, +I 800 369 2822. Fax: +I 
402 733 5292. 
Dr. P. Tebbutt, Department of Chemistry, University 
of Warwick, Coventry, UK CV4 7AL 

Secretariat 1997 European Winter Conference, 
Luc Moens, Laboratory of Analytical Chemistry, 
University of Gent, B-9000 Gent, Belgium 
Tel: +32 9 264 6600. Fax: +32 9 264 6699. 
E-mail: plasma97@rug.ac.be. 
Secretariat 1997 European Winter Conference, 
Luc Moens, Labortory of Analytical Chemistry, 
University of Gent, B-9000 Gent, Belgium 
Tel: +32 9 264 6600. Fax: +32 9 264 6699. 
E-mail: plasma97@rug.ac.be. 
Secretariat 1997 European Winter Conference, 
Luc Moens, Laboratory of Analytical Chemistry , 
University of Gent, B-9000 Gent, Belgium 
Tel: +32 9 264 6600;. Fax: +32 9 264 6699. 
E-mail: plasma97@rug.ac.be. 
Secretariat 1997 European Winter Conference, 
Luc Moens, Laboratory of Analytical Chemistry, 
University of Gent, B-9000 Gent, Belgium 
Tel: +32 9 264 6600. Fax: +32 9 264 6699. 
E-mail: plasma97@rug.ac.be. 

Entries in the above listing are included at the discretion of the Editor and are free of charge. If you wish to publicize a 
forthcoming meeting please send full details to: The Analyst Editorial Office, Thomas Graham House, Science Park, Milton 
Road, Cambridge, UK CB4 4WF. Tel: +44 (0)1223 420066. Fax: +44 (0)1223 420247. E-mail:Analyst@RSC.ORG. 



Future Issues Will Include 

Rapid 90Sr Determination in Environmental Samples by Single 
Cerenkov Counting Using Two Different Colour Quench 
Curves-Montserrat Llaurado, J. M. Torres, J. F.Garcia, G. 
Rauret 

Gas Chromatographic Analysis of Chlorophenolic, Resin and 
Fatty Acids in Chlorination and Caustic Extraction Stage 
Effluent From Kahi Grass--S. Kumar, Chhaya Sharma, S. 
Mohanty, N.J. Rao 

High-performance Liquid Chromatography Methods for Deter­
mination of Marine Biotoxins-A. Gago-Martinez, M. 
Comesana-Losada, J. M. Leao-Martines, J. A. Rodriguez­
Vazquez 

Thermometric Determination of Copper(n) Using Acid 
Urease-Bengt Danielsson, Claudia Preininger 

Simultaneous Spectrophotometric Determination of a-Cresol 
and m-Cresol in Urine by Use of the Kinetic Wavelength Pair 
Method-Dolores Perez-Bendito, Maria Lopez Carreto, 
Loreto Lunar, Soledad Rubio 

New Technique and Support for Microorganism Immobiliza­
tion. Application to Trace Metals Enrichment by Flow Injec­
tion-Atomic Absorption Spectrometry-Angel Maquieira, 
Hayat A. M. Elmahadi, Rosa Puchades 

The Analysis of Halogens, with a Special Reference to Iodine, 
in Geological and Biological Samples Using Pyrohydrolysis for 
Preparation and ICP-MS and Ion Chromatography for Measure­
ment-B. Schnetger, Y. Maramatsu 

Polymer Agglutination-based Piezoelectric Immunoassay for 
the Determination of Complement III-Guo-Li Shen, Xia 
Chu, Ru-Qin Yu 

A Comparative Study of the Performance of Micellar and 
Hydro-organic Mobile Phases in Reversed-phase Chromato­
graphy for the Analysis of Pharmaceuticals Containing Beta­
blockers and Other Antihypertensive Drugs-M. C. Garcia 
Alvarez-Coque, I. Rapado-Martinez, R. M. Villanueva­
Camanas 
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Continuous Monitoring of Ozone in Air by Reflectiometry­
Nobuo Nakano, Akihiro Yamamoto, Kunio Nagashima 

Determination of Cull by Anodic Stripping Voltammetry by 
Means of a Flow-through System-Peter R. Fielden, A. 
Economou 

Electroanalysis for the Purpose of Environmental Monitoring 
and Specimen Banking-Is There a Future?-Hendrik Emons, 
Peter Ostapczuk 

Time-resolved Resonance Raman Spectroscopy-A Tutorial 
Review--Steven Bell 

Single-piece All-solid-state Calcium-selective Electrode Based 
on Polyaniline. Part II: An Impedance Spectroscopic Study­
Ari lvaska, Tom Lindfors, Johan Bobacka, Andrzej 
Lewenstam 

Statistical Aspects of Proficiency Testing in Analytical Labor­
atories. Part I : Ranking of Participants Scores-Michael 
Thompson, Philip J. Lowthian 

Statistical Aspects of Proficiency Testing in Analytical Labor­
atories. Part 2: Testing for Sufficient Homogeneity-Michael 
Thompson, Philip J. Lowthian 

Statistical Aspects of Proficiency Testing in Analytical Labor­
atories. Part 3: Confirmatory Tests for Scheme Organizers­
Michael Thompson, Philip J. Lowthian 

Electrothermal and Thermal Behaviour of New Calcium Ion­
selective Membranes-Arthur K. Covington, Eugenia Toto 

Hot Wire Electrodes: Yoltammetry above the Boiling Point­
Peter Grundler, Andreas Kirbs, Tadesse Zerihun 

Effect of Different Experimental Parameters on the Potentio­
metric Evaluation of Blood Electrolytes Using K+ as a Test 
Cation-M. J, F. Rebelo, Cristina M. R. R. Oliveira, M. F. 
Camoes 

COPIES OF CITED ARTICLES 

The Royal Society of Chemistry Library can usually supply copies of cited articles. For further details contact: The Library, 
Royal Society of Chemistry, Burlington House, Piccadilly, London WIV OBN, UK. Tel: +44 (0)171-437 8656. Fax: +44 
(0)171-287 9798. Telecom Gold 84: BUR210. Electronic Mailbox (Internet) LIBRARY@RSC.ORG. 

If the material is not available from the Society's Library, the staff will be pleased to advise on its availability from other 
sources. 

Please note that copies are not available from the RSC at Thomas Graham House, Cambridge. 
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Technical Abbreviations and Acronyms 
The presence of an abbreviation or acronym in this list should NOT be read as a recommendation for its use . However. those detincd here 
need not be detined in the text of your manuscript. 

AAS atomic absorption spectrometry mp melting point 
ac alternating current MRL maximum residue limit 
AID analogue-to-digital mRNA messenger ribonucleic acid 
ADC analogue-to-digital converter MS mass spectrometry 
ANOVA analysis of variance NIR near-infrared 
AOAC Association of Offic ial Analytical NMR nuclear magnetic resonance 

Chemists NIST National Institute of Standards and 
ASTM American Society for Testing and Technology 

Materials od outer di ameter 
bp boiling point OES opt ical emission spectrometry 
BSA bovine serum albumin PBS phosphate buffered saline 
BSI British Standards Institution PCB polychlorinated biphenyl 
CEN European Committee for PAH polycyclic aromatic hydrocarbon 

Standardization PGE platinum group element 
cpm counts per minute PIXE part icle/proton-induced X-ray 
CMOS complementary metal oxide si licon emi ssion 
c.m.c. critical micellization concentrat ion ppt parts per trillion (10"; pg g - 1) 
CRM certified reference materia l ppb parts per billion (I 09 ; ng g - 1) 
CVAAS cold vapour atomic absorption ppm parts per million (I 06; 1-1g g- 1) 

spectrometry PTFE poly(tetratluoroethylene) 
cw continuous wave PVC poly(v inyl chloride) 
CZE capillary zone e lectrophoresis PDVB poly(divinyl benzene) 
de direct current QC quality control 
dpm disintegrations per minute QA quality assurance 
DRIFT diffuse retlectance infrared Fourier REE rare earth element 

transforrn spectroscopy rf radiofrequency 
DELFIA dissociation enhanced lanthanide RIMS resonance ionization mass 

fluorescence immunoassay spectrometry 
DNA deoxyribonucleic acid nns root mean square 
EDTA ethylenediaminetetraacetic acid rpm revolutions per minute 
ELISA enzyme linked immunosorbent assay RNA ribonucleic acid 
emf electromotive force SCE saturated calomel (reference) e lectrode 
ETAAS electrothermal atomic absorption SE standard error 

spectrometry SEM scanning/surface (retlection) e lectron 
EXAFS extended X-ray absorption fine microscopy 

structure spectroscopy SIMS secondary-ion mass spectrometry 
EPA Environmental Protection Agency SIMCA soft independent modelling of class 
FAAS flame atomic absorption spectrometry analogy 
FAB fast atom bombardment SIN signal-to-noise ratio 
FAO-WHO Food and Agriculture Organi zation, SRM Standard Reference Material 

World Health Organization STM scanning tunnelling (e lectron) 
FIR far-infrared microscopy 
FT Fourier transforrn STP standard temperature and pressure 
FPLC fast protein liquid chromatography TIMS therrnal ionization mass spect rometry 
FPD tlame photometric detector TLC thin-layer chromatography 
GC gas chromatography TOF time-of-tlight 
GLC gas-liquid chromatography TGA thermogravimetric analys is 
HGAAS hydride generation atomic absorption TMS trimethylsilane 

spectroscopy tris 2-amino-2-(hydroxymethyl)-
HPLC high-performance liquid propane-1 ,3-diol (ligand) 

chromatography TRIS 2-amino-2-( hydroxymethyl)-
ICP inductively coupled plasma propane-1.3-diol (reagent) 
id internal diameter uv ultrav iolet 
INA A instrumental neutron activation UV/VIS ultraviolet-v isible 

analysis VDU visua l display unit 
IR infrared XRD X-ray diffraction 
ISFET ion-selective effect transistor XRF X-ray tluorescence 
iv intravenous YAG yttrium aluminium garnet 
im intramuscular 
IGFET insulated gate field effect transistor Commonly Used Symbols 
IS E ion-selective e lectrode M molecular mass 
LC liquid chromatography M, relative molecular mass 
LED light emitting diode corre lation coefficient 
LOD limit determination s standard deviation 
LOQ limit of quantification u atom ic mass 



CSI XXX PRE-SYMPOSIUM 

The Third International Conference on 
SPECIATION OF ELEMENTS IN BIOLOGICAL, ENVIRONMENTAL AND 

TOXICOLOGICAL SCIENCES 

The Torresian Resort Port Douglas, Queensland, Australia, September 15-19, 1997 

INVITATION AND CALL FOR PAPERS 

The Organising Committee extends an invitation to all individuals involved in element research or its applications. A major 
goal of the symposium is to facilitate interdisciplinary and inter-sector discussion about all aspects of elements requiring an 
understanding of speciation, the five main themes of this symposium being : 

A, Speciation of Elements in Biology, Toxicology and Medicine; 
B, Speciation of Elements in Nutrition; 
C, Speciation of Elements in Environmental Toxicology; 
D, Surface and Particle Characterisation; and 
E, New Developments in Method5/Techniques of Species Determination. 

A small number of travel scholarships will be provided to encourage overseas graduate students to attend and participate. 

THE SCIENTIFIC PROGRAMME 

The symposium programme will comprise four days of oral presentations, posters and discussion . All presenters will be asked 
to focus on new developments in research. Oral presentations (invited or submitted) will be 20 or 30 mins in duration. As at 
previous symposia (Loen, Norway, 1991 and 1994) posters will play a central role, after formal viewing each poster presenter 
will be given five minutes to present the salient features of their work to a discussion group to encourage in-depth feedback. 

SYMI'OSIIIM LOCATION AND DETAILS 

The venue for the symposium, is The Torres ian Resort of Port Douglas, Australia. This tropical Queensland location is situated 
near Cairns, between the Great Barrier Reef and the Daintree Rainforest. A Symposium Package rate has been arranged: AUD 
$155(per person, per night, twin share) and AUD $225 (single occupancy) and includes accommodation (Garden View Room) 
all meals and morning and afternoon teas. A limited amount of less expensive accommodation (room and board) will be 
available. This conference (as a pre-symposium to CSI XXX) is scheduled to allow the participants to join the XXX 
Colloquium Spectroscopicum lnternationale (21-26 September) in Melbourne. 

CONFERENCE I'ROCEEOINGS 

As with previous Speciation Symposia (see Tile Analyst 117; 549-691 and 120; 29-30N and 583-763) all papers presented as 
posters or lectures may be submitted as full papers for publication in a special issue of Tile Analyst, subject to the normal 
review procedure of this journal. 

SOCIAL PROGRAMME 

All participants and accompanying persons are invited to the symposium reception on Monday evening, September 15, and the 
dinner on Friday evening, September 19. Because of the numerous attractions available (e.g., swimming, all other watersports, 
cruises, canoeing, hiking, horse riding etc.) no other formal social events are planned. However, please note that for each full 
day ofscientitic sessions, the period 15.30 onwards will be set aside for the enjoyment of the mentioned activities by all. Port 
Douglas has a comfortable, year round, tropical climate. Day tours to the outer Barrier Reef are available. 

REGISTRATION FU: 

The registration fee per delegate is AUD $480 (AUD $150 for students)and includes the cost of the symposium dinner. 

SECRETARIAT 

Local (Registration) 
Third Speciation Symposium 

c/o Dr J. P. Matousek, 
Department of Analytical Chemistry, The University of New South Wales, Sydney, NSW 2052, Australia 

Te1:+6123854713 or +6124512322(home) 
Fax: + 61 2 3856141 

E-mail :Matousek@unsw.edu.au 

TilE S\'MPOSHIM IS ORGANISED BY: 

The University of New South Wales (Sydney, Australia) 
The National Institute Of Occupational Health (Oslo, Norway) 

The Institute of Environment and Health (Universities of Toronto and McMaster, Canada) 
MAFF CSL Food Science Laboratory (Norwich, UK) 

ORGANIZING COMMITTEES 
Local Programme 

Graeme Batley (CSIRO, Lucas Heights) 
R. (Dick) Finlayson (Sydney, NSW) 

Helen Crews (MAFF CSL, UK) 
Jarda P. Matousek (Sydney, NSW) 
Evert Nieboer (Hamilton, Canada) 
Yngvar Thomassen (Oslo, Norway) 

D. Brynn Hibbert (Sydney, NSW) 
Jarda P. Matousek (Sydney, NSW) 



AIMS 

International Conference on Analytical Chemistry 
June 15-21, 1997 

Moscow University, Moscow, Russia 

The objective of the conference is to highlight the most recent developments in the field of analytical science, specifically in the 
subject areas identified below. Presentations will be given in the form of plenary and contributed lectures as well as poster 
sessions. It is hoped that the poster sessions will be used to encourage scientists of different generations to exchange ideas and 
share experiences in their respective fields. 

SCQfE 
The following major topics will be discussed at the conference: 

Analytical chemistry: Philosophical aspect 
Preconcentration (including solid phase extraction) 
Chemometrics 
Chromatography (GC, HPLC, TLC, IC etc.) 

and related techniques (CE) 
Molecular spectroscopy (IR, Raman) 
Nuclear methods 
Kinetic methods 
Bioanalytical chemistry 
Analysis of new materials 

(including high-purity materials) 

ORGANISING COMMITTEE 

Sampling and sample treatment 
Organic analytical reagents 
Quality assurance/quality control 
Atomic spectroscopy (absorption emission, 

fluorescence, XRF, lasers) 
Mass spectrometry 
Electroanalytical methods 
Express test methods 
Analysis of raw materials 
Analysis of food and agricultural products 

Clinical analysis 

Chairperson, Yu A. Zolotov 
Vice-chairmen, B.F. Myasoedova, V.A. Davankov and V.G. Koloshnikov 

General secretary, L.N. Kolomiets 
Yu A. Karpov,I.N. Kiseleva, P.N. Nesterenko, G.I. Ramendik, O.A. Shpigun, S.l. Sinkov, 1.1. Smirenkina, 

B.Ya. Spivakov, M.M. Zaletina 

INTERNATIONAL SCIENTIFIC COMMITTEE 

F. Adams, Belgium 
R. Barnes, USA 
M. Novotny, USA 
H. Englehardt, Germany 
T. Fujinaga, Japan 
M. Grasserbauer, Austria 
B. Welz, Germany 
A. Hulanicki, Poland 

CONFERENCE SECRETARIAT 

Chairman, Yu A. Zolotov 

E. Mentasti, Italy 
B.F. Myasoedov, Russia 
V.A. Davankov, Russia 
H. Frieser, USA 
E. Pungor, Hungary 
I. Havesov, Bulgaria 
J.F.K. Huber, Austria 
T Yotsuyanagi, Japan 
M.l. Karayannis, Greece 

H. Akaiwa, Japan 
C. Boutron, France 
H. Pardue, USA 
K. Niemax, Germany 
P.G. Zambonin, Italy 
I.Kuselman, Israel 
S. Tsuge, Japan 
V.G. Koloshnikov, Russia 
G. Werner, Germany 

For further information please contact : 

Dr L. N. Kolomiets, 

J.G.H. du Preez, South Africa 
J.A. Perez-Bustamente, Spain 
L. Sommer, Czech Republic 
W. Lindner, Austria 
F. Macasek, Slovakia 
M . Valiente, Spain 
H.M. (Skip) Kingston, USA 
M. Widmer, Switzerland 
Yu. A. Karpov, Russia 

Scientific Council on Chromatography RAS, Leninsky Prospect 31, 117915 Moscow, Russia. 
Tel: 7 (095) 952 0065; 7 (095) 955 4685 Fax: 7 (095) 952 0065; 7 (095) 952 5308 

E-mail : larionov@lmm.phyche.msk.su 
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XXX COLLOQUIUM SPECTROSCOPICUM INTERNATIONALE 

World Congress Centre, Melbourne, Australia, September 21st-26th, 1997 

Participants are invited to submit contributions for presentation on the following topics; 

Theory, Techniques and Instrumentation of:-

Atomic Spectroscopy (Emission, Absorption, Fluorescence) UVNisible Spectroscopy 
Computer Applications and Chemometrics NIR Spectroscopy 
Electron Spectroscopy IR Spectroscopy 
Gamma Spectroscopy Mtissbauer Spectroscopy 
Laser Spectroscopy Nuclear Magnetic Resonance Spectrometry 
Luminescence Spectroscopy Photoacoustic and Photothermal Spectroscopy 
Mass Spectrometry (Inorganic and Organic) Raman Spectroscopy 
Methods of Surface Analysis and Depth Profiling X-Ray Spectroscopy 

Applications of Spectroscopy to the Analysis of:-

Biological and Environmental Samples 
Food and Agricultural Products 

Metals, Alloys and Geological Materials 
Industrial Processes and Products 

Plenary and Invited Speakers 
To date the following eminent spectroscopists have accepted invitations to present keynote lectures; 

Freddy Adams Belgium Russell McLean Australia 
Mike Adams UK Jean-Michel Mermet France 
Mike Blades Canada Caroline Mountford Australia 
John Chalmers UK Nicolo Omenetto Italy 
Bruce Chase USA Mike Ramsey USA 
Peter Fredericks Australia Alfredo Sanz Medel Spain 
Manfred Grasserbauer Austria Barry Sharp UK 
Mike Gross USA Margaret Sheil Australia 
Mike Guilhaus Australia Heinz Siesler Germany 
Peter Hannaford Australia Richard Snook UK 
Gary Hieftje USA YngvarThomassen Norway 
Kazuhiro Imai Japan Bernhard Welz Germany 
Hiroshi Masuhara Japan John Williams UK 

Andrew Zander USA 

In connection with the XXX CSI a number of pre-symposia will be organised, the conference will feature an exhibition of 
the latest spectroscopic instrumentation and associated equipment. 

Social Programme 
The scientific programme will be punctuated with memorable social events and excursions of scientific, cultural and tourist 
interest. The social programme is open to all participants and accompanying persons. 

Sponsors 
As at August 1995, the following companies have agreed to be major sponsors of XXX CSI 1997; 

GBC, Hewlett-Packard, Perkin Elmer and Varian 

For further information contact-

Secretary 
Mr P.L. Larkins 
CSIRO Division of Materials Science & Technology 
Private Bag 33, Rosebank MDC, Clayton VIC 3169 
AUSTRALIA 

Telephone: +61 3 95422003 
Facsimile: +61 3 95441128 
E-mail: larkins@rivett.mst.csiro.au 

Conference Secretariat 
The Meeting Planners 
108 Church Street, 
Hawthorn VIC 3122 
AUSTRALIA 

Telephone: +61 3 98193700 
Facsimile: +61 3 98195978 

Updated information may be obtained from the XXX CSI homepage on the World Wide Web at: 
http://www.latrobe.edu.au/CSiconf/XXXCSI.html 

QANTAS has been appointed the sole official carrier to the XXX CSI 1997. When making QANTAS reservations please quote JIF 73Q. 

The Analyst and JAAS have been appointed as the official journals for publications resulting from CSI '97. Authors are encouraged 
to bring their manuscripts to the conference. 



New Features for 1996 

A New Name for a Growing Journal 
Analytical Proceedings, the RSC's established news 
and information journal, was re-launched in 1994 to 
include refereed analytical communications, 
allowing the latest research from around the world to 
be conveyed as it happens. 

From 1996, this journal is to be renamed Analytical 
Communications reflecting the journal's change of 
emphasis, and the advent of a new service to 
analytical scientists everywhere -an effective 
platform from which to announce the very latest 
findings and breakthroughs in analytical research. 

Read Analytical Communications and benefit from: 

New Associate Scientific Editors Group 
Analytical Communications has recently appointed a 
group of Associate Scientific Editors to work with 
the editorial staff in seeking out the latest and most 
significant early research results to publish in this 
journal- ensuring you stay well informed. 

New Highlights Section 
1996 also sees the introduction of a new informative 
highlights section -current, short review articles 
examining state-of-the-art research in selected 
subject areas. Each article will be only 3 or 4 pages, 
and will be written by chosen experts in the 
appropriate field - allowing you to keep up to date 
and highlighting areas for further study. 

CURRENCY 
IMMEDIACY 
RELIABILITY 
PARTICIPATION 
STIMULATION 

the latest developments in research throughout the world 
communications published within just 90 days from receipt 
the assurance of rigorous peer review 
in the exchange of vital information 
ideas and guidance for further research 

Be sure to keep up with the 
latest in analytical research! 
Place your subscription today! 

To order, please contact: 
The Royal Society of Chemistry, Thrpin Distribution Services Ltd., 
Blackhorse Road, Letchworth, Herts SG6 IHN, United Kingdom. 
Tel: +44 (0) 1462 672555 Fax: +44 (0) 1462 480947 E-Mail: turpin@rsc.org 

For further information, please contact: 
Stella Green, The Royal Society of Chemistry, 
Thomas Graham House, Science Park, Cambridge CB4 4WF, United Kingdom. 
Tel: +44 (0) 1223 420066 Fax: +44 (0) 1223 423429 
E-Mail: sales@rsc.org WWW: http://chernistry.rsc.org/rsc/ 

RSC Members ordering for their own personal use are entitled to a discount on most RSC products. 
For further information, please contact the Membership Administration Department at our Cambridge address. 
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CONTENTS 

Analytical Challenges in the Development of Modified-release Oral Solid Dosage Forms-A Review 
- Michael J. Bowker 

Resolution of Partially Overlapped Signals by Fourier Analysis. Application to Differential-pulse 
Polarographic Responses-Davide Allegri , Giovanni Mori. Renato Seeber 

Cross-sections 'of Spectrochromalograms for the Resolution of Folpet, Procymidone and Triazophos 
·R.esticides in Hign-performance Liquid Chromatography With Diode-array Detection-J. L. Martinez Vidal, 
P.'Parrilla. M. Martinez Galera, A. Garrido Frenich 

Study'\lf the Interaction of a Soil Fulvic Acid. With U02 
2

• by Self-modelling Mixture Analysis of 
Synchronous Molecular Fluorescence Spectra-Joaquim C. G. Esteves da Silva, Adelio A. S. C. Machado, 
Cesar J. S. Oliveira 

Pesticides by Solid-phase Microextraction. Results of a Round Robin Test-Tadeusz G6recki , Raymond 
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Flow Injection Method for the Determination of Arsenic(m) at Trace Levels in Alkaline t;1edia--'+Joseph H. 
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Turbidimetric Flow Method for the Enantiomeric Discrimination of L-ando-Aspartic Acid-Monika Hosse. 
Evaristo Ballesteros, Mercedes Gallego, Miguel Valcarcel 

Selective Recovery of Uranium(v1) From Aqueous Acid Solutions Using Micellar Ultrafiltration-Edmondo 
Pramauro. Alessandra Bianco Prevo! , Vincenzo Zelano, Monica Gulmini , Guido Viscardi 

Lead Isotopic Analyses of NIST Standard Reference Materials Using .Multiple Collector Inductively Coupled 
Plasma Mass Spectrometry Coupled With a Modified External Correction Method for .Mass Discrimination 
Effect-Takafumi Hirata 

Deter~ination of Lead in So;i Samples by In-valve Solid-phase Extraction-Flow Injection Flame Atomic 
Absorption Spectrometry-Ponlayuth Sooksamiti , Horst Geckeis, Kate Grudpan 

Slurry Preparation by High-pressure Homogenization for the Determination of Heavy Metals in Zoological 
and Botanical Certified Reference Materials and Animal Feeds by Electrothermal Atomic Absorption 
Spe~trometry-Yanxi Tan. Jean-Simon Blais. William D. Marshall 

Direct Matrix-assisted Laser Desorption/Ionization-Quadrupole Jon Trap Mass Spectrometry of Pesticides 
Adsorbecfon Solid-phase Extraction Membranes-Anthony W. T. Bristow, Colin S. Creaser. Sylvie Nelieu. 
Jacques Einhorn 

LasercDesorption Fourier Transform Jon Cyclotron Resonance Mass Spectrometry of Selected Pesticides 
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LeskovSek 
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